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UDK 521.15:517.911
A STUDY OF THE OSCILLATION OF A SATELLITE IN THE PLANE OF AN
ELLIPTICAL ORBIT
V.A. Zlatoustov, D.Ye. Okhotsimskly, V.A. Sarychev, and
A.P. Torzhevskiy

Plane oscillations of a satellite on an elliptical orbit under the
influence of gravitational moments are considered. Periodic solutions
to the equation describing these oscillations are sought. The questions
as to the number of periodic solutions and their stability are investl-
gated as functions of the defining parameters — the eccentricity of the
orbit and the 1lnertia characteristics of the satellite.

l.lFor communications, weather, geodetic and certain other types
of artificlal satellltes, an important problem is to seek out methods
for passive (without consumption of power and working fluid) orienta-
tion to the earth over a long satellite lifetime.

Passive orientation may be achleved, for example, by using the mo-
ments acting upon a solid body in a central gravitational fleld. It 1is
well known that when a solid body moves on a c¢ircular orbit, the equil-
ibrium positions corresponding to colncidence of the principal central
axes of inertia of the body with the axes of the orbital coordinate
system formed by the radius vector, the transversal and the binormal tc
the orbit include stable equilibrium positions [1, 2]. This circumstance
has engendered a number of theoretical investigations and technical
proposals concerned with the creation of a gravitational stabilization
system for artificial satellites [3-8]). One of the designs of a gravi-

tational stabllization system has recently been successfully put into
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practice [9, 10].

On a weakly elliptical orbit, the body's stable equilibrium posi- |
tion almost always enters into stable oscillatory motion with small
amplitude and short period, the latter equal to the period of revolu-
tion on the orbit.* These oscillations may be regarded as errors of
orientation. However, they can easily be calculated and taken into ac-
count. In this case, it 1s expedient to select as the nominal unper-
turbed motion of the satellite not the equilibrium position in the or-
bital system of coordinates, as is the case for a circular orbit, but a
certain regular periodic motion about this position.

This approach can also be used for elliptical orbits that differ
sharply from the circular. The problem reduces to finding stable per-
iodic oscillations of the satellite whose properties are acceptable
from the standpoint of using these oscillations as nomi:al motions for
the orientation system.

The object of the present paper consists in making a step toward
the solution of this interesting problem in nonlinear mechanics. It
will consider oscillations of a satellite in the plane of an elliptical
orbit for arbitrary values of the eccentricity. 0dd periodic solutions
with a period equal to the satellite's period of revolution on its or-
bit are investigated, and the stability region of these colutions 1is
determined. We see that stable periodic solutions exist for any values
of the eccentricity, and that there may be two types of stable solu-
tions in a certain domain of eccentricities. Computer results were used |
extensively in accomplishing this work.

A rumber of theoretical results pertaining in particular to proof
of the existence of odd periodic solutions have been set forth in [11],
which is published in the present issue. We note also that one of the
cases of parametric resonance on a weakly elliptical orbit was examined
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in [12], and that the stability repgion for
period mocions of a satellite wlth almont
equal moments of 1nertla was obtalined in
(13].

2. The oscillations of a satelllite 1in
the plane of an elliptical orbit are dec-
cribed by the following system of differen-

tial equations:
[d2(6 + v) [ dt*] + awe®(1 + e cos v)3sin @ cos & = 0,

Fig. 1. Satellite on dv/de = we(1+ecosv) (1)
elliptical orbit. a) (a=3[(B—A)/C], ws= (R/p)Ve!p).

Apogee; m) perigee; v)

true anomaly; ¥) angle Here, A, B anu ™ are the principal
between axls of satel-

lite and local vertl- central moments of 1inertia of the sateillte,
cal.

R 1s the radius of the earth, g 1s the ac-
celeration of gravity at the surface of the earth, p is the parameter
cf the orblt, e 1s the eccentricity of the orbit, v is the true anomaly,
t is time and ¥ is the angle between one of the principal axes of the
satellite's ellipsold of inertia and the radlius vector of the orbit
(Fig. 1). Equations (1) have been derived on the assumption that the
motion of the satellite's center of mass does not depend on 1ts oscll-
lations with respect to the center of mass.

If we take the true anomaly v as the independent variable, then

System (1) will be reduced to a single nonlinear differential equation

of the second order, as derived in [2]:

(1 +ecosv)%—2eslnv %—3-}- asin®cos® = 2esinv. (2)

The parameters a and e satisfy the ilnequalities |a| ¢ 3, 0 < e < 1.
To a perilodic solution of System (1) with a period equal to the period
of revolution of the satellite's center of mass on the orbit there cor-

responds a periodic solution of Eq. (2) with a period 2m (the 2m-per-

-3 -
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1odic solution).

The following is known concerning 2m-periodic solutions of Eq. (2).
It has been shown [11], using the results of [14-16], that for all val-
ues of the parameters a and e¢ filling the region E(|la| < 3, 0 e < 1),
there exists at least one odd 2w-periodic solution. The region E is di-
vided by a brenching curve (bifurcation curve) into two subregions E,
and E3. The dbifurcation curve proceeds out of the principasl resonance
point (a = 1, ¢ = 0), following the tangent to the a-axis. In region E3,
there exist three periodic sslutions oo, o+, Vv_, of which oo and Q+
merge on the bifurcation curve and no longer exist as we move into re-
gion El’ A single periodic solution exists in the region El'

Workable results on the behavior of the bifurcation curve and the
number and type of the periodic solutions can be obtained only in the
strip 0 { e < 1 by the methods used in (11, 14-16]. The properties of
periodic solutions to Eq. (2) have also been invertigated in the region
lal << 1 f13).

On a circular orbit (e = 0), Eq. (2) becomes the equation of free

oscillations of a mathematical pendulum:
#(29) -
4 T «sin(20) = 0. (3)

This equation is integrated in elliptical functions. The 2n-peri-
odic solutions to Eq. (3) discussed above take the form

a1
& =0, ‘ i
O, = sresin(km Ve v), l'-i(__) :
0. = — arcola (e ya v), S\ ome
-3ge<

O. =0,
These solutions are generating solutions for eccentricity values

other than zero. On a circular orbit, trivial solutions with positive a
define the stable equilibrium position.
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3. The results set forth above have been used in an investigation
of periodic solutions of Eq. (2) over the entire region E. Most atten-
tion has been given the odd 2m-periodic solutions.

Finding odd 2m-periodic solutions of Eq. (2) 1s equivalent to solv-
ing the boundary-value problem for this equation with the boundary con-
ditions

0(0) = 0(x) =0,

By way of 1llustration, Fig. 2 presents a diagram of ¥(m) as a
function of 9(0) = d"/dvlv_o for 9(0) = 0. The curves have been plotted
for a = 3 and eccentricity values e = 0O, 0.446, 0.6 and 0.8. On the
figure, we can trace the evolution of the number and magnitude of the
roots that correspond to the periodic solutions sought as functions of
the orbital eccentricity. Three perlodic solutions exist for a = 3 and
0 < e< 0.446. The point (a = 3, e = 0.446) 1ies on the bifugcation
curve. For values of e > 0.446 there exists only one periodic solution.

Thus solution of the boundary-value problem reduces to determina-
tion of all values of &(0) for which the condition 9(7) = O is satis-
fled. Results of solving the boundary-value problem are presented in
Fig. 3, in which the initial angular veloclty 3(0) is plotted as a func-
tion of the parameter e for a number of values of a. It 1s evident from
the figure that for -3 { a < 1 there always exlists one initial velocity
value that realizes periodic solutions, whlle three may exist for 1 <
£ a < 3. The broken line corresponds to the bifurcation curve. Positive
values of 6(0) correspond to the periodic solutions 0+ and 00, and neg-
ative values to the solution ¥ _. On the figure, the initial data for
the solution 0+ lie above the bifurcation curve. Positive values of
3(0) below the bifurcation curve correspond to the solution 00. Invest-
igation of the region of large eccentricities (0.9 £ el 1) and nega-
tive a has not been completed.
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Fig. 2. Dependence of 1.)(1r) on 1.?(0). 9 (0) =0, a =
= 3.
4. with the object of studying the stability of the periodic solu-
tions obtained, let us write an equation in variations for Eq. (2):

“ +um)£.'— uav;'-o- orennd’ = 0, (4)

where J* is the periodic solution being tested for stabllity and x 1is
a small deviation from this solution.
The characteristic equation for the variation equation (4) may be
written as follows:
¥ —2Ur41m0, where 4 = '42(2) + &(2x)). (5)
Here x, and X, are solutions of the equation in variations, solu-
tions that form a fundamental system and satisfy the initial conditions

a(0)=1q, 5(0)=0,
H(0)=0, \&(0)={,

If |A] ¢ 1, the roots of the charecteristic equation are complex-
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conjugate, and the periodic solution is stable in first approximation.
The equation |A| = 1 gives the boundary of the stability region of the
periodic solution. If |A| > 1, the periodic solution is unstable.

i

8.4 ' uf
o
-0y -8
=12
-of
. a1
ik v ‘
mm—

Fig. 3. Initial velocity 3(0)
corresponding to periodic solu-
tions as a function of the par-
ameters a and e. The dashed line
represents the bifurcation curve.

Values of x1(2w) and i2(2w) were determined by numerical integra-
tion of Eq. (4) in variations. The results of investigation of the
roots of the characteristic equation (5) are presented in Fig. 4, where
the boundaries of the stability region of the periodic solutions have
been plotted in the a, e-plane (11ght 1ines) with the bifurcation curve
(heavy 1line), which emanates from the point (a = 1, e = 0). The region
E3 of existence of three periodic solutions is situated to the left of
and above the bifurcation curve in Fig. 4. The region El’ which 1is sit-
uated to the right of and below the bifurcation curve, corresponds to a
single periodic solution.
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It has been ascertained as a result of analysis that the solution
0+ is always unstadble, while the solution oo is stadble in the region E3
with the exception of a zone of parametric resonance that begins at
point (a = 9/4, ¢ = 0). The stability region of the periodic solution
J_ 1s more complex. For this solution, the point (a = 1/4, e = 0) 1s
the initial point of the parametric-resonance region. The transition of
the stability region from positive to negative values of a through the
resonance point (a = 0, ¢ = 0.682) is highly interesting. Here, in the
stable case, the axis of the minor inertia moment oscillates about the
radius vector for a > 0, while the axis of the major inertia moment
does so for a < O.

Calculation of the boundaries of the stability region for the so-
lution ¥_ as e = 1 involves a great deal of difficulty, since Eq. (2)
has a singularity at e=s 1, vem (2k +1)7r (k= O, +1, +2, ..,). It
appears that for a > 0, both boundary curves fuse¢ together to approach
the vertical tangent to the point(a = 0, e = 1), while for a < O they
tend asymptotically toward the line e = 1.

It follows from the results of [17, 18] that the necessary condi-
tions for stability of periodic solutions of Eq. (2) as obtained on ex-
amination in first approximation, are also sufficient for almost all
values of the paremeters a and e.

5. Solutions of Eq. (2) in the regions 0 { e << 1 and |a| << 1
have also been investigated by asymptotic methods. Thus, for example,
the boundaries of the pareametric-resonance region of the periodic solu-
tion 9, have been determined in a small neighborhood of the point (¢ =
= 9/4, ¢ @ 0). It was found that the resonance effect under considera-
tion is detected only in the third approximation. The parametric-reso-
nance region boundaries are determined by the relationship




‘9, 1227 , .. 74853 (6)
o=i+%0 “*3m0 "t

‘ "
2 I
1l
/) '
L5 . :
o =
i e e————
I L]
”...

Fig. 4. Reglons of existence of one and
three periodic solutions and stabilit
regions of the solutions 00 ard ¥_. 1

Bifurcation curve; 2) regions of stabil-
ity of solutions; 3) and.

The paramagnetié resonance region of the solution v_, which begins

at the point (a = 1/4, e = 0), can now be determined in first approxi-
mation. The boundaries of this region take the form [12]:

am ket )

The behavior of the stability-region boundaries for the solution
Vv_ have been investigated in the strip lal << 1. The first five terms
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of the asyuptotic expansion were determined and made it possible to
calculate not only the position of the point at which the stability-re-
gion boundary of the solution ¥_ intersects the axis a = O, as was done
in [13], but also the slope and curvature of the boundary in the neigh-
borhocd of this point.

6. Apart from the periodic motions about the radius vector, great
interest attaches to periodic motions relative to a vector fixed in ab-
solute space, for example, adbout a vector parallel to the major axis of
an elliptiocal ordit. If we denote dy 01 the angle between the satel-
1ite's principal axis of inertia and the direction to the perigee from
the center of attraction, we may readily obtain from (2), using the re-
lation

h=0+y, (8)
an equation for 9,:

i+ ul")g-—hﬁv%—-{- e oln(® — v)oos(§— v) = 0. (9)

It can be shown by the methods descridbed above that there exists
a single 2x-periodic solution for Eq. (9) in the entire region E of the
parameters (a, ¢). The generating solution for it will be 9, £ 0, which
cbtains for a = O and corresponds to translational motion in absolute
space.

To investigate the stadility of these solutions, we may employ Eq.
(4) in variations, where it is necessary to set |

= |

Here 9,* 1s the periodic (1n ablo:l‘uto space) solution to be mvea-i
tigated for stadility. The charecteristic equation takes the form (5)
and its coefficient A may de calculated by the method given above.

In Pig. 5, 1ines of constant A are represented in the a, e-plane.
The stadbility region corresponds to that part of the plane in which
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|A| < 1. The boundary of this region, which is identified in Fig. 5 by
the heavy curve, consists of segments of the coordinate axes (A = 1),
part of the upper boundary of the region E and a 1line A = — 1 emanating
from the pcint (a = 0, e =« 1) and having a vertical tangent at this
point. The part of the region E lying to the right of and above the
curve A = ~ 1 corresponds to unstable solutions.

The results obtained signify that for elliptical orbits with arbi-
trary eccentricity there exists a range of values of a for which stable
periodic motion of the satellite in absolute space 1is possible. If e
< 0.465, then stable oscillations of the satellite are possible for ar-
bitrary values of the parameter a in the interval 0 < a € 3. With e >
> 0.465, the largest admissible value of a decreases and, in particular,
dumbbell -shaped oscillations of the satellite become unstable.

We can also examine periodic solutions in a form more general than

(8), for example,

O =0+ v. (10)

Here the m are arbitrary whole numbers. The values of the parame-
ter m determine the secular varlation of the position of the satellite
axis with respect to the radius vector over the orbital revolution per-
1od. The value m = O corresponds to oscillations in the orbital coor-
dinate system, and m = 2 to oscillations about the semimajor axis of
the orbit (in absolute space). The existence of solutions of Type (10)
was indicated in [11]. Their actual construction can be accomplished by
solving the boundary-value problem with suitably selected boundary con-
ditions.

7. A revealing characteristic of a self-contained system with one
degree of freedom 1s its phase-plane analyesis. For a nonself-contained

system, the stroboscopic pattern formed by points of the phase paths at

- l]l -



Fig. 5. Lines of A = const and
stability region of periodic so-
lution corresponding to oscilla-
tions about the direction of the
semima jor axis.

discrete points in time differing by a multiple of the system's period
performs a similar function. The time shift over a period defines a
transformation of the points of the phase plane. A stationary point of
such a mapping corresponds to the periodic solution. A periodic solu-
tion will be stable if the image of a sufficiently small neighborhood

of the stationary point remains small for an arbitrary number of succes-
sive mappings.

Invariant sets that map into themselves on transformation after a
period may exist on the phase plane. For a stable stationary point in
the case in which the system does not have damping, invariant sets may

el2 =




Fig. 6. Stroboscopic pattern of phase paths in the neighborhood of a
periodic solution oo for a =3 and e = 0.2,

form closed curves surrounding the stationary point.

The aggregate of invariant sets has a complex structure. A certain
number of points on the phase plane correspond to subharmonic oscilla-
tions having a period that 1s a multiple of the system's period. On
mapping after a period, these points map into one another. The number
of points is determined by the multiplicity of the subharmonic. In the
neighborhood of each of the points corresponding to stable subharmonics

=13 =



there may be closed curves that, on transformation after a period, be-

come curves surrounding another point of the same subharmonic. After a

certain number of mappings, when the points of the subharmonic have re-

turned to their initial positions, the initial curve is mapped into it-
self.

Plotting the stroboscopic pattern of the phase paths enables us to
Judge of the behavior of solutions neighborhing the periodic solution
and to bound the region of initial data for which the deviation from
the periodic solution remains limited.

As an example, Fig. 6 shows the stroboscopic pattern of phase paths
for a= 3, e = 0.2. The angle ¥ and the angular velocity 0 at perigee
are plotted against the axes. The stationary point O corresponds to the
stable periodic solution oo. Points numbered n= 0, 1, 2, ..., are ob=-
tained by transformation after n periods. The initial positions of the
phase points are selected on the 3-ax13. The figure represents invar-
iant sets in the neighborhood of a periodic solution. Note the closed
curves surrounding the stationary point. Note further the stable sub-
harmonic with period 4m - points Py and P2 mapping into one another af-
ter a period 2n. The points 81, 82 and 83 correspond to a stable sub-
harmonic and points 81', 82', and 83' to an unstable harmonic with per-
1iod 6n. Note also the invariant curves surrounding the stable points
P,, P, and 8,, 8,, 83.

Recelved

10 June 1964
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UDK 521.15:517.911
PERIODIC SOLUTIONS TO THE EQUATION OF PLANE OSCILLATIONS
OF A SATELLITE ON AN ELLIPTICAL ORBIT
A.P. Torzhevskly

The toplc is the existence and uniqueness of odd periodic solu-
tions of period 2nk (k = 1, 2, ...) to the second-order nonlinear dif-
ferential equation describing plane osclllations ~f a satellite on an
elliptical orbit. The qualitative behavior of solutions with period 2w
1s considered as a function of parameter variation; a differential
equation is written for a parameter-plane branching (bifurcation) curve,
the initial segment of which 1s constructed in explicit form.

INTRODUCTION
One of the forms of motion of a satellite about its center of mass
consists in oscillations of the satellite in the plane of the orbit
about the direction of the radius vector, oscillations described by the

equation [1]

(i+cco¢.v)%—2¢ulnv£—+uin6-“ﬂnv, (0.1)

where § is twice the angle between one of the principal axes of the
satellite's ellipsold of inertia that lie in the plane of the orbit and
the radius vector of the orbit, v is the true anomaly, a = 3555-, A, B
and C are the principal central moments of inertia, IaI < 3 and e 1is
the eccentriclity, with 0 ( e < 1.

On a circular orbit (e = O) and in the case of a body with dynamic
symmetry and the axis of symmetry perpendicular to the plane of the or-

bit (o = 0), Eq. (0.1) 1s integrated in quadratures. Hence for small e

A



or a we can find approximate expressions for the solution of this equa-
tion, working from the Poincare small-parameter method or the averaging
method of N.M. Krylov and N.N. Bogolyubov, as was done in References
[2, 3]. Since e ¢ O, a ¢ O represents a nonintegrable case, great in-
terest attaches to problems of qualitative investigation of this equa-
tion. The present paper considers only odd periodic solutions of period
2nk (k= 1, 2, ...), the existence of which can be explained physically
by symmetry of the force field with respect to the line of apsides.
These solutions satisfy the conditions

6(0) = 8(nk) = 0. (0.2)

We obtain the boundary-value problem (0.1)-(0.2), which will be
investigated below. We note that the solutions being considered repre-
sent a particular case of oscillatory motions about a straight line
passing through the satellite's center of mass and rotating with arbl-
trary angular velocity in absolute space (see footnote on page 33).

1. EXISTENCE AND UNIQUENESS OF PERIODIC SOLUTIONS
1, Consider the boundary-value problem
¥ = f(¢,2) (1.1)
2(0) == 2(a) =0, (1.2)
Let the function f£(t, x) be continuous in the strip

I€ICH (0>0), |s|<es.
Then the problem of (1.1)-(1.2) will be solvable if

g'm. s> —3#+o (1.3)
L
a < (/)% (1.4)

and its solution will be unique when

11(6 2) = f(8i2) | Kl — 51l (1.5)
cs < (n/a)s. "
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Here the c, are constants.
We shall examine the solution of Problem (1.1)-(1.2) as an extre-

mal of the functional

l(z, 3)== S. [-;-#+ S.I(t. u)dl]"‘- (1.6)

It can be affirmed that there exists at least one extremal 1if we
prove that the functional has a lower bound. Let us apply the integral
inequality [4]

fé’dl > (u/c).'§ z%dt,
. ¢

which 1s satisfied if x(t) has a derivative with an integrable square

and vanishes at the end points. From (1.6) we obtain

Ia, 3 [ Sl/e —cldt+a >
¢

if

s (n/a)d

We reduce the boundary-value problem (1.1)=(1.2) to the integral

equation

l' .

20+ K(t, 1)1t 2(s))dv m 0,

(]

where

(sli—(t/s)] Ot

KGD= - /e t<ren

(1.7)

Then Condition (1.5) proceeds from the Hammerstein uniqueness

theorem [5-6].
Substituting variables as follows:

S SL I
{4 ¢cosv

we transform Problem (0.1)=(0.2) to the form

f-,(‘oz)o (1°8)
2(0) = z(nk) = 0, (1.9)

-19 -
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with

)8, 8) = —foesnt/ (4 + cost))s —~ aoinfs/(§ + 0eaet)) +dosiant. (1.10)
In analysis of (1.3), we employ the inequality

Fig. 1

Pig. 2

(Voo + 2eoint/YoP >0,

where p 1s an arbitrary constant.
As a result we get
ame/(14+0))+2%
This signifies that with the condition
e+ <t/B (hmt3.) (2.11)
there exists at least one solution to Problem
(1.8)=(1.9). This solution is unique if, ac-
cording to (1.5),
e+ lsD/—a)<t/k (km1,3..).(1.12)
Inequality (1.11) is represented graph-
ically in the form of a set of vertical set-
ments with cutoff tops (Fig. 1). Inequality
(1.12) 1s satisfied inside equilateral trian-
gles whose bases lie on the a-axis, while
their vertices lie on the e-axis (Fig. 2).*
2. For the sake of simplicity, we shall
henceforth study the boundary-value problem
that defines the 2n-periodic solution
8= f(4,2), (1.13)
2(0) = () =m0, (1.14)

where £(t, x) 1s written in the form (1.10).
This problem has at least one solution for all admissible values

of the paremeters ¢ and a (see (1.11), where k = 1).
Let us show that for sufficiently small a there exists a unique
solution to Problem (1.13)-(1.14) with 0 e < 1.
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Let us write the equation in deviations for Eq. (1.13):

£+ [a(t) + ab(8)]s =0,

5(0) = s(x) = 0. (1.15)

Here .'g‘-.o.(t)—zi(t);z.._:. are solutions to Problem (1.13)=(1.14) cor-

responding to the given values of e and a;

o (rewer)
ecost '.‘_“1-}-00.“
{4 ecost’ .() ei+4eccont '

o(t) =

X lies between x, and x,.

Let us reduce the boundary-value problem (1.15) to an integral
equation

s— S.K(t. t)8(t)sdy == 'S K(s, 1).5(6&.
o 0 0

¢

Introducing the nomenclature
Duﬂ-tmﬂ+irmnxmﬂ4. (1.16)
where r(t <) 18 the resolvent of the kernel K(t, r)s(s), we find
sma go(z, %) b(x) sd.

From this,
W ok, (1.17)

'll-m:xlsl. s=ac, and ¢ 1s a constant.

For small a, Inequality (1.17) is possible only with M = O.

3. Let us study the behavior of solutions to Problem (1.13)-(1.14)
in the region of uniqueness of (1.12), i.e., for k = 1.

Property 1. The solution, together with the initial value of the
derivative, is negative. For e = 0, x(t) = 0. If e ¥ O, then x(t) # O.
Let us show that for a=0,¢%0,2(t) <0 on the interval (0, 7). From

(1.10) and (1.13) we find

£+ [ecost/ (14 ecost))z m= esint.
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Denoting by X_, §+ solutions that satisfy the lnequalities
i<z(t) <3y
and the boundary conditions (1.14), we obtain

3, —PF, =4esint, T+ PZ_ = desint,
PB=c/(l —e) <

Concequently,
%, <0, 2.<0
Let us suppose that the affirmation 1s false. Then we can find e
and a such that at a certain point %€ (0, x)
z(te) =0, 2(te) =0, () <O,
while 1t follows from (1.13) that
i(ty) = 4esinto > 0.
Property 2. With fixed e, the solution, together with the initicl
value of the derivative, decreases with 1lncreasling a as long as
0> z(t) > —=n(1 + ecost).
Let xl(t) be the solution corresponding to e and a and let xe(t)
be the solutlon corresponding to e, a + € (where € 1s small).
Denoting
3(t) = za(t) — xu(t),
we find from (1.13)

i+p(l)8=—esin(-i%;(%r‘)+ﬂ, (1.18)

z(t) )
{14 ecost
p(t)= 1+ ecost !

3;(‘) H
Raem(i+ecost) 1+eooet+u’:;_"

Since the solution 1s continuously dependent on the parameters,

st onl

R ~ ¢,
The further reasoning proceeds in the same way as in the proof of

Property 1.



2. BIFURCATION CURVE

1. If e = 0, then we can write the general solution to Egq. (1.13).
It is found that with e = 0, a < 1, the boundary-value problem (1.13)-
(1.14) has a unique solution x(t)

0. In the case of e =0, a > 1,

there exist the three solutions

z(t)== 0, sin-'; = ksnYat, sin—:— = — ksnYat,
;2
=50 4
4a

which we shall denote respectively by HO’ H+, and II_. These solutlons
are the generating solutions in the contlinuation with respect to the
parameters e and a. At the point (e =0, a=1), all three solutions
fuse (bifurcation point). The bifurcation points lie on analytical bi-
furcation curves i1n the parameter plane [7]. The solutions to Problem
(1.13)-(1.14) that correspond to points of this curve will be known as
multiple or branching solutions. Let us reduce the boundary-value prob-

lem (1.13)-(1.14) to the integral equation

ecost

__ecost o
14 ecost sl 0'(2'1)

z+ asin(i—r:“—Tt)]

z—SK(t, 7) [

0
where K(t, t) is a triangular kernel (see (1.9)), and apply the results
of Schmidt on bifurcating solutions [8].

Let xg(t) be a solution corresponding to e + &, a + €, and let
xl(t) be a solutlon corresponding to e, a where 6 and € are small.

Introducing the notation

3(2) = za(t) — 2(2),
we obtain from (2.1)
Wi + Woio + Woor + Wi 4 D Waw+ 3 Waer = 0, (2.2)
R==2 ha=i

where W..’(zée) are lntegroexponential forms of mth degree in z, nth de-

gree in 6 and pth degree in g, written as
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Wip=3 —S K(¢, 5)p(v)3dy,
L .
Wew = (¢(t):(8) + 4ain )0 — 8 § K (¢, v a(v)=i(v)dr,
0 .

& ;
W~ = - SK(‘. T)ﬁn(—%—f—:{:{)".
[}

?

., ®
Wi == g(£)30 — 8§ K (2. v)q(v)sdv,
L

R g v 1)

'] A
k ds* e K t)(i-}-cm_t) dr,

N .(X) ( P — )' dr,

z,(2) )
1+ ecost
14 ecost
cost (2.3)
{1+ ecost’

S

p(t)=
q(8) =
If the equation in variations
Win=0 (2.4)
possesses a solution not identically equal to zero, then bifurcation
occurs at point (e, a). Denoting the solution of Eq. (2.4) by n(t) and
by
E(t,v) = K(t,%)p(v) + n(¢)n(v) (2.5)
the kernel for which Eq. (2.4) has only the trivial solution, we find
from (2.2)

z\-'- SF(t, T)sdt = — ()L — W — Wegy — Wyso —
- iwn— iwu.
hemd A=t .
L-S:q(s)-ﬁ. | (2.6)
If r(,s) 1s the resolvent of the kernel E(t, t), then
s == ()M + Py + P + Pio + é’uﬂ- i’m.

Az - Ref (2.7)
- 24 -



where

. |
B(6) = —n(t)— § (5, D)n(x)dy,
[ ]
i’uur = = Waap — S r('; ) Wanp dv.
I

We shall seek a solution Eq. (2.7) in the form of an absolutely

and uniformly converging series

i z ”‘m (:1)6‘0’ (2. 8)
mensp>l
on the condition that
0k, |¢|<h maxs|=mEg<h, |A<h, (2.9)
¢ | 3

where kl, k2, hl’ ll are sufficiently small.

Here Ve (o".) 1s an integroexponential form of nth degree in & and
pth degree in €.

Substituting (2.8) into (2.6), we obtain the bifurcation equation

(8l
S i+ 303 vy, God =0,
Ma=g m=d nip>il '
Ly = SV:‘.(O.C)\](‘)J! (m=12,...), (2.10)
a [ ]

where Ll = 1 always.

Schmidt proved the theorem.

If Lm is the first, nonzero coefficient, then the solution xl(t)
branches m times at point (e, a).

At point (e = 0, a=1), xl(t) = 0. It can be shown by simple cal-
culations that

Li=0, Ly={/na
Hence the solution X, = O actually does branch three times at

point (e = 0, a = 1).
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Let us find the analytic form of the bifurcation curve in a small
neighborhood of the point (e = 0, a = 1). Let

8= J L,
[~ ]

hmnn 3 f OV (o).
mad aep>ie

Let us define 1, < 1, in (2.9) so that

o = min| 8] > ok, (2.11)
M=

where the constant ¢, does not depend on 1.
Further, we introduce k3 £ kl' kl& £ k2 in such a way that
5 < ek + ek, (2.12)
wher= the constants c3 and c, are not functions of 1, if 1, is used for
their definition.
Denoting

«
h-lo-;'l‘. (2.13)
a
h-."z-“—”'
where a, and a, are regular fractions, we find from (2.11)=(2.13)

Hges em= "':"- '

whence, according to the Rushe [Roucher] theorem, in the region
ICh |si€k 1<k B<h (2.14)
the difurcation equation
Si+5H=0
has three rocts, which may coincide. Applying (2.13), we get from (2.14)
NS IRaFhe or |3~ T@FH.

=
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Since
4. 8 = ‘“'
Vu. = _;.‘n L, V“O == o. Vie! = — 43“ sin 2‘, VQl‘ - — (.:) ‘0

then the equation of the bifurcation curve can be rewritten with an ac-
curacy to y(82+¢)* 1in the form
A — 25%eh - 438 = 0. (2.15)
Let us write the discriminant of this equation:
D = 4s%(8* — ¥/ne’).

It follows from [9] that only a single real solution of Eq. (2.2)
with the same multiplicity corresponds to each root A of multiplicity r
of the bifurcation equation.

Thus, there exist, i1n the region E3 on Fig. 3, three different so-
lutions to Problem (1.13)-(1.14) (D < 0), two of which merge on the bi-
furcation curve (D = 0)

& = Yn(a — 1)3, (2.16)
and only one solution in the region El-E3 (D> 0). From (2.6) with an
accuracy to m we find the solution to Problem (1.13)-(1.14)

z(:)-’%umt—%umm-q-%(“;’A—zc)unat,

where A 1s determined from Eq. (2.15). In particular, the solution at

the bifurcation curve 1s written in the form

20 == 2776 sint — YeeyZe sin 2t + Yl (a — 1)72 — 2] s 3. (2,17)

The relationships

t — o — - .- -——=_._.._' k =-‘ ’6
M+h+h o. M ' T " A 21 8 ih?d R

indlicate negatlvity of one of the roots and positivity of the two oth-
ers when 6 ¢ O. For 6 = 0, the roots of Eq. (2.15) will be
M=n2e>0, A&=0 A=-a2e<0,

and for & ¢ O, noneof the roots vanishes. Remembering that n+ and IT_

o7 s



& bifurcate [7), we obtain finally.[sic]
log For e = 0, only one bifurcation curve
begins from the point (e = 0, a = 1), and it

is selected in the form (2.16) in a small

neighborhcod of this point; the positive dou-
ble solution (2.17) corresponding to this

curve is formed by "usion of the solutions

Fig. 3. A) Bifurcatiou
curve. continued from no and n+.

2. Let us establish a number of properties of solutions to Problem
(1.13)-(1.14).

Property 1. A solution to Problem (1.13)-(1.14) negative at (0, w)
cannot become a solution that assumes a positive value on this interval
with variation of e and a. If we posit the contrary, then we find for
certain values of e, a a point 4€(0,x) at which

2(k) =0, £(ty) <0,
while the right-hand member of Eq. (1.13) is positive at (O, ).

Property 2. If the solution to Problem (1.13)-(1.14) is positive

at the point 4€(0,x), then it 1s positive in a neighborhood of it of

length 1 > n/B, where p=1V(e+ Jal) /(1 —e).

Conversely, let there be an interval (t:1 " t2) of length 1 < n/B,
such that in it 2(s) >0, s(t) = z(t) = 0.

Performing the substitution of variables

b=t
h—

we obtain the boundary-value problem

I =his), 20)=s(x)=0,

where fi(s,e) == f(s,(s)).
As follows from Article 1, this problem is uniquely solvable and

its solution is negative on (0, =) 1if
- 28 =
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which results in a contradiction.

3. We note that the solution to Problem (0.1)-(0.2) does not at-
tain the value m, since otherwise we should obtain at some point
v€( 0, x)

B(v) <0, O(w)=0, O(w) ==,
and from (0.1) we find
(1 + ¢co8 v) 8 (ve) == e sin v > 0.
Physically, passage through the point m signifies entry into the

rotational regime.

Up to the bifurcation curve urider consideration, each of the soulu-
tions that fuse cn 1t remains single. Otherwise we should have a bifur-
cation curve intersecting the initial curve at a point (e ¥ 0, a ¥ 1),
so that more than two solutions would merge at this point. Solutions of
the problem (1.13)-(1.14) obtained by continuing Mg, M., M_ with vary-
ing e, a will be denoted respectively by Xgs X 0 X_. Since with a > 1,
e small, 2>0,2:>0,2.<0, we draw the following conclusions from Pro-
perties 1 and 2 of this Article:

1) x_ < O everywhere it exists,

2) x_ > 0 as long as la|] < 4-5e,

3) merging of X0 and X, occurs over the entire bifurcation curve.

The bifurcation curve cannot terminate at the boundaries (O £ e<
<1l,a=0) and (e = 0, 0 { a < 3) (see Articles 1 and 2).

4. with fixed e and increasing a, x_ diminishes together with the
initial derivative as long as 0:>¢L:>-—u(14-eax¢L and X, increases when
|a} < 4—"5e.

The existence of a branching solution at point (e, a) 1s equiva-

lent to the solution of the variation equation (2.4)

- 29 -



n+p(t)n =0, (2.18)
where p(t) 1s given by Formula (2.3), with the boundary conditions
n(0) = O, ;(O) = 1, possessing on [0, 7] more than one zero [5].

This means that the Green's function T(t, 1) of the operator

L2420
will be nonnegative on [0, w) if there is no bifurcation.
Prom (1.18) we find

s(t)= s (¢, tMssin s — 0(s%))dx,

from which the proposition to be proven follows directly.

5. Let us simplify the expression for the coefficient L2, which
differs from zero only on the bifurcation curve and can be used to con-
struct it.

3ince

Vo' = (), Vebom —-2 3 § ot apmen (20— ate) )Jl.

: {+4e6ccont
where D(t, ) 1s written in the form (1.16), then we obtain from (2.10) i
2()
L=} §§ D, im(eysin (4L Iorceydvae.
Using the equation adjoint to (2.4), we find from (2.7)

- § K, pIpte)dr=0.
¢

Hence
|
PO)=yn(}), »=5
It follows from (1.16) and (2.5) that

D(s, %)— i ¢ Dr@DOR )R =K(t,0)+ ()N (s),

N(s)= § YO AU
]
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By virtue of the solvability of the equation for D(t, t), we have

[ ]
{ &k, o+ n@ON©In(e)d =0,
(]

From this
|
N(z) = — yiy(v), “-W-
Finally, we obtailn
H z(t)
L= 7w wiepsin (2 e (2.19)

On the bifurcation curve L2 > 0, since in a small neighborhood of
the point (¢=0,'a=1), z(t) >0, n=sin¢ >0, and L, does not change sign on
the bifurcation curve.

6. Let us find the differential equation of the bifurcation curve.

We rewrite Eq. (2.2), applying the continuous dependence of the
solution on the parameters

3— fx(t, )p(x)sdvme 'S'x(c, 1)1&(%) o+
¢ [ ]

or m@ ¢ 21(v) ®
3 v o R (05 ) o+ o,
For solvabllity of this equation it 1s necessary to require that

the right-hand member be orthogonal to n(t).
From this it follows that

gn(t)lin (-;%'“—)—) dt

de - ecost
da

- + (2. 20)
L 2(¢)
| 2

. z:(¢)
l+coou+a in(l--l- ] (6)de

Using (2.20), we can construct any bifurcation curve as long as

some point on this curve has been found.

3. FINDING SOLUTION CONTINUED FROM x = O FOR @ = O

Let us seek a solution to Problem (0.1)-(0.2), introducing the no-

tation 6 =y, v t, Iin the form of the formal series

5 EBl, o



v =S, (3.1)

R=={
whose coefficients are found as particular solutions to a recurrent
system of linear differential equations in the form

1+ ayy = 4sint, :
iin + aya = 2sin tga_y — cos tiin— + afa(ys, - - -, Ya—1) (3.2)
(k=2,3,...)

Here fk(yl,..., yk-l) 1s a homogeneous form of kth degree in

Yys cves Y-
The solution to System (3.2) will take the form of functions

Yan—y = 2 i’ (a)sin(2n — 1)¢, Yy = Z a3 (a)sin 2nt, (3.3)

no=i

which 1s proven by the complete-induction method. Let us write the

first few coefficients a (n) and a(n% which are easy to calculate:
2k-1 2k

6 _ o (a0
a—1" o= he—=% " ~a=1 8§ '

M) =

= —[w»——(-w)']

a=—L [ 2 (@0t o)+ § (@]

1
a—16

It follows from the form of (3.3) that (3.1) is the Fouriler series

a® [ a® — = (ﬂ“’)’h‘”]

of the function y(t). Hence it converges absolutely and uniformly in
the uniqueness region (1.12), where k = 1, and as far as the bifurca-
tion curve with a > 1.

An advantage of obtalning the solution in the form of a series in
the parameter e instead of a Fourler serles conslsts in the fact that
if the coefficlents yk(t) are determined with sufficient ease from 1lin-
ear differential equations, then the coefficients of the Fourier series
wlill be found from an infinite system of nonllnear algebraic equations

with an infinite number of unknowns.
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(1.12) that we have found for the solutions are easily ex-

tended to solutions of Eq. (1.13), which represent a super-
position of uniform rotation and oscillations of the form
x(t) « bt + y(t), where b 1is a real number and y(t) is an

odd periodic function of period 2nk (k= 1, 2, ... ).
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UDK 517.912.2:521.3
APPROXIMATE CALCULATION OF TRAJECTORY FOR ENTRY INTO
ATMOSPHERE
V.A. Yaroshevskily
II

Use of an approximate equation for the motion of a space vehlcle
in the atmosphere [1] enables us to examine the influence of 1ift and
initial veloclty on the characteristics of atmosphere-entry trajector-
les.

III. ATMOSPHERE ENTRY TRAJECTORIES OF VEHICLES USING LIFT.
9. The Case of Small Lift-to-drag Ratio

Let us rewrite Eq. (3.17) from [1] in the form

'}
where
cxS R‘ »p Vﬁ-& i ’
== —p, z=1In =In——, 0= o |
s s 14 yRA

R ¢ dz 1 { e%dr
L=VTS_y_' t_v’T_A—S v

Taan Tnav
K = YRhey | cx is a quantity proportional to the lift-to-drag ratio (for
the earth ﬁfi‘z 30). Let the value of K be of the order of a few units
and let the angle of entry into the atmosphere be close to zero:
¥'(0) =0,y(0) =0. The solution is constructed in the form of a series in

powers of xl/2
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r=Vir e+ (G (i + woimn)

'*'Y";('s"(*-g.—,.-‘?ml"*#m P (5.2)
with |X| < 3 (for the earth 0.1 < 0y/0y < 0.1), the terms of the
series that we have written out represent with sufficient accuracy the
solution in the interval of velocities in which the g-force and heat
flows reach their maximum values.

43

v %
FMg. 1. A) Formula.
If the initial inclination angle of the trajectory 1is not too
smll (y'(0) = e, > 1), the solution is constructed in the form of a

series in x:

ymeztattalttart+..., (9.3)
where

=57 emwmlmo-y)

f ré 1 (X 178
o= (3 +4- ) (5-)].
The redius of convergence of this series is not large, and the
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Fig. 3. A) Formula

maximum values of the g-forces and heat flows can be determined by its
use only for very small K.

The results of calculations by Eq. (9.1) are presented in Figs.
1-3. As we see, the maximum overload values diminish substantially even
for very small positive values of cy/cx.

10. Glide Paths

If the vehicle has a high 1ift-to-drag ratio and the angle of en-
try into the atmosphere 1s small, then we have the so-called quasista-

tionary glide trajectory [2-6].
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On this trajectory, the term y" in (9.1) is relatively small in
magnitude.

Then

| VR a0 —1) /K (10.1)
(the subscript "pl" stands for 'planirovaniye’ [gliding]).

It is shown with 1little difficulty that the assumption that the
term y" 1s small is compromised for small ¥, where the solution can be
represented approximately in the form

v~ [(e* —1) | K}f(e* | K). (10.2)

The function £(z) is a solution to the equation

£1°(s) + 58%°(s) + Asf(s) = —1 + 1/ /(s) (10.3)
for the initial conditions .
1(0) =1, f(0) =0

As we see, this function 1s close to 1 only for e/K=3<01 (Fig.
4), 1.e., (for the earth), for V(cy/cx) > 0.3.

For small s/(s) m1—4s and for large sf(s) m1/s— 1/

Representing the solution in this form enables us to judge devia-
tions of the true trajectory from the quasistationary glide trajectory
and decreases in the magnitude of the maximum g-force as compared with
/ the value
w - Amas |7 = VI F ), (10.4)
: calculated for the trajectory (10.1).
& ) Formula (10.2) enables us to analyze tra-
) jectories with K > 6 (cy/c, > 0.2). With K > 30,
0 5 7 B we may regard Formula (9.2) as valid. Thus,

rMg. 4 Formulas (9.2), (10.1) and (10.2) enable us to

cover the entire interval of lift-to-drag ratio values (Fig. 1) for
small angles of entry into the atmosphere.
The expressions for the distance and time of flight along the
. .38 -




glide trajectory take the form [3]

L-i"m 1—(V/Ve) (10.5)

2 1 = (Vluﬁl vl’)' '

iVR ¢y ) L= (V/Vip))1 +(Vran/ Vio)'] (10.6)

[i 1+ (V/Vip) {1 = (Vas/ Vi)’
Small deviations from the quasistationary glide trajectory [7]

Ay -y - ypl are given by the equation
Kt
"o Ay == 10.
Y+ 8y =0, (10.7)
whose approximate solution can be determined using the asymptotic meth-

od [8]

Ay.~ V(:(_z).sin § o(z)dz,

where

Or)= ————.
(%) Yex — 1
From this 1t follows firstly that

BV _ies_1)s 0 as z-soo,

Yaa
i.e., M1 =+ 0 as V= 0, and, secondly, that the number of complete os-

cillations n on the trajectory of descent from orbit is about 1/4K (n =
= 7'5°y/°x for the earth), since

So(z)dz K arccose~* '
’

) L g
R == 2n = o -T. (10.8)

11. Segment of First Descent

A distinctive property of the trajectory with large positive val-
ues cf the lift-to-drag ratio conslists in the fact that a tendency
arises for the vehicle to ricochet from dense layers of the atmosphere.

With K>1, K> 1/cf 1t 1s sufficient for calculating the segment of
first descent into the atmosphere to restrict curselves in (9.3) to the
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terms

y=cix — K2%/2, (11.1)
which is consistent with the formula given in [5]. Here the g-force
maximum is attained, for all practical purposes, at the instant at
which Hnn is reached. If K or ¢y is small, then the altitude diminish-
es monotonically.

With cy/ce > 03, |[8us|>2° (for the earth), bounces always occur. In
this case, the series (9.3) converges rapidly on the segment of first
descent into the atmosphere and four terms of this series give a good
approximation of the solution. Let us denote the instant corresponding
to n‘m(e = 0) by t,+ To determine the velocity Vm, we use the relation
6 = 0

¥V =i + 2002 + 3ep8® + dctad == 0, (11.2)
From this we obtain in approximation

_ ¢|.,_3¢3¢l'_ o “‘_ 11.
elad " P m‘(’e. “‘)' (11.3)

Prom these values of x , we determine y = y(x ) and ¥ = e~ m

(Figs. 5 and 6). The maximum g-force values on the segment of first

descent can also be determined in a similar fashion:
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noo3nEr (&
(Mmar) = 50 = = = T~ 1w (o-—-u.)+..., (11.4)

8 & 165 &
where
1Y
tam Tema B

Aa=g
The maximum total-g-force values are (Fig. 3)
ez = 30y (2n)e-Sa V1 F (72 TC0)". (11.5)
In calculating the distance and time of flight in the case in
which ¢y > 1, 1t 18 sufficient to select the initial value xnach =
= ynach/cl (see [1], Article 6).

Let us agaln use the serles expansions of the functions

=V (’° + 1+ he +hs), (11.6)
where
1 1%
IO "‘.c." Im = = -c—;hggfhcm-hﬁ-
+"

0 7 20 7] ] 3
Fig. 6

On integratingz, we find that for » >> Xnach

L=V’:(/. “ e+ B0 )
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Similarly, we can obtain a formula for the time of flight on the

ment first descent:

h 5 st [ \
‘ v_"-l._(,.h yn“ +’|¢+ 2 +_3- +00-| (11.8)
:re

s 1

One of the most commonly ercountered systems for controlling the
nosphere -entry trajectory is the following [9-11]: after the vehicle
; reached its minimum altitude for the first immersion into the at-
:phere, the 1ift coefficient 1is changed 1n such a way as to produce
~1zontal flight:

i .'% (35— v)- (11.9)

As the velocity diminishes on the horizontal segment, the value
cy increases until 1t has become equal to the available cy — at
point in time tp. On reaching the speed V;==1/ff¥7ﬁ; the vehilcle
:in comes down on a trajectory closely simllar to the gliding trajec-

y (10.2); with large c, and K, i

12 z-—_l___
g 1+ s’

e, 1t does not depend on K.
The distance and time of flight on the horizontal trajectory are

.culated by the formulas
- -
L=V£i‘z_i,~ PRI At (11.10)
A Ym ({8

‘ovided that ¢, 1s independent of cy).
Let us construct the maximum g-force values as a function of the

.ry angle and lift-to-drag ratio for trajectories with a horizontal
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flight segment.

On the segment of first descent into the atmosphere, the g-force
rises for x < xn, but diminishes with x > X and continues to diminish
on the horlzontal segment with X < X < x < xp; thereafter, on the
last segment, the g-force elther diminishes or increases to reach a
maximum corresponding to the trajectory of the quasistationary glide.

From this we may conclude that 1n a certain interval of small en-

try angles (0 < |6 | < 3° for the earth), the maximum g-force will

nach
undergo almost no change, while with large entry angles it is identical
to the values of nk’xn) for the segment of initial descent into the at-
mosphere (Fig. 3).

The effect of reducing the maximum g-force by the use of positive

1ift becomes l1ess perceptlible at large entry angles.

12. Trajectory With Rebounds

If the 1ift 1s not controlled and the parameters cq and K are not
very small, then, having come down to an altitude Hmin(ym)’ the vehicle
will rebound, begin the next stage 1n its descent, and so forth. A tra-
Jectory of this type 1s known as a rebound trajectory [3, 9, 12-15].
Oscillations about the trajectory of the quasistationary glide take
plane in the (H, V) plane.

If

I Ll .. PPTY
Pna
we can use the equation in variations, (10.7).
To calculate such trajectorles 1n nonlinear formulation, we use

the asymptotic method or the averaging method [16, 17].
Let us examine Eq. (9.1):

ez—1
ey’ = —K(z)+- rik
assuming that the terms e2x — 1 and K(x) vary only slightly over the
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course of a single oscillation period, for which purpose we formally

L place the eosfficient c,?’zbcforow.the term y", with ¢ the smallness par-

ameter. t e
j We present the solution for y in the form
¥y = (2, 0) + en(z, @) +0(s%), (12.1)
where
v =400,

i.e., 9 1s the "fast-shifting" phase and Yo and y, are runctions peri-

odic with respect to ¢ with a period 2n. |

Then it is not difficult to show that the function yo(x, @) satis-

fies a reference equation with the value of x "frozen" [17]: |

Bye(2,9) or—1
.'(')T-_x"'vo(:.v) . (12.2)

Por a given amplitude yo(x, 9®), the quantity w(x) is determined
from the condition that the period of the oscillations with respect to
® be equal to 2w.

We shall restrict ourselves to first-approximation determination
of the envelopes ’ux(x) and ymm(x), which correspond to the maximum
and minimum densities reached in the ricocheting process, i.e., the
amplitude values of yo(x, ®) from the periodicity condition oi the
function yl(x, 9)

¥maz
S ""-m (12°3)

M"

where dy/dx is determined on solution of the "frozen" equation (12.1):

%"WM“("-‘)hM:KvH#-& Hiav]. (12.4)

The value of Ymin is connected with Yuax by the relationship

 (Faax — - (0% — {)1p T2 12.
f(u... Vo) = (0% — 1)l =% (12.5)
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It follows from (12.3) and (12.4) that

(= 1" 5 (u) = const, (12.6)

——

where

Ymax Kymax
- >1

1s the ratio of the amplitude density to the density on the glide tra-

Jectory,
|
Au)m § Vu-.+nn;¢., (12.7)
‘an
and u , and u are connected by the relationship
u—ll-'l'lnu—:'-"-o-
Foru ~ 1,

k(t)ﬁﬁf(u— 1),  une w24,

and for u >> 1
A(u) m Yu'h, Umm % Us™".

Solving (12.6) for u, we obtain

o -"'_;'-’-h-{é(.‘;_“l‘T’)"h(u..) } (12.8)




Taking tn as the initial point in time, we have

Sa == 8,
Kasam
S —T"

For a constant lift-to-drag ratio, we can draw the following con-
clusions:

1. With s> 4, s~ 1/(™—1), 1.e., puw mconst, and Yum ~ ¢ which
takes us to the system examined in [3].

2. As velocity decreases, the rebound trajectory tends to approach
the quasistationary glide trajectory u — 1; here, the amplitude y — ypl
increases in proportion to Ve —4, and the amplitude (y - ypl)/ypl dim-
inishes in proportion to (¢ — 1)

The period of the oscillations with respect to x is determined by
the formula

& 3'7""‘

where
Pu) >4 88 u—si, P(u) mVis/x as s>1.

Since T(u) > 1, we can satisfy ourselves that the number n.of
complete oscillations on a rebound trajectory does not exceed % K (for
the earth, 7.5 cy/bx). The functions h(u) and T(u) are shown in Fig. 7.
A comparison of the resulta from calculating the envelope of the re-
bound trejectory by Formula (12.8) with the results obtained directly
from Eq. (9.1) is given in Pig. 8. |

In calculating the distance and time of flight on the rebound tra-
Jectory, we can get

sl T Bt ] Vool ) 0210



Fig. 8. A) Formula

For the case in which the drag coefficient is variable, we have

Vsae Vaes

LwR§ LA T (12.12)
] Rg - Viee
es(V)V ('VT"‘) "R

We note that the maximum g-forces on the horizontal-flight trajec-
tories do not exceed the maximum g-forces on rebound trajectories.
Further, trajectories with a horizontal segment are found to be more
favorable in view of the shorter time and distance of the flight.

The decrease in distance and time on a trajectory with a horizon-
tal segment can be evaluated applying (11.10), (11.11), (12.10) and
(12.11) and taking into account that with x ¢ > these trajectories
do not differ:

“"V?'(‘z{'"::v:’:"‘";h)'

- ~ {1
11K (=P +Vad). V5 TV
M' | £t = - y - e
| -} vﬁ[- 2 AP [ =7 Ve ]_'
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IV. ATMOSPHERE-ENTRY TRAJECTORIES WITH VELOCITIES GREATER THAN THE CIR-
CULAR VELOCITY

13. Calculation of First Phase of Atmosphere -Immersicn Segment

If the speed of entry into the atmosphere exceeds thc circular

—_— 1

velocity, then the initial conditions are more conveniently assigned

|

in terms of the initial velocity p = Vg/YRg and the value of a ficti-
tious perigee parameter ¥y = (csS/2m)YR/2pp, wher: pp 18 the density of
the atmosphere at the point of a fictitious perigee of the flight tra-

Jectory calculeted without considering the influence of the atmosphere

[18].
The altitude Hp of the fictitious perigee is determined from the
relationship '
i Hs—H, Ve
; Bk T\ ~ T (13.1)
§ The initial conditions for the atmosphere entry trajectory are the
values of 38, vE and OE at the "boundary of the atmosphere."
Applying (13.1), we can obtain initial conditions for (9.1):
Xach =~ 10 Vpo ¥ .. > 0 18 a small quantity,
PRI T /) 13.2
,'_._Vz(i 73 )ln e ( )

Ir VE ¥ 1, then y' = » as y = O. Hence it 18 now possibie to con-

struct the solution directly in the form of a power series in x - Xpach®
Fwever, certain relationships can be obtained for determination of the
most important parameters.

Such an approach to solution ot the problem is used in [13, 14,
19, 20]. Thus, we shall assume that the velocity Vm corresponding to
the minimum perigee altitude of immersion into the atmosphere is not

too greatly different from VE. We obtain from (9.1)

. . e . X .. e v #—h. ot
Tl =] +§ = Sy +§ SSEa (13.3)
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Taking the initial conditions, we can rewrite this last relation-
ship in the form

v (Proenm {)ln L 44 S 13.4

L A et LT -P_S & (13.4)

or, with x = x , when y'(xm) - 0,
“_.ﬁ...)h_-—lyrﬁsabh'd’ (13.5)

Since the last term in (13.4) and (13.5) is of the order of x -
Xnach’ it can be calculated in approximation, with an accuracy to

o[ (x - nach) ] on the assumption that

0% — 6% uav A 26%%504 (2 — Tyav)

g — )™ —-).
v o 3=t 4+ 2k m—) o

Integrating by parts, we obtain

Vm . Vo ll"-:d'
S...-.u'“dy~20"n-s —— e -

o ¥ ' Vzu—o'-m)ln ™ 3K (ya — )

t

- V;_—,..m"""""s d‘ ——,

' Vil paw—s

where

"=T=rs

or

Ly B, bl
(1—7;,-) 2

where




The v:luc of Vm = e *m ig determined by means of the approximate

formula
Va
3-~3-u‘+'s dy
' V—ZK(y..-y)+2(l—c"m)lny—;-'-
or
Vm
1oV == In Vg —fi(n) '
. : |
VZ(i—W)
where
ds
A(n)= .
]

For n > 0, the functions I‘l(q) and fe(q) can be approximated with
high accuracy by semiempirical formulas similar to [20]
x x
hin) = E - Vj_'_
=

Vit Zn

/r(n) =

The maximum g-force 1s reached at a value X, < Xpe To determine

this value, let us write the solution for y in the neighborhood of X =

= X _ ¢
m
—_ )8
yxy.-{-y":(g‘)(_z_ii.fm_

bl [ —{ K+ ‘_-,:-- } (= _2‘-).

+....

-2X

We find from the maaimum condition of the function ye that

By T S g 13.
Lo == 2n V‘ A 7y +5 (13.9)

maee = TR 14+ (2 pizyers.

Cs
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To Justify the use of the approximate formulas (13.7), (13.8) and
(13.9), let us consider two extreme cases: K = C and Kym >> 1. In the
former case, utilization of these formulas 1s equivalent to takling intc

account the following terms in the expansions

ym=yp(1 + ap+...), Vo = Pe(t + Boyp + .. ),
Rmax = n(zm) [1 + y2yp? + ...].

As we see, accounting for the difference Xn = £p (the coefficient
72) results in a correction of the second order of smallness in the de-
termination of Noax? although thils correction may still be found signi-
ficant, particularly far Vm close to unity; hence 1t should be taken
into account in making practical calculations. In the latter case, with
Kym >> 1, taking the second terms in the right members of Relatlionships
(13.7) and (13.8) into account together with the difference between X
and X, in determining the maximum g-force 1s equlvalent to allowance
for errors with relative magnitudes of the orders of {/KyKym, Yym/K and
yml/ K, respectively. Consequently, as K increases, all of these cor-
rections diminish and the correction in the determination of Vm 1s the

most significant among them.

14, Segment of Climbout From Atmosphere

We shall use the term "atmosphere climbout segment" to denote the
climbing segment that follows after the point x = Xy Approximate for-
mulas for this segment have been derived for two cases: 1) the vehicle's
speed of climbout from the atmosphere, Vﬁx, 1s markedly in excess of
the circular velocity; 2) this speed 1s equal to the circular velocity.

There 1s practically no difference between tre technique for calcu-
lating the climbout segment and that presented above, except that the
sign before the second term in Eq. (13.7) changes:

S SRS | O
I T A= /TR it 19
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' 7] 7] i U e
Fig. 10

where yp is the new value of the fi titious-perigee parameter after
1

climbout from the atmosphere:

- K'-
L [ ‘_‘/'Vn.o
VamiaPam L. ko &)
V2 1~

Formulas (14.1) and (14.2) are valid for the condition that the
value of th 18 not too close to 1.

In the latter case, the technique employed 1is that of constructing
the solution in the form of a series in powers of x for x < 0, begin-

ning at the point x = O, y = O, at which, by definition, the trajectory
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of climbout from the atmosphere terminates.
Values of the derivative at the moment of cilmboul, ¢ =y (0) =

= —YRA 0z < 0and values of K are assigned. The resulting seriles 1s lder.-
tical to Seriles (9.3), except that we are considering values of x < O
and ¢,y < 0. The minimal 1mmersion altitude and other parameters are de-
termined in the same way as in Subsection 10. The results of the calcu-
latlon are presented 1n Figs. 9 and 10. With K > O and small K < O,
they glve adequate accuracy if n_ . < 20. By "gluing" the values given
for (xm, ym) to the values of (xm, ym) determined using R=lationships
(13.7) and (23.8), we can find trajectories correspoading to the vehi-
cle's climbout from the atmosphere at transcircular speed (injection of
the vehicle into a stationary orbit around the planet). We#th high nega-
tive K, the trajectories corrcsponding to the altitude-gaining and
climbout segment are close to the trajectories of quasistationary glid-
ing (Subsection 11):
P

y
15. Determination of Atmosphere Entry Corridor for Vehicles with Lift

y=

The width of an entry corridor is defined as the difference between
the altitudes of the filctlitlous perigee of a trajectory corresponding to
the "1limit of capture" (escape from the atmosphere at transcircular
speed) with the condition that negative 1ift 1s used and that of the
tra jectory on which the maximum g-force coincides with the maximum per-

missible value, with the condition that positive 1ift is used [18]:

(15.1)

Pamnn Pain

The value of yp is determined by the value assigned to the maximum
max J
permissible g-force n .. with Relationships {13.7), (13.8) ana (13.9).

In the general case, with cy/cx = 0 or with very small values of the
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lift-to-drag ratio K < 3, the maximum g-force of the order of )0 that
is attainable in the first immersion into the atmoasphere may be excecrd-
ed on the subsequent segment of the motion (with subcircular veloclity),
so that the value of ypmax must be determined taking the absolutc g-
force maximum into account. With K > 3, however, the absolute g-forcce
maximum in motion alung the lower boundary of the atmosphere 1s reached
on the very first immersion into the atmosphere or, on the other hand,
subsequent g-force maxima can be made smaller than the first by con-
trolling the 1ift, with the result that Formulas (13.7), (13.8) ann
(13.9) are fourd to be adequate to define the lower boundary of thc
corridor.

With even greater K > 7.5 and moderately large ym(nmax)’ we may

conslder that
Vo = y.el"- 10-41V g ,

Rmez ~ ﬂh' ’ﬁ.(c!—/?)' Valym,
V- ~ V. C""‘-;:n i M=t/ g.ww,.g ,

where the exponent in the last formula is small.

We can derive the following formula on this basis:

Rmaz int o
elo+Anisnml, dimml (15.2)
Y aes = JRAVI+ (e V2 '
where
- Pmes (15.3)
(V2 — DV +(cx/ &)?
LY
= - Liuss — 15.4
T WA BT+ (e ) £el,
The upper boundary of the corridor or the value of y 1s deter-
min

mined from the conditicon that the vehicle be captured by the atmosphere.
In this case, when the available negative lift-to-drag ratio is not too
small (|K| > 7.5), ¥ is determined comparatively simply: 1t can be

P
min
shown that with this value VYm 18 close to the value VE, and that the
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A Ally, xa

Vg=1,2 Vg=18 Vp=20
"maz 1 Cylts
(18] [®-na(15.6)| (18] |@-ma(156)| (18] |®-#a(15.6)
B B B
5 37,21 4l 12,3 12,7 2,8 4,5
10 843 | 77,6 26,6 25,8 12,3 14 0,25
20 190 156 53,5 49,3 27,8 27,4
5 84 85 29,7 30,5 16,5 17,4
‘I_O 163 163,1 54,5 54,6 31 31,9 1,0
<0 | 337,5| 324,4 | 102,3 | 100,2 | 56,8 57,2
5 | 100 104,5 34, 37,8 19,4 22
10 | 185,6 | 192,6 62 65.6 | 35,6 36,7 | 4.0
20 | 369 379 114,8 } 117,3 | 65,1 67,9

A) As'{p, km; B) formula.
negative 1ift with x = X should compensate the difference between the
centrifugal force and the force of gravitation. From this 1t follows
that at the limlt of capture n=- 1 or

1—1/Vg
Voo ™ THTe (15.5)

Applying (15.2) and (15.5), we can derive an approximate formula

for the width of the entry corridor:

1+p v}'

B 45-8)

AH,~%{u+lnu+1+Vzi

where p and v are determined by Formulas (15.3) and (15.4). A compari-
son of the results from calculation by Formula (15.6) with the "exact"

results of [18] 1s given in the table. For very large ¢/cx>2 v—0,

s PBmax
SRS = =
and then
1 Nmax Rmax
“’m“"a‘{ 7.8-1“"?.!-1 'H} (15.7)

When p drops to values smaller than 1, the entry corridor vanish-
es very quickly, since with p < 1, satisfaction of the condition that
the difference between the centrifugal and gravitational force in move -
ment along the capture boundary be compensated results in the appeaf;

ance of a g=-force that exceeds the maximum permissible value.
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V. THE INVERSE PROBLEM: LETERMINATION OF THE COEFFICIENTS c_ AND c_
FROM A GIVEN TRAJECTORY y

16. Determiration of °y

The problem of determining cy from a given trajectory in the (H,

V)-plane with the condition that Cx be independent of c_, 18 solved ac

follows.

From the equations

&V  X(V,H)
m

g (16.1)

M 16.2
= = Vinb, ( )

where

‘.':S? | %

X(V, )=,

we find

X(V. H)

a b= — VeV +av/d) '

and

o0s 6 8, v:_;)

Combining BEq. (16.:) with the equation

a8 _ oV _ g 16.
VE ™ "om °°'°( n+u)’ (16.3)
we obtain
dcos ® | &4
_ AT (“ n+n)°°‘°
SpV? -

— c,( v, 8, g %)- (V).

If we limit ourselves to a simplified equation of motion on the
main segment (1], we get



4 i s
Cu-{ /P (z)—1 _g’v(:_r_)_}c (1)

A y(2) ar T yR
where
v
s = | Bectl) ey
) Peu(P) om 1P

and the assigned relationship H(V) has been transformed into a rels-
tionship y(x).
If the trajectory 1s glven in the form p = p(V, t) or y = y(x, t)

’

we first solve the equation [1)

@« 1 1 (16.4)

o —

dr  Ygh y(z,*)P(x)
from wh.ch we find t(x) and y[(x, t(«)], after which the problem it the
same as the preceding one.

17. Determination of cx

Let us determine the relationship cx(V) from a glven trajectory
p(V) for the condition that cy Ye 1independent of Cye Using the assump-
tions listed in [1], we write the simplified equations of motion, in-

troducing the independent variable s(ds = Vdt):

‘%..-. e :.mc,(t') Ve(V). (17.1)
& S i
d—f-ﬁcv(V)P(V)——‘V;-i-%. (17.2)

At the same time,
v
A Pe

from which, applying (17.1), we get

@H s d [dp(V)

a - im dv L av c‘(v)v]c'(v)v"(v)’ s

Equating the right-hand members of (17.2) and (17.3), we find that



L4
5 S [ { 11 {dp(V)/dV])dV
2m -2 etV 4+ L - 1]

c.(V)- - =

- SVidp(V)/dV]

The problem of determining cx(V) for cy = O and an assigned rela-

tionship nx(V) is solved in a similar manner. For example, for the cace

n, = const, we obtain

2mnyg
“V)= Sty

where H(V) 1s determined from the equation

PH Ve (.1__‘).

and F - éntg \z
V ]
. (v_..) ’
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UDK 629.197.7
CALCULATING SPACE-VEHICLE TRANSFER TRAJECTORIES
BETWEEN COPLANARCIRCULAR ORBITS IN A NEWTONIAN GRAVITATIONAL FIELD
V.A. Il'in

The sphere-of-influence method 1e used 1n an examination of the
problem of determining space-vehicle trajectorles of transfer between
~oplanar clircular orbits in a Newtonlan gravitational field. Simple re-
lationshlips are derived between the eccentricities and focal parameters
of single- and double-impulse transfer trajectories that satisfy the
~ondition of constancy of the transfei characteristic velocity or of
the angle Letween the initial and final radius vectors. Examples are
given 1n which the results obtalned are used to solve a number of prob-
lems of 1interorbital transfer and rendezvous of circumterrestrial space-
craft and problems of interplanetary transfers.

In problems of 1interorbital transfer, the time of motion and angu-
lar displacements of the space vehlcle are examin2d as the basic condi-
tions defining the trajectories of the space craft. In contrast to the
>lassical probiems of celestlal mechanics, however, the energy consider-
ations of transfer, which are usually specified in the form of the char-
1cteristic velocity, emerge as one of the determining factors in prob-
lems of astrodynamics.

To calculate the characteristics of a plane orbital transier, it
ls necessary to detcrmine two elements of the orbit, for example, the
"ocal paremeter p and the eccentricity e. In most studles that have
ceen devoted to interordbital transfers, the technique for calculating
such transfers 1s based on the Euler-Lambert equation [1-3], whose use

leads to considerable complication of the energy relationships.
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The present paper proposes a technique for calculating interorbi-
tal transfers by spacecraft without using the Euler-Lambert equation —

a method based on direct consideration of the restrictions imposed on
the characteristic velocity and the angular range of the flight.
STATEMENT OF PROBLEM

let us conslder the transfer of a vehicle through space from an ISZ
[Artificial Earth Satellite] orbit to an ISP MArtificial Flanet Satel-
lite] ortit on the following assumptions.

l. The planets' orbits are circular and coplanar, and the transfer
trajectory lies 1n the plane of the nlanets' orbits.

2. The motion >f the vehlcle 1s examined succcssively in the sphere
of influence of the earth, on the hellocentric segment and in the spheie
of influence of the planet.

3. In examining the hellocentric segment of the transfer, the ini-
tial and final points of the transfer arc are consldered to coincide
with the centers of the corresponding planets.

4, For accelecration and deceleration of the vehlcle at the earth
and the planet, respectively, thrust 1lmpulses are imparted to the appar-
atus at certain points on the satellite orbits.

5. The characteristic velocity

t

Ay = |a|at,
L

where';'is the acceleration of the vehicle by gravity, 1s adopted as the
transfer energy characteristic.

It 1s noted that 1if we exclude the influerice of the gravitational
fields of the earth and the planet, then the scheme under consideration
will correspond to transfer between circular orbits in a Newtonlan grav-

itational field.



TRANSFERS WITH CONSTANT CHARACTERISTIC VEIOCITY

Let us consider transfer from the orbit of an artificial planet
satelllte to a planetocentric hyperbola or back with impulse accelera-
tion of the space vehicle, assuming chat the vector st‘ of the vehlicle's

planetccentric velocity 1s assigned at

ve
v.:: the planet's sphere of influence (Fig.
*: N 1). As we know, the minimum velocity in-
P \:-r 2 crement 1s achieved by imparting the
ai
= \‘ thrust 1impulse at the pericenter of the
¥ ]
"' PP~ - orbit in the direction of the vehicle's
N,
Ny 2 velocity impulse.
As a result, the expression for
Fig. 1. 1) -.orb ; 2) the velocity increment at the orbit per-
. 4
?Osf; 3) earth's sphere lcenter of an artificial earth satellite
of 1influence. may be presented in the form
K.
M-‘/v:."'v:’.'*'v:..—zzo——v’.v (1)
®
where
. . 1+ (Hay/Ry)
’_V' ’ -V i 2
Vol = Ve T lag/R,) "= '™ 11T, IR,) (2)

In Formulas (1) and (2), Ko = fM,, My 18 the mass of the earth, f

0!
is the gravitational constant, R0 i1s the mean radius of the earth, VQ
1
18 the 18t cosmic [circular] velocity, 7. = (K./R.) /2, H, , H, are
= ® ¢ @ P0 AQ

altitudes of perigee and apogee of the ISZ orbit,

Hcp."(”.’.'f‘HA.)/z-
vsr is the velocity of the ISZ on a circular orbit with altitude Hsr’
®
vp is the perigee veloclity of the ISZ, Pop 1s the radius of the e.urth's
L ®
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sphere of influence and v is the geocentric velocity of the vehlicle

sf.

at the boundary of the earth's sphere of influence. For a circular ar-
tificial satellite orbdbit vp‘ E vsr.'

Let us now express the quantity Vor in terms of the parameters p,
e of the space vehlicle's hellocentric trajectory segment. From the vec-

-—p =P

tor equality (Fig. 1) ;;f = v -V, . we obtain

Veo® m= Vope® + 1! — 2V opqv c08 6, (3)
where Vorb 1s the veloclty of the planet's motion along a heliocentri!

circular orbit of radius R and 6 1s the angle of inclination cof the

orb
vector'vito the local transversal (direction along the vector v;rb).
Expressing the energy integrals and the moment of inertia in terms
of p and e and substituting the resulting expressions in (3), we get
veo? = Vopst{3 — 2Vp [ Rops + [(€* — 1) / p] Rops}.
Finally, we shall have the followlng expression for determing the

values of Vor at the inltial and inal points:

vee? = (+/n) {3 —21p"/n + n[(e2 — 1) /p']). (4)
In Formula (4), p' = p/ROrb 1s the dimensionless focal parameter,
®
véf = vsf/vorbo is the dimensionless velocity at the sphere of influ-
ence, and n = Rorb/sorb 1s the ratio of the radil of the initial and

®
final orbits.

We note that to determine véf on the 1initial orbit, 1.e., véf ,
 J

it 1s sufficlent to set n =1 in (4).
Let us now consider a two-impulse flight from an ISZ orbit to an
ISP orbit, for example, an earth-to-Mars transfer.
The characteristic velocity of this transfer 1is
AVe = Bvy + Auy, (5)

where Avo 1s determined by Expression (1) and the impulse velocity incre-
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ment at the pericenter of the Mars-3zatellite orbit, Avl, is given by

the analogous relationship

any = Vo, + Vi, + Ve, — 2(Kglrang) =g (6)

Substituting (1) and (6) in (5) and introducing the nomenclature

A= (AV“ + e + V’d)/vop‘.-
B = [v3g + Visg —2(Kolreaq)] / Vissg . (7)
C'= [v}d + Verg + 2(Kdl'¢¢)]/ Voo »

we recast Equality (5) in the form

A=V B+ vig+V O+ k.

from which, using (4), we may obtain

e =1+ ap’ + ay, p" + op”, (8)
where
‘(.4 PY _p—3 ¢ m2—ay—"1 a=-Y. (9)
4= a+-o 8, \ byt A
- / | _l 10
amit pnap—.n). y=1—— (10)

Relationship (8) 1s an equation of isoenergetic curves — lines of
constant characteristic velocity of two-impulse transfers between the
spheres of influence of two arbitrary planets the ratio of whose orbi-
tal radil 1s n, in the plane of the parameters (p', e) for the heliocer-
tric segment of the transfer,

If it 1s assumed that the orbits of the artificilal satellites are
at infinitely great distances from the centers of the planets, for exam
ple, i1f for the earth and Mars

n,.-n“-n,d-n‘d-g-.
then AVy == vegg + veog and in Formulas (9)-(10) we must set
A=AVy/Veeg. B:2Cw0, amit. (11)
Relationships analogous to (8) can also be obtained for single-im-

pulse transfers Letween orbits. Thus, in the case of a thrust impulse
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Fig. 2. 1) km/sec.

at the ISZ orbit(AVOl = Ovy, 8V) = 0) the equation of the lines aVy, =
= const takes the form
e =1 +a'p + 2p™, (12)
where
o/ =AT—B -3, A" = (Ao + vpg) | Vopeg, (13)
and in the case of a thrust impulse at an artificial Mars satellite ci-

bit (Avo1 = Ovy, Avgy = 0)

=1+ alﬂpr + a;.' pnn' (14)
where
: 3 . 2 e Av,+v,d.
ay -A"_C'—-—n—, as;, ==;./—., A ——7;;'. (15)

We note that a transfer between clrcular orbits in the fleld of
attraction of a given planet 1ig analogous to transfer between ISP orbit.
infinitely remote from the cen'ers of attractilon.

In investigating the resulting equations, we shall 1limit ourselvce
to the case of transfer to a superior planet (n > 1)* and examlne a
two-1impulse earth-to-Mars transfer. The region of admissible parametcrc

for earth-to-Mars transfers on the plane (p', e) 1s bounded [4] by the
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line
o=p —1, (16)
which corresponds tc conlc sections tangent at the pericenter Lo the
orbit of the earth, and by the line
o= 1—(p'/n), (17)
which corresponds to ellipses tangent to the orbit of Mars at the apo-

center.

* an M 1

Pig. 3. 1) km/sec. cp = sr = average.
Figure 2 shows the results of calculating e = e(p') curves with
aVy, = const from Eq. (8) for the two extreme cases of orbit height

Hupg= Hopy =0 (Fig. 2a),
Hpg=Hag=Hpy=Hay= (Fig. 2D)

for the condition
r...-r..d-oo.
It follows from the above data thac the nature of the curves AVO1 =
= const 1s practically independent of the helights of the ISZ and ISP or-

bits in the region of p', e values under coriaideration. An analysis in-
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dicates that the cegments of the curves drawn with the dashed 1.c¢ 1In
Fig. 2 have no physical significance.

The curves (8) intersect the boundary lines (16) and (17) at polint:

1/2
fo1r which the values of p'!

are determined fram the following equa-
tions:

fcr the boundary e = p' — ]

(as—1)p" + oy, p'h + ay + 2 == (), (18)

for the boundary e = 1 — (p'/n)

[a —(1/n)]p" + a, p"'* + a) +(2/n) = 0. (19)

Analysis of the roots of Eqs. (18) and (19) indicates that ~!' the
two real roots for each equation 1t 1s necessary to take the positive
root closest to the pcint of intersection of Lines (18) and (19), whi 'L
~orrcsponds to a Hohmann transfer (4). Let us denote the squares of
these roots by p!

max

(aV) and Prin (aV) are given in Fig. 3 for an earth-to-Mars

(AV) and S (AV), respectively. Diagrams of valuec
o1 pr;lax
transfer.

Similar results are also obtalned for single-impulse transfers by
use of Relationships (12) and (14).
TRANSFERS WITH CONSTANT ANGULAR RANGE

Transfer between two circular orbits may be accomplished via one
of the four conic-sectlon arcs shown in
Fig. 4. Following Reference (4], let us
deslgnate transfers vla the arcs 01, 0*01,
011* and O*0l1* as transfer routes A, B,
C and D respectively. The last two routes

C and D occur only for elliptical trans-

fers.

Fig. 4

The change in the true anomaly 1n a
transfer from point O to point 1 by route A is (Fig. 4)
= 67 =



Anld) = 0 —

where 0 < 15, 0, < 180° are the true anomalies at points O and 1:

ne==arceos [(1/¢)(p'— 1)),
n = arccos [(1/¢)((p'/m) —1)].

For routes B, C and D, A“Ol is defined by the relationships

(20)

Ane'® == Ane'A) + 2ne = Ny + T,

Ane'® == Aned) + 2(x — ny) == 2% — (ne + M),
Aned == 2% — AnedA).

Considering route A, we have
€08 AN, == 08 1)y cO8 Te + 8ID My 8iD N,
from which, applying (20), we obtain
ot = by + by’ + b, (21)

where
be = 2[ (1 — cos Ane) / sin® Ang],
b= —2[1 +.(1/n)][(1 — co8 Anw) /sin* An],  (22)
by = [1 + (1/n%) — (2/n) cos Ane] /sin? Any,.

We arrive at the same results for routes B, C and D.

The relationship obtained is an equation of 1sogons — lines of
equal transfer angles Aq01 = const between circular orbits.

As in our investigation of the lines AVO1 = const, we shall re-
strict ourselves to the case n > 1 and examine an earth-to-Mars trans-
fer. The results of calculation of the curves e = e(p') for AN, = const
are presented for this case in Fig. 5 (each curve An01 = const also cor-
responds to values 360° — A‘Ol)'

It is evident from the graph that in the general case, a curve
An01 = const 1s tangent to the boundaries of the region of admissible
transfer trajectory parameters.

The curve An,, = const touches the line (16) at cos 8Ny < 1/n;
the value of p' at the point of tangency pﬁax(A“) 1is determined by the
relationship
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P'mas(An) = (1 — cos Ane) / [(1/n) — cos Ana]. (23)
As cos an,, = 1/n p,;mx(An) ~ = and for cos Angy, > 1/n the curve
Ang; = const has no points in common with the Line (16). As for the
Line (17), the curve Any, = const 1is tangent to 1t for all values of
cos MOI’ at the points

P am(8n) = (1 — cos Anw) / [1 — (cos Aner / m)]. (24)
L) w' "W, e’ . r#i”- e -
H'
T
w o

]
LI

i
o’

g

air

Fig. 5

With ang, = 180° (Hohmann semiellipse), the curve 8Ny, = const de-
generates into a vertical straight line
P’ = Prou = 20/(n +1).
Then
Pam (B1) = Pmas (AN) = Pow.
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A dlagram of the curves pﬁax(A“)’ pﬁin(An) for earth-to-Mars

transfer is presented in Fig. 6 (the curve corresponds to values
) )
0<any < 180~ and 360" - AnOI).

We note that the singularities that appear in Egs. (21) and (22)
at An = 0, 180, 360° stem from consideration of radial transfers whose
geometrical locus 1s the semlaxis p' = O, e > 1. This case 1s nct of
practical interest and will not be examined here.

Let us establish correspondence between the various transfer arcs

and points on the curves A"Ol = const.

s : FAgp s 0" Qreen

D g4, 00

e scdn, s 80’ N \4/ ’
] o :’L” ' W ag et
Fig. 6. 1) Degrees. Fig. 7

The change 1n the true anomalv for the various transfer arcs is

enclosed within the following limits (Fig. 7):



Fig. 8

Range of Varliation of An fcr Various Routes

> ey | o< p min (2w | Pmin (ANCHCPmax (B0 ]| g, (BNGE <
[
napuiny? e<] : [y c<| : e e { o1
A | = | = I 0+ 180 J - | -
B I 180 + 360° | - | - I arr cos l/n + 180°
] IBO -+ m.— []
4 ‘ B2 e l - - l - ~2arccosy i/n |
D | = | = | isoe0 | - - | -

Note: The Table has been compiled for values of cos An < 1/n. For
cos Ay > 1/n, p' (A1) is replaced by =, and the segment of the curve
Plax ?An)'s p' 228 15 lacking.

1) Segment cf curve; 2) route.

0 o & 180°.
arc cos (1/n) << Aney = 360°.

0 < Anos < 360° — 2 arccos Vi /m,
D: 180° < Ano < 360°.

R

Since the coelficlents b1 depend on sineAnol and cos An01 the
curves e = e(p'; An01 = const) for values 0 < Aq01 {mand 7 < Anof =

2n — An01_5 2n do not differ from one another. It is obvious that one
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to one correspondence will the:: be retalned for transfers A and D be-
tween AnOI and cos Aq01 and, consequently. between points of the curve

e = e(p'; An01 = const) and AnOI. For one to one correspondence tc be
maintained between points of the curve e = e(p'; Any, = const) and Ang,
for transfers B and C, the corresponding curves must have two branches
each: one for values C < AqOI ~ ™ and another for values 7 & 6“01.5 2m,
The results of a study of the correspondence between the values of An01
and the various segments of the curves e = e(p', BNy = const) are given
in Fig. 8 and in the Table.

We note that the r2sults obtained under this heading are in fact
independent of examination of transfers between circular orbits and are
valid wher only the angle between two radius vectors of a material
point moving in a Newtonlan fleld 1s gilven.

APPLICATION COF ISOENERGETIC CURVES AND ISUGONS IN THE DYNAMICS OF SPACE
FLIGHT

1. Let us examine a single-impulse transfer with assigned energy
&Vy, = const and a semimajor axls a.

An annular transfer between the orbits of the earth and the planet
with a period that s a multiple of the earth's orbital perilod, with
the result that the space vehicle re-~ncouaiers the earth, may serve as
an example of such transfer. Using (12), we obtain for the constant of
the cenepogy integral

i L
Since, for an ellipse,

e = C/RM@' —1/h'v
w. -btain finally

Y 1)‘
p”-z(ﬂ*’.: ’
with e neces3ary condition

-T2 =



L
2. Let us consilder a two-impulse earth-to-planet tra sfer along
arc B wilth an assigned position of the pericenter.
Such a problem arises in consideration of "quick" earth-planect-
earth transfers [5).
Using the relatlonships
r=pllte), = rp [ Hops@

and (8), we obtain the following equation for determination of p':

2
r' Ty

3. Let us ccnsider the problem of determining the minimal velo-1ity
impulse requlred to rendezvous an ISZ moving in a circular orbit of ra-
dlus RO with an ISZ also moving on a circular orbit, but of radius Rl’
with a specifled angular distance.

Flg. 9 showr the typlcal shape of the Aq01 = const and AVO1 = gonst
curves (for a single-impulse transfer with n = 1). It 1s not diffi-ult
to perceive that with Angy = const the minimum of AV, for Angy < 15¢
is reached on arc A, and for AqOI > 180° on arc D, whose parameters co-
inclde with those of arc A, at the moment of tangency between the curvec
An01 = const and AVOl = const.

The solutlion of the problem reduces to investigation of the follcv-
ing equation of fourth degree 1in p'1/2:

bp? — 2™ + (by—a/)p’ + bo— 1 = 0, (25)
which 1s obtained from (12) and (21). It follows from the shape cf the
curves AnOl = const and AVO1 = const that Eq. (25) has no more than tw
real roots in the region of the parameters (p', e) under consideration.

The solutlion sought corresponds to the point at which these roots be-

come a single multiple root.
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4. A most interesting problem in which application of Relationships
8) and (12) 1s found to be highly effective 1s that of earth-to-planet-
o-earth transfers. This problem has been considered in a number of

apers, among which we cite [1, 2 and 5].

The general scheme of a four-impulse transfer of a spacecraft to a

lanet of the solar system with return to the earth is shown in Fig.

.

"he total angle of rotatlion of the vehicle's radius vector about

ne sun 1is

Ave + Any + 0Alg,

nere wy 1s the mean motion of the destlnation planet and At. 1s the

pJ
oarking time" on the ISP crbit. During this time, the earth revolves

hrough an angle

weTs = we(ler + s + Bl1),
nere Wy 1s the mean motion of the earth and TZ 1s the time of the space
xpedition.

The condition for the vehicle's return to the earth at point 3 1is
ritten in the fom

Ane + Ang + @iAl; = ws(ln 4w+ Atz) £ 28k (with k = 0.1,...)
rom which the parking time 1s

Anz — wolz
-_—.—_—.
Wy — W,

A‘l +krc- (k-oc :tib"')o (26)

iere
Aq,-A"m-{—Ama iz == oy + Im,

) Teqn = 2n/lwb = “ﬁ' 1s the synodic period of the planet.
It follows from (26) that

— oyl
Tx-‘x-f-A‘xB-A—'-‘—l—.—'—:"}-ch- (kl'lo,:!:l.) (27)

@ — @y
For subsequent treatment, it will be convenlent t> represent Rela-

‘onships (26) and (27) in the fomm
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aty

0 ! 2 4

Fig. 9 Fig. 10

Atz = Aloy(por, €ar) + Ataes(p2y’, e2s) + kTcam (28)
Tz = Tor(po's €m) + Tas(pas', em) + kT cum, (29)

where AtOI’ At23 and TOl’ T23 are respectively the same as the first
terms in the right members of Equalities (26) and (27) with ths sub-

script = changed to 01 or 23 and p' = p/Rorb "
+

Let us formulate the problem of optimum earth-to-planet transfers
as follows:
With a gilven resultant characteristic velocity of the vehicle
AVz = AVo(por's en) + AVas(pa', ens) = comst = AVz"  (30)
and provided that the space vehicle remains on the ISP orbit for a speci-
ried time
Aty = At (Pw', en) + At (Prs', em) + kT cum = const = Ats®, (31)
find a combination of flight-out and flight-back routes and parameters
for the corresponding conic sections (pOI" e01) and (p23,, e23) such
that the duration of the space transfer will be minimal:

Ts = To(po’, ) + Tas(pws's €w3) + kTewn = min.  (32)
The solution of this problem on an EVM [Electronic Computer] re-
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duces to solution of systems of transcendental equations of the form

AVo (po', e0y) = AVo,°

Atoy(poi’, esy) = Ato’

(33)
AV (prs's e) = AVy® — AVy'

A!zj(pz;', (u) = Aty" — Alg,*

with a subsequent search for the minimum of the function

Te(AVo', Atey") = Ta(AVa", Ale") +
+ Tu(AV:" — AVa®, Ats® — Aty’) + kT can

for the condition AVZ* = const, AtZ* = const with AVOI*’ AtOl* varied.

We changed the problem into a form such that 1t 1is completely un-
necessary to solve systems of transcendental equations of the type of
(33).

We note that by virtue of the property of 1soperimetry, the initial
problem 1s equlvalent to the prcblem described by the equation gystrm

AV: = AV" -* A"'u-. min.

Aty = Atoy + Aty + kT can == Atg®, (34)
T: = To + Tzs + krc-u — TI.-

Examining the last two relationships of (34) on the basis of (26)
and (27) as a system of linear equations in Anz and tz’ we can always
(the system determinant A = 1/(ub - *ﬁ) # 0) set Ans, and te, 1in corres-

pondence with the assigned Atz* and TZ* by the formulas
Anz' = woTr” — wAtr” — 2rk, 0’ = T:* — Ats".
Thus, the system formeu by the last two equalities in (34) 1s equiv-

alent to the system of equalitiles

Anz = Ane + Any = const = Anz°,
ty = toy + t23 = const = .

and the isoperimetric problem (34) 1s equivalent tc the problem
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AVz = AV + AV3 = min,
Anz = Ane + Ang = A, (35)
iy =ty + t3 = 15°.

But, on the basis of the 1soperimetry property, the latter 1s equlv-
alent to the problem defined by the following system of relationships:

AVz = AVy + AV = AV;®,
-Ang = Any + Ang = Ay’
iz = lg 4 23 = extr,

(36)

where the sense of the extreme of tz can be established on the basis of

analysis of the properties of actual earth-planet-earth transfer famil-

ies.

| 8V=const

|

| Prczl®¥)

K

P Ty STy

Fig. 11. a) Rouytes A and D; b) routes B and C. 1) Solution of Eq. (38
for A and D; 2) solution of Eg.°?38? for B with An > 180°; 3 solugio%
(0]

of Eq. (38) for B with An < 1
Determination of transfers that satisfy the first two conditions

in (36) reduces to determining the roots of the equation system
AVM(M’. eﬂl) = AV.'.I
Ana(por’, en) = Anat”,
(37)

AVa(pn’. eu) = AV:. s AVOI.v
Anas (P, €2s) = Anz® — Ano”.
However, on the basis of Relationships 3) and (21), the roots of

the equation system (37) are found among the roots of an equation of

1/
fourth degree in p! 2,

(a2 — b)) + a,p™: + (ay — by)p’ + 1 —bo = 0. (38)
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for solution of Eq. (38), we can use (38) to obtain immediately p' and,

Using one of the regular methods, for example, the Ferrara method,‘
consequently, e that satisfy the first two conditions of (36). :

The roots of Eq. (38) that have physical significance are identi- |
fled with the aid of the [{ollowing criteria, which were derived on the
basis of an examination of the propertles of lines AVOI = const, An01 =

= const on “he plane of the parameters (p01., eOl) (Fig. 11).*
Routes A and D (Fig. 1lla)
mas (Pan(8Y),  paw(Bn)) < P < ma (Pmas(AV),  par(dn)} (39)

Route B (Fig. 11b)

a) arccos :l < Any < 180° (40)
Pmax (A1) < P’ < Pmar \(AV)
16)  180° < Anu < 360°
(41)

P (AV) < P’ < Puin (AN)

Route C
For 0 < 8Ny, < 180° the constraint on P' 1s ldentical to (41), and
for 180(_5 8Ny S 360° — 2 apc "os(l/n)l/2 1t coincides with (40).
It rcllows I{rom the form of the curves in Fig. 11 that for routes
B and C with AVOl = const, AQOI = const no more than one transfer 1is de-
fined, and no more than two for A and D.

Solving Eqs. (37) for assigned OVsys> LTsy, We represent to in the

form of a function of AVOI,, AqOI*:

tz(An", Anot’) =t (AVa", Anm®) + (a(AVs' — AVe®, Anz® — Ana’)
From here on, determination of the optimum cransfer reduces to us-
Ing known methods to find points on the (AVy), Ang,) plane at which by
= 78



reaches the appropriate extreme.

5. Of particular interest is the problem of earth-planet-earth
transfers using deceleration in the earth's and planet's atmosphere's,
since the amount of energy required for earth-planet-earth space epedi-
tions can be reduced substantially in this case.

One of the differcrnices between this problem and that considered
above 1s the necessity of accounting for g-force and heat-flow limita-
tions as the vehicle sinks into the atmosphere. This limitation can be
realized, for example, by specifying velocitlies for the vehicle at the
sphere's of influence of the earth and the planet.

Let us examine as an example a three-impulse earth-planet-earth
transfer- with deceleracion 1n the atmosphere of the earth. It is obvious
that the statement of this problem can be reduced to the problem des-
cribed by Relationships (30)-(32) with the additional equality

s G’_‘i Q’
Vie, =3—2V +—— = Ve, (42)

which corresponds to assignment of the veloclity at the earth's sphere
of influence as it 1s approached at point 3 (Fig. 10).

Obviously, the present problem can be reduced to Problem (36) with
application of Equality (42).

Considering a single-impulse planet-earth transfer and applying
Relationships (14), (15) and (42), we obtain the following expression
for the focal parameter of the orbit:

Am—C— v + 30— (1/m)]
Vu = 2[1— (1/n'%)] ' (43)

Calculating Po3: from (43) and €o3 from (14), we can find all char-
acteristics of the planet-earth transfer, including An23 and t23. Calcu-
lation of the characteristics of a two-impulse earth-planet transfer
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follows the technique set forth above for values of AVOl’ AnOI defined
by the equalities

AVe == AV:® — AV, Ane = Anz’ — Anm,
where AV2(p23,, e23) is the impulse at the planet for the planet-earth
transfer.

Thus, for an assigned value of st3'*’ we express all characteris-
tics of the transfer and, in particular, tz as a function of AVQ. There-
after, determination of the optimum transfer reduces to using numerical
methods on an 3ZVM [Electronic Computer]) to find the extreme of ts with
respect to AV2.

6. As a last example, let us examine the problem of passing arcs
of a conic section between two points on the orbits of the earth and
the decstination planet, as determined by the date of departure from the
ISZ orbit, to, and the date of arrival tl in the neighborhood of the
destination planet.

Assigning the quantitles to and tl determines the radius vectors
;b and ;a and, consequently, all characteristics of the transfer, inclu-
daing the angle AnOI.

Turning now to the motlon of the space vehicle 1n the transfer

plane, we can treat 1t as a transfer along an arc of specifled type be-

tween circular orbits with radiil ?b and'Fi and write

Ane = Anoi (e, Po’. ), (.'414)
where
tor = las(Rer. Po’ ) =t — o,
ry ’ PM (QS)
Rey= —=const, pPou=—.
r re

Applying Eq. (21) and excluding ey from (45), we reduce the prob-
lem of determining the conic-sectlion parameters to solution of a single
transcendental equation in Poyot

to == t; — to = toy (Rey, pu’). (46)
- 80 -



The above procedure substantially simplifies solution of a numrber
of interorbital space-transfer problems. The example considered also in-
dicates that Eq. (21) can be used effectively in problems of determining
the orbit of a body from two positions, which was investigated in [3].

Recelved
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Manu-
script
Page [Footnotes]
No.

65 #*We note that analysis of the relationships obtained for the
case n < 1 1s not necessary 1n practlice, since, instead of
transfer to an inferior orbit we can always consider the re-
turn transfer to a superior orbit.

78 #The criteria presented here are valid for n > 1, i.e., for

transfers to superlor planets of the solar system. In consid-
ering transfers to inferior planets, it 1s expedient to consi-
der the "return" transfers from the inferior planet to the
earth 1n order to retaln the technique as set forth without
any changes.
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Manu-

script
Pﬁg? [List of Transliterated Symbols]
61 uc3 = ISZ = iskusstvennyy sputnik Zemli = artificial earth
satellite
61 ucn = ISP = iskusstvennyy sputnik planety = artificial planet
satellite
61 xap = khar = kharakteristicheskly = characteristic
62 op6 = orb = orbita = orbit
62 cp = s8f = sfera = sphere
52 cp = sr = srednly = average
69 xou = khom = khomanskly = Holkmann's, of Hohmann
T4 cun = 8in = sinodicheskly = synodic
80 3BM = EVM = elektronnaya vychislitel'naya mashina = electron-

ic computer
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UDK 629.197.7
CONCERNING A PRTORI ERROR ESTIMATES IN DETERMINING PARAMETERS
BY THE METHOD OF LEAST SQUARES
M.L. Lidov

The problem of minimizing the error in the determlnatlon of a gilven
trajectory parameter (by selecting a certain battery of measurements
from a given aggregate) 1s considered with the assumption of the most
unfavorable relationshlp between the measurement error correlation coef-
ficlents.

The maximum probabillity method, or the method of least squares 1is
used to determine flight trajectory parameters from a given set of
measurements [1].

The method of least squares 1s used 1n cases 1n which the errors
of the parameters to be measured are actually correlated, but the cor-
relation coefficients are unknown. In the latter case, the actual error
of determination of any gilven trajectory parameter will also depend on
the actual correlation between the errors of measurement.

To estimate the error of parameter determination by the method of
least squares, 1t 1s helpful, along with the case of 1lndependent measure-
ment errors, to consider another (extreme for thils problem) case, in
which the errors of measurement are bounded only in absolute magnitude,
and any arbltrary correlation among them 1s possible. On these assump-
tions, the present paper will conslider the problem of mininizing errors
in the determination of a glven trajectory parameter (by selecting a
certain battery of measurements from a glven aggregate), assumlng that
the least favorable relationshlp prevails among the correlation coeffi-
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cients of the measurement errors.
In the method of least squal'es, the vector a = (al, S0 R am) is

determined by minimization of the function

=3 (2272 g

[Ed)
where D, = Di(a) 1s a functlon of the vector a, D, ,, 1s the measured
value of the quantity D, and o,, 1s the a priorl maximum error of the
ith measurement.
Let us use a* to denote the ti :e value of a. Then
Diws = Di(2°) + 0, Di(a) = D(a") + gradeDiAa + . . ., (2)

whe re “:1 i the absolute value of the measurement error and Aa 1is the

error in the determination of the vector a.

From (1) and (2), in linear approximation,

"
l= 2 (p« — biAs)?, (3)
(amg
g Dy
(m = by = gndo—, is an m-dimensional vector).
] 1

Let us denote the 1th measurement by b1 and the error of the 1th
measurement by p,. Errors 01 of determlnation of the parameter 1 are
related to errcrs 1in the determminatloa of the vector a; in linear ap-
proximation

8l = cAa, ¢ = grad,l. (14)

let us denote by 8 the glven set of measurements bi’ which centain,
together with the vector b, the vector —(biz Bk), the set of all possi-
ble combinatlons cf I measurements b, ¢ %8

P =EBml/Bmall ...

The problem considered 1s that of dete.mining

min max O/ (5)
B P
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on the assumption thate
{0l < (6)

From the minimum condition of I with respect to a we obtain frur

(3)
Aa = (B*B) 'B°p, (7)

b,
M
where B = ( ) 1s a square n x m matrix and |, = ( \ 15 a vect r. The

n "n

following statement 1is evident from (4), (6) and (7):

The maximum <f 61 with respect tc Py fL =1, ..., n) 18 reacheda =

the vertlices of an n-dimenslional cube with lpil = 1,

a) Let us consider the case 1n which the number of measurementc .
is equal t- the dimension of the spdace M. Let bl’ b2, S bm be ele-
ments of 8 that satisfy the conditions:

—" 1) linear independence;

2) the vector ¢ can be decomposed 1nto vectors b1 with positi..

coordlnates b1 with positive coordilnates liz

c=tbi+ ..+ Ambm, M>0 (i=1,2,...m) (8)

In this case, we cbtain from (7) and (8)

u:)axbl=2;n. P|=1 (l=lv 2!"“’")' (9)

In case a), the problem of finding

min max 8!
Bm

1z a solved problem of linear programming [2]). The simplex method ‘un

be used to minimize max 61 in B . According to [2] (for a specifi ¢ 17T
pl
of the functional {(9)), the following theorem applies.

Theorem 1. For the measurements bl’ ce ey bm to realize

min max 8! (10)
Bm P
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1t 1s necessary and sutflclent that for any 0,68 the condition

Iiz‘,l <, (11)
-1
be satlsfled; here, the xij are the coordinates of the analysis of vec-
D bJ into vectoi's of the basis bl’ o oEal ] bm
b, =2zybi + ... + Tmjbm. (12)

b) Below we present the proof of the following theorem for the
reneral case of n > m measurements.

Theorem 2. For n > m,

nin max 8 = min max 6l.

Bu pi Bm P (13)
Proof. Let bl’ e bm be measurements for which
min ntax &, MER! (i=1,2, ..., m).

Pm
'8 realized.
Let us consider an arbitrary set of measurements
b'. .. . ba (b E€B) (i=1,2...,n). (14)
Let py..., P (Igil < 1) be the errcrs for which max 81 1s realized

'n the measurements (14). Then we have for arbitrary &, with [a,| <1

1

(P, .y P, by DA )2 8U(A, ..., Aw, b, ..., ba'). (15)

b = by + Tabr + ... + Zmibm (i=1,2,...,8). (16)

Let us consider

I .-=$; (8- - b/Aa)s. (17)

jomg

We take

Az Dy (1=1.2,....m). (18)

=

ccording to Theorem 1, IAil < B

Substituting 4, and b,, from (16) and (18) into (17), we obtain

1
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e =

I —
L s —
[

I = f}(ﬁz,‘u—b.u) )'.

{emi  jumi

The minimum of I with respect to Aa equal to zero (since I > 0)

1s determined by the system of equations
1-—b(Ad=0 (181, 2,...,"’.
By (9) and the definition of b

19
O1(Ar, ..., An, b, ... bn) = minmax 8l < 8l (ps, ..., pn, by, ..., 0y) =
.n ’l
= min max 8[.
.u .l
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UK 521. 312
APPLICATION OF V.V. RUMYANTSEV'S THEOREM OF STABILITY WITH RESPECT TO
SOME OF THE VARIABLES IN PROBLEMS OF CELESTIAL MECHANICS
V.G. Demin

Using V.V. Rumyantsev's theorem on stabllity with respect t- some
of the varlables, the stablli.y of the semimajor axes of the orbits of
celestlal bodles 1s demonstrated 1n those problems of celestial mechan-
ics in which small perturbing functions are conservative 1in nature.

To describe the motion of a celestial body, which 1s assumed to be
a material point, in the presence of conservative perturbing forces, we

shall utllize Polncare's first system of canonical elements

L= V’_(—"‘T; mfa', pr = Vf(me + ';l)_d(i — 1= &),
pr = Vf(mo + m)a(1 — &) (1 — cos i), (1)

A=nt+e, Wy = — A, w = —Q,

where f 1s the gravitatlonal cconstant, m, and m are the masses of the
mutually attracting bodles, a 1s the semimajor axls of an osculating
elliptical orbit, e 1s 1its eccentrlclity, 1 1s 1its inclination, n 1is the
mean motion, 2 1s the longitude of the node, m 1s the longitude of the
pericenter and ¢ 1s the mean longlitude of the epoch.

The differential equations of perturbed motion written in these

variables will take the fomm

dL oS dp _ 05 dm_ 85
d "o d dw d =
A= "o a0 o o’

with the characteristic function S determlined by the equality
- R8 _



fiime 4+ m)?
2L

+ wR(L. pr. p, A, @1, @1, ). (3)

The second summand 1in Relation.hip (3) represents the perturb:n:!
function, 1in which u denotes the small parameter. Equatlions (2) admit
of the generalized energy 1integral

S = const. (4)

With u = 0, Eqs. (2) defilne an unperturbed elliptical crbit.

Integration of differential equations of the form (2), which 1.
accompllished 1n celestlal mechanics by one of the methods of succes:!
approximation, 1s usually complicated by the small denominators, wh'
give rise t~ secular terms. The questlon arlses as to whether the se¢
lar terms are due to the physical nature of the problem or whether ti
are in some cases a consequence of 1lnadequacles of the methods empl
Of particular interest from the standpoint of cosmogony 1s the natur:
of the time varlation of the semimajor axis a. If a remalns bounded
throughout the entlre time of motlion, 1t can be affirmed that the m
tion 1s Lagrange stable. It 1s known, however, that mixed terms apps
among terms cf gecond order wlth respect to the perturbing masses 1
perturbations of the semimajor axes of planetary orbits, while the
third-order terms contaln purely secular termms. Hence we cannot dra:
any con:luslons regarding the boundedness of the planetary motions 1
analytical motion theory. Conslderable progress has been made by V.I
Arnold, who succeeded in proving the metric analogue to the celebrat:
Laplace theorem — an analogue consisting in the statement that plane
tary orbits will be stable for most (in the sense of the measure) 1ir.
tial conditions. Let us show that for celestlal-mechanics problems 1:
which a generallzed energy integral exlists the question of Lagrange
stability of the orblits can be snlved simply by use of V.V. Rumyantsc:

theorem of stablility with respect to some of the variables (1).
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'TOo 1nvestligatc the stabllity of an unperturbed Keplerlan motion
L=1® p, = p@ p3=pm" A=A @ =" w = uf® (%)
let us supplement System (2) with the equation
du/dt = ( (H)
and assume, furthemmore, that R is a bounded fun - tion analyticsl with
respect to L and u 1n a certaln neighborhood of unperturbed values of
the Polncare elements.
Let us introduce the following nomenclature for the perturbations
of the variables:
=L —L® 13 = p, 13=p; — p* 2. = p2— ;" (7)
Iy =A— A® 14 = @ — y?, Ty = 03 — m®
Then we can indicate the flrst two integrals for the differential
equations of perturbed motlion, which we shall not write cut 1In the new

variables:

V, = ff(me 4+ m)? [ { _]_H’R’

{
2 (L+n)? i

Vg=l= I3.

(8)

Let us show that the motion will be Lyapunov stable with respcct
to the quantity L, using V.V. Rumyantsev's theorem for the proof. For
thls purpose, we construct the Lyapunov function in the f<rm of a bun-
dle of integrals:

V=V3+ AV (9)
where A 18 an arbitrary constant. Expanding the right-hand member of
Formula (9) in series in powers of the perturbations x, and x,, we ob-

tain

f(me 4 m)? s 22 (mq + m)
L Ls
The condition that the functlion V be sign-determinate with respect

Ve

Rexty + (R + A)z2 + ... (10)

to the quantities X4 and X5 when the latter ar- rather small 1i: written

in the fom



f4(mq -+ m)?
___L.' A>0 (11)

from which it 1s evident that when A > O, the function V satisfiles Con-
dition (11). Since by virtue of the differential equations of perturbed
motion, the derivative of V is identically equal to zero, the motion
will be stable with respect to L. It follows from Formulas (1) that the
motion will also be stable with respect to the semimajor axis of the
orbit.

As can easily be shown, the result obtained has bearing on the
problem of motion of a satellite of a slightly flattened spherical plan-
et, on the three-dimensional circular three-body problem (in the case
of motion in the vicinity of one of the attracting masses), on the prob-
lem of satellite motion in the gravitational field of a slowly rotating
solid body whose central ellipsold of inertia i1s close to spherical,
and so forth.

If the perturbing function S satisfles the condition

o5 _ o5 95 (12)

a9y 0w
which, in the problem of satellite motion, signifies the existence of
axlal symmetry in the perturbing force field, then Eq. (2) admits of
yet another first integral in addition to (4):

L — py — p2 = const. (13)

The integral (13) cqfresponds to the area integral. In this case
1t can be proven by reasoning analogous to that given above that the
motion of the celestial body in the presence of constantly operating
perturbations that satisfy Condition (12) 1s stable with respect to the
Delone canonical elements L and H. One consequence of this result is |
tha® for Py = 0 (1 = 0), the trajectory 1is included within a circular
annulus whose boundaries are only slightly deformed by small perturba-

- G -



“ions of the form (12).
Recelved
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UDK 521.312:517.912.2
ON THE STABILITY OF SATELLITE ORBITS
WITH CONSTANTLY OPERATING PERTURBATIONS
V.G. Demin

The Kolmogorov-Arnold method 1s used to prove stability of planet-
satellite orbits and the conditionally periodic nature of the motion on
the assumption that the satellite's motion 1s perturbed by constantly
operative small fcorces of a conservative nature.

1. New methods for qualitative analysis of Hamiltonian systems [1]
are opening new possibllities for the 1lnvestigation of a number of prob-
lems of classical and celestial mechanics. Here, the nature and complex-
i1ty of the investigation of the dynamic problem will depend essentially
on the properties of the characteristic function Ho that defines the un-
perturbed motion. The analysls becomes particularly complicated in those

cases 1n which degeneration occurs, when

det[;p:'—;]=o, (1)

In the cholce of the two-body problem as the unperturbed problem,
which is traditional for célestial mechanics, Relationship (1) 1s iden-
tically satisfled, with the intrinsic degeneracy combining with limit
degeneracy.

If, however, we do not wish to bow to rooted tradition, we can, in
many cases, break the Hamiltonian of the perturbed problem down into
twec parts in such a way as to eliminate both intrinsic and 1limit degen-

eracy. The classical problem of two fixed centers [2, 3], the generali-
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zed problem of two fixed centers [4, 5] and one of its limit variants
[6] may be adopted as the undisturbed problem for this purpose in vari-
ous problems of celestial mechanics. Below we set forth the limit ver-
sion of the problem of two stationary centers, as considered in [6] for
the requirements of qualitative satellite motion analysis.

2. Let us study the motion of a satel.ite, assumed to be a material
point, in a coordinate system with fixed axis directions, taking the
planet's axis of rotation as the third axis, while the basic plane is
parallel to the equatorial plane of the planet. We shall place the coor-
dinate origin at one of the umbilical points of 1lnertia that the planet
would have 1f we disregarded its equitorial flattening.

In the system of coordinates selected, the gravitational pcotential
of the planet is expressed by the formula

- LY TR S (2)

Here £ 1s the gravitational constant, m 1s the mass of the planet,
6 1s the vertical coordinate of the umbilical point of 1nertlia r, ¢ and
A are the spherical coordinates of the satellite 1n the selected refer-
ence system and R 1s the perturbation function. We note that the nature
of the perturbing forces is nonessential for the investigations to fol-
low, so that the function R may incorporate both the disturbing effect
of the planet's figure and other disturbing factors. Let us assume that
the perturbations are quite small. We also point out that the first two
terms of FPormula (2) take full account of perturbations due to the
second spherical harmcaic in the expansion of the planet's potentilal.

Selecting, as the generalized coordinates, the quantities

fi=r, a=9, ¢s=sini (3)

we shall have the following expression [7] for the total integral of the
Hamilton-Jacobli equation in the unperturbed problem under consideration,
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according to the Stockel principle:

W = — ayt + Y2as arc sin ¢* + ¥2 S Yaigi® + fmq, + aa‘;q-f +
. '

» 4
+stl'(“z+/mo3inqz)°°3’qz Goo-‘;t:—%; ()

where Q15 Qo and oz3 are arbitrary constants of integration.

In qualitative analysls of solutions, 1t is more convenlent to use
the Hamlltonlan unperturbed-motion system with a speclal selection of
the canonical varlables:

dn; g oH,

% e (5)
where Ho(nl, ol qn) is the Hamiltonian of the perturbed problem. Ac-
tion-angle variables form such a system of canonlcal variables.

The unperturbed problem under conslderation here represents a par-
ticular case of a dynamic system according to Stekkel'. Consequently,
the satellite's motion will be conditionally-periodic, and the actlion-
angle variables willl be expressed 1n terms of elementary periods wij’

which, by virtue of (4), are determined by the relationships [7]:

b,

S q1dq, 1 dg, "
l—— jg == =0 § =" 013—0,
2 VPi(an) V2 | a1 VPi(91)

1 ¢ cosasdg TR

=0. cos q 2 N 2 '
i T 7’2 YPz(cos @) o= 72 S 3,008 Q2 YP2(cos gz) (6)
= 0, -
sy op =20, VZa, S ]’i = q,’

In Formulas (6), a, and by are roots of the equation

Pi(q1) = ayg® + fmqy — a2 =0, (7)

between which the varilble qq 1s included 1in the motion process; b

Bos Rg

are analogous roots of the equation

Pa(cos gs) = cos® qa(fm8 sin g2 + a2) — ag = 0. (8)
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The canonical variables Ei arce connected with the elementary peri-

ods by the formulas

n
h-.—“("—‘)o

b-;—':[p.—:—:(p.—t)], (9)
b-;':;{a.—::"[h—::-"(m—c]}.

where Bi denote canonical constants adjoint to Qy - We shall not write
out the ex licit expressions for the canonical variables Mg since they
are not needed for the reasoning to follow. We note only that the gener-
ating function of the contact transformation 1is written as follows:

S = gy, (10)
where ay should be regarded as a function of the new varlables Ms Mo
and n3.

The canonical equations of the perturbed motlion in these variables

take the form

& 0K dw, oK (11)

where the new characteristic function K 1s determlned by the equality

P
K-R+W=-R+m(m.m.m)- (12)

In the new variables, the equacions of unperturbed motion wilil be

d \
;.‘.-0, ‘:“-—:“-.‘(ﬂhmm). (13)

In Eqs. (13), we have used the nomenclature

o — s G - SOESS (14)

W Wywa LT )

3. Our further discussion will be based on the theorem of A.N. Kol-
nogorov [1], which can be formulated as follows.
Let the Hamiltonian function (12) be analytlé in a certain region

i: €6, |Imf{<p and let the nondegeneracy condition
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“lh«’m |+o

be satisfied, while IRI < M. Then with sufficiently small M, points of
the reglon G, with the exception of the set of measure small with M,
willl move conditionally periodically along tori approximating tori n =
= const.

To apply thils theorem, as can be seen easlly enough, 1t 1s suffi-
cient to show that

ot 5ot | =0 (15)

Calculation of the Jacobian (15) can be simplified considerably if,
instead of the canonical variables ni, we use the elements a, p and 1

that we introduced in Reference [6]:

w=— a= ";"’, fzﬂ(p-f-zount)wa't. (16)
Then
IM D(w, o, @) D(a,pi) (17)

D(a,p,i) D(ny,nm)
Since the transformation performed 1s nonsingular, we shall have

instead of (15)

D(“h @3, 0‘) 18
Dern O (18)
Using Formulas (6) and (%), we can obtain

1 3
=—, = = —Kk'
= T me Vtmo(k.—h) =
1 1 1 (19)
=—— N(n', k) + -—— M(n”, '
e vztmom—w{i—u. Tt T 0}

where n® = ﬁn/a3, -K‘(k) 1s a complete elliptical integral of the 1lst kind,
H(n’, k), O(n”, k) are complete elliptical Integrals of the 3rd kind,

pa—h Mk kT (20)

M — As i—M 14+M
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and the quantlities )‘1' lc) and A, ure rroote of Eq. (8), which 1o trans-
formed to
2000 4 pA? — 28\ — (pain{ — 28 cos’ () sin ¢t = 0. (21)

It is evident from (14) and (19) that w, does not depend on p and

1, so that

D (@, @, @) - Owy D (an, wy)

D(a,p.t) o D(p.1) (22)

Expanding W and u3 in Taylor serles in powers of the quantity

e

6/p, which 1s of the order of 3:10° © for ne.r artificlal earth satel-

lites and diminishes with increasing parameter p, we shall have

.,_,.[1+z;(1_:,i.m)]+ higher-orcder terms (23)

oy = —n(i—:ﬂlinl) + higher-order terms
Then, as 1s easlly seen, the Jacoblan

D(@y, @, @) _ Ir'8 cos t Dy
D(s,p, i) P da

will be nonzero with 1 # 90° and for sufficiently small values of the

+ higher—-order terms (24)

quantities 6. Ana this means that the motion of the planet's satellite
1s conditionally periodic motlion and proceeds along torl approximating
the unperturbed tori

N« = const,
where the quantitles Ty colncide for é = O with the Poincare canonical
elements.,

In the event that the perturbing fun:tion X Zs nct a function of
the longitude A, we can obtaln a stronger result: the motion of the
satellite will be conditlionallyv perlodic and lagrange stable for arbi-
trary initial conditions. For the proof, it is first necessary to ignore
the cyclical coordinate » and then repeat reasoning analogous t« that
given above.

The author aclkncwl<ages hls 1ndebtedness to the staffs of the
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UDK 537.591 (047)
CERTAIN PROBLEMS AND FUTURE PROSPECTS FOR INVESTIGATIONS
OF COSMIC RAYS
N.L. Grigorov, I.D. Rapoport, I.A. Savenko and
G.A. Skuridin

This is a consideration of the basic problems involved in the op-
ration of an ionization calorimeter — an instrument used to measure
ne energy of cosmic-ray particles and the relationship between the ba-
ic parameters of the ionization calorimeter and the conditions of 1its

tilization.

In addition, there 1s a consideration of the possibilities of em-
loying an ionization calorimeter to study a number of the characteris-
ics of reactions between atomic nuclel and cosmic-ray particles exhib-
ting energles of 10111013 ev [electron-volts], for the study of the
omposition of high-energy primary cosmic-ray particles (1011-1014 ev),
‘or the study of the electron component of primary cosmic rays, and for
he study of high-energy y-radiation.

INTRODUCTION

During the past 30 years, cosmic rays have been subjected to in-
ensive research. The interest in these rays 1s based primarily on two
‘actors.

First of all, primary cosmic radiation represents a flow of atomic
wueclel (with H and He nuclel predominating), exhibiting tremendous en-
‘rgles up to 1019 ev, and accordingly this represents the only means of
;tudying nuclear interactions at high and superhigh energies.

In the second place, since cosmic rays are the output of certailn

.ccelerating mechanisms "operating" in the galaxies, they carry infor-
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mation with respect to the characteristics of these mechanisims. In
their motion from the source, the particles of cosmic rays are subject
to the action of magnetic fields and they undergo nuclear reactions
with atoms from the interstellar medium, generating secondary radiation
(m-mesons whose decay ylelds an electron-positron component and high-
energy yy-quanta). Therefore the study of the primary cosmic rays — the
study of their energy spectrum, their chemical composition, of the fea-
tures of propagation through the Galaxy, and of the electron-photon
component = ylelds information on the processes of cosmic-ray accelera-
tion, on the electromagnetic properties of the interstellar medium, on
the distribution of cosmic rays within the Galaxy, i.e., it provides
important information about one of the components of the Galaxy, play-
ing an active role in the evolution of the latter.

The particularly fruitful period of about 8 years (1945-1953) of
intensive investigations into nuclear reactions involving cosmic-ray
particles reached its conclusion with a number of fundamental discover-
ies. It was established that new particles — primarily m-mesons — are
generated in reactions between atomlic nuclel and primary cosmic parti-
cles exhlbiting energles of 109-1010 ev. A whole Pleiades of new
("strange") particles was uncovered. The basic energy characteristics
of the nuclear reactions at moderate energles were clarified. As a re-
sult of these dlscoverles there came into belng a new branch of phy-
sics — the physics of elementary particles.

The last ten years of lnvestigations in the area of cosmic rays
have been concentrated primarily on the solution of the following prob-
lems: the study of the characteristics of cosmic-particle reactlons
with atomic nuclel at energies of 1011-1013 ev; the study of processes
involved 1in interactlion at superhigh energles; the study of the energy

spectrum of primary cosmic rays; the study of certain astrophysical
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problems 1involving cosmic rays, l.e., the motion of cosmic-ray partl-
cles of various energies within the Galaxy and the solar system; the
study of the electron component of primary cosmic rays, and the search
for y-rays.

In our opinion the extremely modest results produced by investiga-
tions in connection with co3amic radiation during the past ten years, at
lcast so far as this conce.ns the study of the mechanism of 1nterac-
tions between atomic nucleil and high-energy particles, are assoclated
with the fact that the 1nvestigators, on observing the interaction of
high-2nergy particles and determining tr.e parameters which could be
measured, in none of the avallable methods ever knew with sufficilent
accuracy the energy of the primary particle responsible for the ob-
served interaction. As a result, in the overwhelming ma jority of cases
the experimental data were never unequivocally interpreted.

In order radically to change the situation in the investigation of
high- and superhigh-energy cosmic rays and significantly to ralse tne
effectiveness of thelr utilization in the study of nuclear -eactions in

the energy region of 1011-1015

ev, 1t appears to us that two condittons
must be satisfled:
1. Experiments to study primary cosmic rays of high and particu-

larly of superhigh energy (1011‘-1015

ev) must be conducted beyond the
limits of the atmosphere,

2. A method must be employed to make possible the determination of
the energy of the primary cosmic-ray particles with the required accu-
racy over the entire range under study (1011-1015 ev).

The first condition may be satisfied by conducting experiments
aboard artificlal satellites of the earth.

The second condition may be satisfied "y using new principles of

measuring particle energles, 1.e., principles which could be applied
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over the entire range of energles to 1015 and even 10 ev.
The existing classical method of measuring the energy of a charged

particle on the basis of the distortion of its trajectory in a powerful

magnetic fleld enables us, in conjunction with a Wilson chamber, to

determine energy in the region below 1010 ev. The use of spark chambers,

providing considerably greater accuracy in the measurement of particle-
trajectory curvature, apparently makes 1t possible to expand the reglon
of measureable energles to 10ll ev, while the utilization of tremendous
magnets welghling hundreds and thousands of tons or the use of sclenolds
with superconductive windings will permit raising the limit of measure-
able energles to 1012 ev. Thus, these methods are completely useless
for the solution of problems involving themeasurement of particle ener-
gles of 1015 ev.

Apparently, the only avallable means at the present time for the
solution of this problem involves the utllization of the new method
proposed by N.L. Grigorov, in 1954; this 1s the method of the ioniza-
tion calorimeter. This method was first employed in 1957 in the Cosmic-
Ray Laboratory of the MGU [Moscow State University] by N.L. Grigorov,
I1.D. Rapoport, and V.S. Murzin (1) and has now become the basic (at
least in the USSR) method used in cosmic-ray research at mountaln peixs.
As willl become evident from the followlng, this method is quite flexi-
ble, f.e., 1t permits wilth equal accuracy the measurement of energlec
of charged and neutral particles, and also makes 1t possible to combinc
this measuring instrument with the most varied of particle-observation
facllitlies: the Wilson chamber, the spark chamber, and even with nuclear
photcemulsions. A particular advantage of this method in connection
with cosmic rays is the possibility of constructing extremely 'fast"
installations.

There are as yet no speclal descriptions of such instruments 1n
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the literature. We belleve 1t cxpedient to 111 this gap and to dlscuce
the basic principles involved in the construction of 1onization calor-
imeters, as well as to describe their structural features in connection
with their operating conditions. Section I of this article 1s devoted
to that undertaking.

I. THE IONIZATION CALORIMETER

1. Operating Principle

Extensive use 18 made in nuclear physics of a method of measuring
the energy of a dis.rete heavy particle on the bas!s of the total 1o-
nization developed by that particle in an lonizatlion chamber on decel-
eration. This method 1s based on the fact that a heavy partlicle, moving
through matter, loses all of its energy to ionlzatlion. It 1s evident
that a prerequisite for the applicabllity of the method 1s the fulfill-
ment of the requirement that the mean free path of the particle in the
ionization chamber bz smaller than the dimensions of the chamber. With
the entry of luminescent techniques, the sphere of applicabllity for
this method has expanded.

Since the density of the scintlllator is greater than the density
of the gas by a factor of approximately 103, i1t has become possible on
the basis of the total energy liberated in the material to measure the
energy of particles exhibiting a total mean free path expressed in tens

2, 1.e., exhibiting energles of the order of lOd ev for heavy

of g-cm™
particles and of the order of lO7 ev for electrons.
Can the applicability of this method be extended tc¢ include par-

ticles exhibiting energies of 10-1-10%°

ev? To provide an answer tc
this question we must consider, even 1f only brlefly, the mechanlsm by
which such high-energy particles lose thelr e ergy

From the very outset, let us exclude the py-mesons from our consid-
eration, since these particles react somewhat too weakly with matter,
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losing energy primarily only as a result of 1lonization. The high-energy
u-meson therefore exhibits such large mean free paths in dense material
that it 1s wvirtually impossible to achleve 1its total deceleration 1n a
layer of matter that i1s not overly thick. Electrons and y-quanta, given
a sufficlently thick layer of matter, expend all of thelr energy on the
lonization of the atoms contalned in the matter.

In connection with the high-energy nuclear-active particles, we
know from a study of cosmic rays that a stream N(p) of such particles
1s strongly absorbed in the atmosphere, diminishing with depth in ac-
cordance with the law

N(p) = Noexp-»/Lu),
where p 1s the atmospheric pressure at the polnt of observation, Lp 1s

the absorption mean free path equal to ~ 120 g-cm'z.

Strong absorption
of nuclear-active particles 1n the atmosphere indicates int »nsive loss
of energy by these particles in their motions through matter. On which
processes 1s the energy of a primary nuclear-active particle evoended”
We know that the cross section of interaction for high-energy par-
ticles with atomic nuclel 1s close to the geometric cross section of
the nucleus. As a result of the interaction, a fraction of the energy
of a primary particle is expended on the formation of new particles
(primarily m-mesons), and a small fraction of the energy is spent on
the splitting of the nucleus with which the particle collided, the re-
maining energy staying with the primary particle which, on subsequent
interaction, again will lose a fraction of its energy in analogous pro-
cesses, etc. The generated charged m-mesons and similar particles with

10 sec will interact in dense matter with nuclel,

a lifespan of v, > 107
much llke a primary particle, generating secondary particles and fl!s-
sioning nuclel.

Since among the generated m-mesons there are generated no-mesons
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with a lifespan of 7, ~ 107"

tually at the point of their formation, the energy of the primary nu-

cec¢, which decay into two y-quanty vir-

clear-active particle i1s ultimately trensformed into the energy of
electromagnetic radiation (y-quanta) and into the energy of strongly
ionizing particles — the products of nuclear fisslon.

The energy of the y-quanta in matter is totally expended on the
ionization of the atoms of the materlal, Jjust as was the case with the
energy of the strongly lonizing particles.

If we take a block of dense material that is 1000 g-cm"2 thick and
of sufficlient lateral dimensions to prevent the passage of the second-
ary particles beyond the limits of the block through the side surfaces,
a high-energy particle falling on such a block would be absorbed by 1it.
In this case virtually all of the energy will be expended on the ioniza-
tion and excitation of the atoms of the material and will, in the final
analysis, be converted into heat.

If we were to measure the quantity of heat liberated in the blcck
at the instant at which a nuclear-active particle 1mpinged upon it, 1t
would be possible to obtaln an exact value of the energy EO of the in-
cident particle. This method of measuring energy cannot be utillzed ror
a great many reasons. However, 1t 1s possible to use the mes “urement of
an intermedlate quantity for the determination of EO, thlis quantity be-
ing proportional to the final thermal effect, l.e., the total number of
ion paire I appearing in the block as a result of the incidence ontc
the block (. a particle exhibiting an energy Eq-

It 18 cl ar that EO = AI, where A 18 the mean magnitude of the en-
ergy expended on the formation of a single fon palir in the material of
the block.

Because of the similarity in the measurement of energy EO in a
discrete particle on the basis of the total lonization effects and the
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calorimetric measurements, the instrument used to accomplish this meth-
od of determining By 1s known as an ionization calorimeter [1].

If we know the ionization distribution I(x) for the depth x in the
absorbent of the lonization calorimeter we can determine the tctal ion-
1zation effect or the magnitude of I.

Indeed, if at the depth x (calculated frcm the upper base of the
ionization calorimeter) I(x) dx lon pairs are formed in a layer dx
thick at the instant at which a nuclear-active particle impinges onr the
ionization calorimeter, the quantity I may be defined from the obvious

equality

I =

LXP Y ]

I(z)dz

and, consequently,

Xq

Eo=2 { Indexa § I(z)dz. (29
[ [}

For the correct determination of EO the thilckness xo must be taken
so that all secondarcy particles are decelerated in the ilonlzati-n calor-

imeter, l.e., we must have I(xo) 0.

~
-

Equation (1) superficially coincides with Eq. (2)
- ipl [ _J
N-E=){1(2)es, (2)
[ ]

which has been extensively used for a long time both in the study of
cosmic radiation and 1n the dosimetry of penetrating radlation to me:s-
ure the flow of energy contalned in a large number of particles. How-
ever, Expressions (1) and (2) are basically different from one another,
and this controls the experimental faclilitles avallable for the measure-
ment of I(x) in the first and second cases.

If we want to measure the energy o a dilscrete particle, we must

measure the lonization I(x) at all points of the absorbent at the iden-
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tical instant of time corresponding to the incidence of the discrete
particle onto the absorbent. In other words, the instantaneous distrib-‘
ution of ionization over the entire volume of the absorbent must be
measured. Consequently, pulse ionization detectors should be used as
the measurement instruments (the permissible measurement durations of
the instantaneous distribution of ionization I(x) will be considered
below).

When measuring a flow of energy carried by a large number of par-
ticles statistically distributed in time, the time-average of the quan-
tity I(x) at each point of the absorbent must be measured. A prolonged
measurement of I(x) is required for this purpose (the duration of the
measurement will be defined by the assumed accuracy which will be a
function only of the statistical fluctuations in the stream of parti-
cles at the point 5), i.e., in principle, the 1onization detector must
be of the integral type. If the stream of particles 1is steady, the meas-
urements at the various points of the absorbent may be conducted at
various times.

2. Parameters of the Ionization Calorimeter

In considering the ionization-calorimeter parameters which govern
its operaéion, we will proceed under the assumption that this instru-
ment 18 used for work with cosmic-ray particles.

The basic parameters of tie ionization calorimeter are defined:

a) by physical processes as a result of which the energy of the
primary particle, in the final analysls, 1s expended on ionization
within the material making up the absorbent;

b) by the technical facilities of ionization measurement within
the absorbent;

¢) by the possible factors leading to "nondetection" of a fraction
of the energy or by random coincidences;
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d) by the features inherent in the cosmic-ray particles of high
energy.

Let us consider the effect of the above-enumerated factors on the
parameters of an lonization calorimeter. Let us begin with point (d).

In the design of the ionization calorimeter our main concern ob-
viously involves, on the one hand, provision of the most complete
transition of the energy of the primary particle to the energy of the
electron-photon components and other ionization components within the
confines o. the ionization calorimeter and, on the other hand, to make
certain that i1t 1s the energy liberated by only a single nuclear-active
particle that 1s measured, eliminating or separating all other sources
of energy liberation in the ionization calorimeter.

There are a number of features 1n work at sea level and on moun-
tain peaks which must be taken intc conslideration in the design of the
instrument.

One of these features 1lnvolves the fact that nuclear-active high-
energy particles frequently form groups in the atmosphere, i.e., sever-
al particles impinge simultaneously on the installation [2]. The great-
er the area of the installation, the greater the probability of the =si-
multaneous 1incidence of two, three, and more nuclear-active particles.
It is obvious that in the case of simultaneous incidence of several
particles on the installation, the energy which is liberated 1in the
ionization calorimeter will be equal to the sum of the energles of all
particles impinging on the installation.

Evidently, to ensure reliable measurement of the energy of an in-
dividual nuclear-active particle, the design of the ionization caloril-
meter must make it possible to distinguish the incidence onto the cal-
orimeter of a discrete nuclear-active particle, a group of nuclear-ac-

tive particles, or the incidence of an extensive atmospheric shower,
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etc. This condition may be satisried if the lonizatlion calorimetcer 1o
designed to consist of a large number of ionizatlon detectors distrib-
uted appropriately (see below).

Let us now consider the process of the trancition of energy from 2z
nuclear-active particle to the electrons of an electron-photoun cascad:.
In this case we will, for thce time belng, neglect the energy losses due
to nuclear fission.

Let a nuclear-active particle experlence an interaction at some
point 0, 1n the absorbent of the lonlzation calorimeter (Fig. 1). Con-
sequently, at this point a fraction of the energy (E"O)l was transferred
to the no-mesons, *hile the remaining part, l.e., EO - (En0)1 was re-
talied by the nuclear-active particles: the nucleons, the wt-mesons,
etc. In view of the extremely small lifesparn of the no-meSUns, in prac-

tical terms it may be held that at the point O1 there appeared y-quanta

distributed over some spectrum le(Ey)/dEy with a total energy
[ 3

dN; ,, ,
(E.q'h-SE'if‘""-Each of the y-quanta 1. tne materlal of the caloerime-
[ ]

ter produces 1its own cascade shower of electrons. The entlire aggrega-
tion of y-quanta produced in the first interaction ylelds the total
shower of Il(x).

Since for each '"elementary" shower (produced by individual y-quan-

ta) the [following) equality is valld
Ey= ) §.l(z)d:,
.
for the entire aggregation of y-quanta the followlng equality 1s catls-
fled
(E )= ZE,-&§2!(:)¢-A§I,(:)¢:. (3)
0 0

However, 1n addition to the no-mesons, secondary nuclear-active

particles exhibiting a total energy Ej - (E"o)] will move from poirt 0,
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in the direction of motion <f the primary particle. Cne of the secon-
dary particles may be subjected to interaction at some point 02, as a
result of which the energy (En0)2 will be transferred to the no-meSUns.
The +y-quanta of these no-mesons will yleld a certain total cascade

shower of Ie(x) for which Relationship (3) is valid
(E )2 =) S Iy(z)d=.
[ ]

For any kth interaction accompanying the transfer of energy

(Eno)k to the no-mesons, the following equation will obviously be sat-

1sfied

(B =1 h(z)ds.
L

Fig. 1. Diarram clarifying transfer it enprg from primary partlic
to the electron-photon component. Pgints of 1nteractlgn i
nuclear-active particles 1in 1onizat}on 6aloé1meter The Shed lines
show the y-quanta produced by the decay of the generated = -mescnd, 1
the solild arrows show the secondary nuclear-active particles.

fir

L L}
1, rn ", v aom

Fig. 2. Dlagram showing development of partial electromagnetic cascades
in an lonlzatlon calorimeter. The depth x of the calorimeter has been
plotted along the axis of abscissas, and the 1onization produced by the
partial shower at the depth x 1s plotted along the axls of ordinates;
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X10 X5 x3) are the depths of points 01, 02, O3 (see Fig. 1).

With each interaction of secondary nuclear-active particles, a
fraction of the energy will, first of all, go over into electromagnetic
radiatior (through the formation of no-mesons) and, secondly, degrada-
tion of the energy of discrete particles will occur (as a result of the
generation of several nuclear-active particles with each interaction
and the irreversible losses of energy to the formation of the no-mes-
ons). Figure 2 shows this process schematically, the depths of the
points 01, 02, ..+, Of Nnuclear-active particle interactions being plot-
ted along the axis of abscissas, the magnitude of the 1lonization result-
ing from the cascade electrons due to the primary, secondary, etc., in-
teractions being plotted along the axis of ordinates.

If the process of no-meson production were the only process by
which the nuclear-active particles lost energy, the entire energy of
the primary particle would eventually convert to the energy of the gen-
erated no-mesons. In this case,

Eo= Y (B =2 Thins.
[ L

Since
I(z)m 3 I\(2),

By = § I{z)dz.
[ ]

In order to evaluate the thickness Xq of the abesorbent used in the
ionization calorimeter, in which the greatest fraction of the primary-
particle energy converts to the energy of the no-mesons, we should un-
dertake a more detalled examination of the manner in which, on the
average, this process runs its course.

Let us assume that all of the nuc.iear-active particles, regardless
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of thelir nature, exhibit an average mean free path L for interaction
within the material making up the absorbent. Let us further assume that
all of the nuclear-active particles, regardless of their nature, in
each interaction on the average lose the identical fraction k of their
energy to the formation of tae m-mesons (for the time being, let us
neglect losses in energy due to nuclear fission).

Let the spectrum of the nuclear-active particles in the shower

formed by the primary particle exhibiting energy EO have the form

dg[.m(z, z) (0] at a depth x calculated from the upper face of the lo-
nization calorimeter. In the dx layer all of these particles will trans-

fer energy to the no-mesons, equal to

[
- de¢ k _ ON(E, 2)
=7 B

Here
: ON(E,z)
¥ 4
JE=GF— 45 = Exuo)
where Eya 4 (x) 1s the total energy of all nuclear-active particles at

the depth x.

Since the dissipatlion of the energy of the nuclear-active parti-
cles occurs only as a result of the transfer of energy to the no-mesons
(within the framework of the adopted assumptions), dEg = —dE. o (1).

Consequently,

’ kz ©

ds
dEq o (2) = — ;E.,.,(I)T, Eq o (2) == Aoxp -3 v (4)
Bll(0)=EC for z2=0,
thus,

kz
8..(8)-5.0!p(——3f). (5)

In a layer of finite thickness x, the energy transferred to the
no-mesons will be equal to
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3_;:)-3.—3..,(:)-3.[1-.;,(-%)]_ (6)

In order for 90% of the primary-particle energy, on the average,
to be transferred to the no-mesons throughout the entire ionization
calorimeter with a thickness Xq» the quantity Xq must satisfy the con-
dition

B (20)
B

- { -oxp(——:-;?-) - 09,
n=1L/k (7)

In the case of interactions with heavy nuclel k =~ 1 [3]. Thereore,
the minimum quantity of material exhibiting large Z in the ionization
calorimeter must be equal to Xomin = TL.

In materials exhibiting small Z the inelasticaty of the nucleon
interactions 1s small. For these k = 0.3-0.6 (4, 5]). Although there are
no direct experimental data in the literature on the coefficient of in-
elasticity for the nt-mesons of high energy, on the basis of certaln
indirect data we can assume that for these k = 1. This means that with
the interaction of a m*_meson with a nucleus, on the average 1/3 of the
energy of the ni-meson impinging against the nucleus 1s transferred to
the noqmeaona.

I’ we neglect the energy losses due to nuclear fission, the aver-
age energy transfer tc the no-mesons in the x layer of light material
by a nucleon having an energy EO will be equal to
Eg(z) = Ey— Eq o (2).

Here Ey. & (x) 18 the total energy of all nuclear-active particles
at the depth x of the ionization calorimeter. Since in the given case
the coefficients of inelasticity for the primary particle (the nucleon)

and for the secondary particles (the m--mesons) vary, Eq. (4)-(7) in
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the given case will not be valid. A fraction of the energy of all of
the nuclear-active particles will be carried by the nt_mesons (E"(x))
and another fraction of the energy will be carried by the secondary ru-
cleons (En(x)), i.e.,
Eu o (z) = En(z) + Ey(2).
If we assume that no energy !s transferred from the nE-mesons to
the nucleon component of the nuclear cascade, the change 1in the total

energy of the nucleon component will be desc:i 'bed by the equality
dz
dE.(I) = - ksl(z) ‘L- :

Since a "primary" nucleon with an energy of Eq impinges on the

bcundary of the calorimeter, the energy En will be equal to

E.(:)=Eoexp( —-k:) (8)

The total energy of all nt-mesons at the depth x will change 1in
accordance with two processes:

First of all, with the interaction in the dx layer a fraction cof
the energy of the ni-mesons wlll be transferred to the newly genera-
ted no-mesons,

dEy = — !‘5-(‘)%;
secondly, as a result of the 1interaction of the nucleon com-

ponent of the shower in the dx layer, a fraction of its energy wiil be

transferred to the ni-mesons,
2 dsz
dE'” -_ 3 w-(‘) "L‘ .

Thus, the total change in the energy flow of all of the nt_mcsons

in the dx layer will be equal to
| ds 2 G
4B ()= — + Bale) T+ 5 KBeomp( 7). (9
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The solution of this equation with k ¢ 1/3 1s given by

b = 2 [ (- ) (-)) 0O

while with k= 1/3 , by

Ba(2) "”‘"3:1:“'(-%)- (11)

Itks 1/3,

zu(:)-lom'-;z)(”':';zf)'
and in order for Eso(z) /Ey =04, we must have Zamm/3L =35 1i.e.,
2o 10,5 L. (12)

However, 1if k = 0.5, Xomin = gL. (L3

Until now we have neglected energy losses due to nuclear ficssion.
However, with each interaction of a nuclear-active particle and the nu-
cleus some fraction of its energy is expended on the splittin, of a
target nucleus. As a result of the fiselon, charged heavy particles
(protons, a-particles) and neutrons are formed. These charged particles
expend their kinetic energy in thecalorimeter on lonization whereas the
neutrons, if they &are sufficiently fast, produce new nuclear fission.
A certain fraction of the energy evades being recorded during the pro-
cess of nuclear fission: a) the energy binding the nucleons in the nu-
cleus; b) the energy of the low-energy neutrons leading to nuclear re-
actions with subsequent p-decay, in which the energy is liberated af-
ter a considerable lapse of time following the incidence of the primary
particle onto the calorimeter, this particle producing the entire nu-
clear shower. Therefore, it may be assumed that virtually all of the
energy expended on nuclear fission will be liberated for ionization in
the calorimeter.

The fact of the occurrence of a great number of instances of nu-

clear fission in the calorimeter alone does not affect the accuracy of
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determining the average magnitude of the primary-particle energy. How-
ever, in an individual measurement the nuclear fission may significant-
ly affect the determination of particle energy.

The problem of recording strongly ionizing particles will be con-
sidered in greater detail below.

Up to the present time we have considered the physical processec
which may lead tc a reduction in energy (the energy binding the pro-
ducts of nuclear fission, low-energy neutrons). An opposite process,
however, 1s possible, 1.e., an elevation of the primary-particle energy;
this eievation 1s possible because of the finilte duration of the meacs-
urement of the ionization I(x). To evaluate thils effect let us hold
that the detectors being employed do not have a "threshold" of regis-
tration, 1.e., they can measure as small a value of {onization acs we
please.

If the time required for the measurement of 1lonization is equal t.
7, the energy 1llberated during this period cf time by all of the c-smk
particles in the lonization calorimeter 18 equal to

AE = By a Sy,
where Ek.l. 1s the flow of energy of penetrating cosmic-radlation par-
ticles pa;slng through 1 cm2 per second. On mounta‘’n tops Ek.l. = 51«
ev-cm™2-sec™. -

If the energy of a discrete particle impinging on the calorimete:r
1s equal to EO’ in order not to reduce the magnitude of the measured
energy EO as a result of a finite perlod of measurement time, the fol -
lowing condition must be satisfied

AE | Ey < A (14)

The aimenslions of the lonization calorimeter (1its area S) are un-

1quely defirned by the energles of those particles with which the inves-

tigator proposes to work. Thus, for example, in order to obtain accep-
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table statistics involving particles exhidbiting energies of 10]':l ev,
the area of the ionisation calorimeter set up at an altitude of about

4

3000 m above sea level must be =10 om°. Hence T << (1/5) sec.

If we assume an average elevation of particle energy by 10%,
s Y 8€0C.

It follows from these evaluations that the ionization detectors
used in an ionisation calorimeter must be rather fast-acting (pro-
portional counters, pulse ionigation chambers, luminescent detectors).

Sumsiarizing all of the above, we can formulate the basic techni-
cal requirements which must be satisfied by an ionization calorimeter
for the measurement of the energy of a discrete nuclear-active cosmic-
radiation particle in the following manner.

1. With minimum extent of the ionization calorimeter (along the
line of motion for the primary parficle) the maximum transformation of

|
!
4
|

primary-particle energy into ﬂo-neaom must be ensured in the abeorbent,'

2. The position of the ionization detectors must ensure separation:

of the physically various instarces of the given energy liberation in
the ionization calorimeter (a discrete particle, a group of particles,
and an atmospheric shower).

3. The ionization detectors must be sufficiently fast-acting, in- '

troduce no distortion into the energy and angular distribution of the

secondary particles in the absorbent of the calorimeter, and they must .

make it possible to achieve more complete recording of the ionization
produced by the strongly ionizing particles.

3. Selection of the Absorbent Material

Earlier we estimated the thickness Xo for absorbents of materials
exhibiting various atomic numbers; the thickness, on the average, en-
sures the transfer of 90% of the primary-particle energy to the 1r°

sons. For substances with large Z we obtained: x, = 7L. For substances
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with small Z, x, = (9-10.5) L. As we can sec, the thickness Xgs €X-
pressed in mean free paths of interaction, is a weak function of Z.
However, certain physical properties of the substances with various 2
(and we have reference here primarily to density) compel preference for
the heavy elementa.
As a matter of fact, 1f the density of the substance 1s denoted
by p, the extent of the ionization calorimeter in height will equal:
h= xo/p (1f we neglect the dimensions of the ionization detectors).
For purposes of evaluating Xq» having assumed the values of the
mean free paths of interaction known for particles with energies of
10

=10"" ev, we obtain:

for carbon x, = 810-950 g-cm'2

for iron x, = 900 g'cm'2, hFe = 900/7.8 = 115 cm;
2 = 1400/11.3 = 125 cm.

, hy = (810-950)/1.6 = 510-590 cm;

for lead x, = 1400 g-cm™“, hpy

The ionization calorimeter must exhibit a certain "speed," this
requirement being imposed by the rather frequent observatlion of cosmic
particles of specific energy.

The "speed" of the ionization calorimeter 1s based on its geome-
tric dimensions. If S1 and 82 denote the areas of the upper and lower
bases of the calorimeter, and if h denotes the distance between these
bases, the "speed" of the ilonization calorimeter will approximately
equal Slsz/hz. We can see from this expression that with a change in h
S, and S, must be altered in proportion to h in order to retain the
constant "speed." Consequently, the use of substances with small Z as
absorbents in the ionization calorimeter will cause the dimensions of
such a calorimeter to be larger by a factor of approximately 4 than the
dimensions of a calorimeter cmploying an absorbent of heavy material.

When working with an ionization calorimeter at high altitudes,
where its weight P 1s of decisive significance, 1t is alsov most exped-
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ient to use substances of great density.
Indeed, the ionization calorimeter should exhibit a definite speed
I' based on the conditions of the physical experiment. With S1 - 82, the

speed
s s vVf
FT=g ==

If p denotes the density of the calorimeter substance, h = xo/p.
Consequently,

VI == Vo2 / 28 = Pp | 24,
i.e., finally
P = V'sd/p.

From this expression we can see that with a given speed I' the
weight of the ionization calorimeter is approximately inversely propor=-
tional to the density of the substance of whicl the calorimeter is made.

As will become evident from the following, the selection of the
substance for the absorbent of the ionization calorimeter is governed
in significant measure by the conditions of the development of electron-
photon cascades and the methods by which these are recorded. For this
reason let us again return to the problem of selecting the absorbent
material after having considered the possible methods of recording the
total ionization.

4. Methods of Recarding Ionization

We can proceed along two basically diverse paths to measure the
total ionization produced in a dense absorbent.

1. We can attempt the measurement of ionization at all points of
the absorbent.

Such measurements may be carried out by using a scintillator as
the absorbent, and a large number of photomultipliers [FEU] as the de-
tector, making it possible to measure the total quantity of light 1ib-
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erated at all pcints of the scintillator at the instant at which a nu-
clear-active particle impinges on it. (In this method, of all available
procedures, thie best recording results would be produced by the energy
lost on nuclear fission). There is the possibility of a version (pro-
posed by A.Ye. Chudakov) in which Cerenkov radiation 1s used in the
place of the luminescence due to the charged particles (in this case
the strongly ionizing particles are not recorded).

The majority of available scintillators and transparent substances
exhibits low density for the utilization of the Cerenkov radiation,
~1 g-cm'3, and for this reason the total gathering of light must be ac-
complished with a volume of several tens of cubic meters. Technically,
this 1s quite difficult. What 18 even more important 1s the fact that
the integral gathering of light, although yielding a quantity propor-
tional to Eo, will not permit satisfying the important Condition 2
(see Section 2). It therefore seems to us that this method shows little
promise in connection with the measurement of the energy of a discrete
cosmic-ray particle in the lower part of the atmosphere.

2. It 18 possible to measure the distribution of 1onization (or a
quantity proportional to 1t) through the depth of the absorbent; the
individual detectors in this case are positioned at fixed depths of the

absorbent (Fig. 3).
Let us consider this possibility in greater detatil.

Let the entire absorbent Xq thick be divided into n layers, each
exhibiting a thickness cf X=Xy = .., = xo/n. Ionization detectors
will be positioned beneath each layer. If these detectors do not intro-
duce any changes into the energy and angular distribution of the shower
particles, the ionization measured by the detectors situated at a depth
X 18 uniquely associatecd with the ionization produced in the absorbent

of the calorimeter at tae depth x by all of the shower particles, i.e.,
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Pig. 3. Diagrem show-
ing positions of ioni-
zation detectors in io-
ization calorimeter. 1,
2, 3, ..., n) The number
of rows of ioniszsation
detectors; Xys Xgs coe)

x layers of absorbent;
xg over-all thickness

of absorbent in ioniza-
tion calorimeter.

5%

00w

Pig. 4. An example of
the distridbution of ion-
1zation I(x) through the
depth of the ionization
calorimeter, by instan-
taneous masuremsnt of
this ionisation at a fin-
ite number of cross sec-
tions 31’ '@%.""

ioni 1on
tcr.

coe

calor

increase in n leads to an increase in the number of ionization detec-
tors. PFor this reason n may not be increased without 1limit and must be

set in accordance with the potentials of existing engineering tech-

Ih(s) = 2 ::' P’ Bioa).

where I:zt is the ionization measured by

the ith detector situated beneath thc kth
layer of the absorbent; Ik(s) is the ion-
ization in the calorimeter substance at the
depth x; A 28 the mean energy expended on
the formation of a single ion pair; B is
the average loss of energy due to ioniza-

-2 of material.

tion in 1 g-cm
Thus, the measurement of ionlzation
by means of a finite number of detectors
makes it possible to construct an I(x)
curve ylelding the instantaneous distribu-
tion of ionization over the entire thick-
ness of the ionization calorimeter at the
instant of incidence by a high-energy par-
ticle (Fig. 4). On the basis of the famili-
ar Relationship (1), the energy of the li-
cident particle is subsequently determined.
It is obvious that the thinner each of
the absorbent layers (the greater the num-
ber of layers), the more reliable the iden-
tification of the average I(x) curve with
the true distribution of ionization over

all points of the absorbent. However, an
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niques. The mirimum number of rows can be derived from the following
consideration.

The main part of the primary-particle energy in the ionization
calorimeter is expended on the ionization by electrons of the cascade
showers produccd by y-quanta from the disintegration of the no-mesons.
The halfwidth of the cascade curve for a wide range of y-quanta ener-

gles 18 of the order of (1.4-1.0) t___, where toax 18 the thickness of

max x

the substance layer in which the electron-photon shower develops to

the maximum number of particles. Therefore, in order to avocld great
errors in the derivation of the mean lonization-distribution curve
through the depth of the ionization calorimeter, the thicknesses >f the
individual layers should not exceed the halfwidth of the cascade curve,

i.e., they should be of tie order of tmax'

Consequently,

x B
:.--Lat..,-ln-—!.
n Bc

where EY is some assumed energy of the y-quanta (appearing as a result
of the decay of the ﬂo-mesons), which should be measured by the ioniz.-
tion calorimeter with sufficlent accuracy; Ec 18 the critical energy
for the absorbent substance.

Hence the number of layers

o X
n=t...=lnB,IE¢' (15)

If the absorbent 1s made of a light substance, the average loss of

energy by the nucleon amounts to (0.3-0.6) Eo and with each interaction

o-mesons. The aver-

age multiplicity of produced ni-mesons at nucleon energies of 1011-

12 11

10-20% of the nucleon energy 1s transferred to the =

107° ev is equal to 5-10 (with E, = 2:10"" ev, Hs = 7 [6]), and for

o
this reason the average number of y-quanta formed in each such interac-



___'_____——-.—_——'———__

tion must also be assumed to be equal to 5-10. Consequently, the¢ aver=-
age energy of the y-quanta will be of the order of 1-3% of Eqe

Hcwever, 1f the absorbent ls made of a heavy substance (with large
Z), the "nergy losses by the nucleon will be greater, but there exists
the possidbility that the average multiplicity of generated m-mesons
will also be greater. A quantity of the order of (0.01-0.03) E, should
therefore be tcken as the energy of the y-quanta. (No particular re-

finement of this qQquantity is required, since it appears in the logar-

ithm).
TABLE 1 For the sake of determinacy let us assume
. 12
la:-u 3.,. E‘Y - 0.21 E, a i Ey=10"° ev. In this case,
Ey,- 1010 ev. The magnitude of the critical
Yespea |y sl R t
ionves 5 Ht ‘- energy Ec’ Just as the shower unit, is ex-
-2
1) Subatance; 5) w- pressed in g-cm ~ and is a significant func-
er unit, H \
in Hev, h? carbon, b) tion of the atomic number Z of the substance.
iron; 6) lead.

The values of Ec and the shower unit are pre-
sented in Table 1 (7].

To determine the number of rows n of detectors, let us assume the
earlier-derived va‘'ues of Xq In this case we will have for carbon,
iron, and lead, respectively, Ny = 4 rows, Npe = 11 rows, and np, = 37
rows.

In order to be able to distinguish the process by which a given
liberation of energy in the ionization calorimeter came about, each row
in which the ionigzation measurement is being carried out must contain a
number of ionization detectors. The geometric shape of the detectors
and their positions in the rows must be selected so that on the basis
of the ionisation-distribution pattern in the detectors it becomes pos-
sible to reproduce the pattern of particle motion (or the motion of a
groun of particles) by means of the ionization calorimeter.
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The grecatest volume of information can be obtained if the detec-
tors are prepared in the form of parallelepipeds of minimum thickness,
square in shape, tightly filling the entire area of the calorimeter
cross scction (Fig. 5). In this case the position and the direction of
motion for the nuclear-active particle through the calorimeter 1is de-
termined in the simplest and most uniquely defined fashion (in Fig. S
cross-hatching 1s employed to denote the detectors through which the
particles passed and in which the lonization was recorded). Let us take
a look at how in the case of such detectors their number will be a

funct.!.on of the sequential number of the calorimeter substance.

Fig. 5. An example of the possible distribution of ionization (1) de-
tectors in an 1ionization calorimeter. The cross-hatched squares show
the detectors through which passed the shower particles produced by nu-
clear-active particles.

Let us assume that ¢ denotes the area of each of the detectors,
and that the cross-sectional area of the calorimeter 1s denoted by S
(1let us assume that the upper and lower bases of the calorimeter are
identical). In this case, 1n each row we will have S/c = m detectors,
while the entire calorimeter will have m-n detectors. Earlier we saw

that in order to retain a constant "speed" for the calorimeters made of

substances of various density, the cross-sectional area S of the calor-
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Fig. 6. An example of
the possible distribu-
tion of ionization (1)
detectors, making 1t
possible to reconstruct
spatial pattern of pas-
sage for a nuclear-ac-
tive particle through an
ionization calorimeter.
The cross-hatched strips
show the detectors
through which passed the
shower particles produced
by nuclear-active parti-
cles.

imeter must be proportional to 1ts helght,
i.e., S ~ h. Since m ~ S, calorimeters with
various substances but of 1dentical "speed"

have m'n ~ h-n. Hence

{m-n)¢ hc ne : 4
= =(4=5) —=15—18,
(m-n)pe  hpe'nre ( ) 11
(m.n)" | TNy Y 125 37

(m-n)nahn-nna 115 .’T -

Consequently, for the system of lon-
1zation detectors under consideration the
use of light substances as absorbents
ylelds no advantages in th: number of de-
tectors. The minimum number of detectors
corresponds to substances exhiblting great
density and average . tomic welghts (sub-
stances such as iron and copper).

Although the utililization of ionlzation
detectors simiiar to those shown in Fig. 5

1s quite attractive, at the contemporary

level of engineering this 1s, apparently, difficult to achleve. As a

matter of fact, if we accept as permissible the spatial "resolution" of

the detectors at 10 cm, the area of such a detector will be 10-10 = 100

cm2 .

2

If S=1m, according to the above-cited calculations 1100 ioni-

zation detectors would be required for an lonization calorimeter made

of iron, while 1600 detectors would be required for a calorimeter made

of graphite.

The required minimum number of detectors can be reduced by an or-

der of magnitude without impairing the resolving power of the instru-

ment by using long and thin detectors, distributed in various rows mu-
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tually perpendicular to one another (Fig. 6).

In this case the tctal number of detectors as a function of 1lon-
ization-calorimeter dimensions will take the form: m.n ~ yh-n. If we as-
sume that for a calorimeter with an 1ron absorbent yapin=1, for a calor=-
imeter with a carbon absorbent Yhc-ng =07-+08 and if the absorbent 1is of
lead Vhe - nep=33. To evaluate the required number of ionization detec-
tors in a calorimeter with an iron absorbent we assume that S =1 m2,
with the width of each detector 10 cm. In this case m = 10 and n = 11
(see the calculations for the row number g). In other words, 110 detec-
tors will be required. Gilven a calorimeter of the same "speed" with an
absorbent made of graphite, ~80 detectors will be required, while for
a calorimeter with a lead absorbent 360 detectors will be needed.

As can be seen from the calculations which have been carried out,
the utilization of substances with low atomic numbers as absorbents (in
ionization calorimeters vilth the given "speed" and the given spatial
detector resolution) yields no siguificant advantage with regard to the
number of required detectors.

Light substances used as absorbents 1in ilonization calorimeters ex-
hiblt a number of negative propertles which we will subsequently con-
sider. In order to 1solate cases of simultaneous 1incldence of several
particles by means of an lonlzation calorimeter, the distances between
the particles must not be smaller than some magnitude which defilnes the
"resolving power" of the given calorimeter. It is obvious that the re-
solving power 1s a function of detector dimensiocrs and of the lateral
dimensions of the secondary-particle shower produced by one of the nu-
clear-active primary particles.

The reduction of the lateral detector dimensions leads to an in-
crease 1n the over-all number of detectors in the calorimeter and these
dimensions are therefore limited by the difficulties encountered in
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fabrication and in operation with a large numter of independent ioniza=-
tion detectors.

Howevaer, setting the problems of a technical nature aside for a
moment, we can consider the problem of the basically attainable spatial
resolution of an ionization calorimeter with various absorbents. The
basic energy (and, consequently, ionization) is isolated in the calor-
imeter by electrons of a cascade shower. If all of the secondary, ter-
tiary, and subsequent generations of nuclear-active particles formed in
the ionization calorimeter were to move strictly in the direction of the
primary nuclear-ective particle, in this limit case ensuring minimum
lateral dimensions for the entire shower, these dimensions would be
finite. However, the electrons of a cascade shower, moving through mat-
ter, experience repected cscattering and depart from the initial airec-
tion, 1.e., the axis of the shower, spreading out in some specific man-
ner atout the axis of the shower. The law governing the distribution of
density for the electron stream at various distances from the axis of
the shower 1s described by the function f(r, x) whose form, as demon-
strated by calculation, 1s a function of the extent to which the shower
has developed.

At the maximum development of the cascade shower !where the ion-
ization effect is at 1its greatest) the mean square radius of tne shower

VM, defining its lateral dimensions, is given by the formula [7]:
= 091K
Yﬁ,-T.
where Y7js 18 expressed in shower units.
Approximately 3/4 of all particles are contained in a circle of
radius Y& . It can therefore be maintained that the lateral dimen-

sions of the shower (at the maximum of its development) are equal to
~V 2,
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It is obvious that the maximum possible spatial resolution of the
calorimeter is defined by the lateral dimensions of the cascade shower,
i.e., by the quantity 2¥ ®  The values of the quantity r"zVﬁ‘ in shower

units and centimeters are presented in Table 2.

TABLE 2 As can be ceen from this table, the
:,‘Zm_:. "n.;-:;-:e- "::’_i? maximum attainable spatial resolution in

" | Youi | pen calorimeters with light substances 1s smal-
gg:;rg ﬁ gf3 QA ler by a factor of 4 than in calorimeters
(,’_-,.m 7 6.‘ 6.0 3.0

with heavy substances.

1) Absorbent substance;
2) critical energy, in
Mev; 3) in shower units;
4) in cm; 5) carbon; 6)
iron; 7) lead.

In the construction of an ionization
calorimeter some method must be employed to
resolve the problem of measuring the ion-
1zation arising in the ionization detectors of the calorimeter. Thus
given the same primary-particle, the magnitude of the ionization pro-
juced by that particle and its '"descendants" in the absorbent 1is a
function of the atamic number of the absorbent substance, and in the
selection of the absorbent substance this function must be taken into
consideration. The ionization produced in the detector by the electrons
of the shower is proportional to the number of electrons in the shower.
With a given primary-particle energy Eo, the number of electrons in the

cascade shower 1s determined primarily by the rritical ~nergy Ec for
the given substance, i.e., I ~ l/Ec. This assumes that in substances

with small‘and high atomic numbers the process of transferring energy
to the electron-photon component of the shower proceeds with identical
intensity. If, however, we take into consideration that the coeffl-
clents of inelasticity for the interaction of primary nucleons in sub-
stances with great Z are greater than in substances with low Z, the re-
lationship between ionization and the atomic number of the absorbent
substance will be even more pronounced than follows from the relation-
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ship I ~ 1/!0. (Here we have completely set aside consideration of ab-

sorbents made of a mixture of substances: light substances for the gen-
eration of wo-lelona and heavy substances for the subsequent develop-
ment of electron-photon cascades.)

As we oc~n see, and from the standpoint of the magnitude of the
produced ionization, preference should be given to absorbent substances
with large atomic numbers.

In summarizing, we can state that it 1is most expedient to use sub-
stances with medium atomic numbers exhibiting great density (iron,
brass, copper) as the absorbent in an ionization calorimeter. Such sub-
stanceshave nuclear mean free paths of the order of several shower un-
its (as a result, a small number of ionization-detector rows is ot-
tained). The great density ensures, with a given over-all absorbent

thickness ~1000 g-cm™

, comparatively small calorimeter dimensions and,
consequently, for a given "speed," a small total number of ionization
detectors. The comparatively low value of the critical energy Ec en=-
sures a cansiderabdbly greater magnitude of ionization for the given pri-
mary-particle energy. Moreover, the maximum attainable resolution 1in
substances such as iron and copper is considerably greater than in

light substances.

€. The Role of Nuclear Fission in Energy Losses and the Accuracy of
Measuring the Energy ol a Discrete garEIcIe

In the passage of a shower of nuclear-active particles through the

dense substance of an ionization calorimeter, the absorption of parti-
cles is governed exclusively by the nuclear interactions and the ioniza-
tion losses of energy. (The decay mean free paths for all the known un-
stable particles the decay of which produces muons and neutrinos

are considerably greater than the mean free paths for the nuclear in-

teraction. )
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In the event of a collision between an atomic nucleus and a parti-
cle of sufficiently high energy there occurs not only the generation of
new particles, but the splitting of the target nucleus, this being ac-
companied by the escape from this nucleus of heavy particles, 1i.e.,
neutrons, protons, deuterons, and other heavier particles. The energy
of these products of nuclear fission 1s drawn from the energy of the
"primary" particle responsible for the fission.

In the overwhelming ma jority of cases, the energy of the heavy
particles 18 not great, i1.e., of the order of several tens of Mev.
Therefore, the charged products of nuclear fission exhibit great specil-
fic ionizing capacity and, ccnsequently, short mean free paths in ma-
terial.

Neutrons with energies in tens of Mev and higher expend their en-
ergy on the splitting of atomic nuclei, i.e., on the formation of
strongly 1lonizing particles. Neutrons with energies of ~Mev and lower
will cause nuclear reactions as a result of which y-quanta, electrons,
and neutrinos will be emitted. In these processes a fraction of the
energy will escape measurement, i1.e., the energy introduced by the neu-
trino and the energy liberated as a result of the radiocactive decay
which, in the majority of cases, will take place upon conclusion of the
me.surement of the energy liberated by the primary particle in the icn-
ization calorimeter.

It has been estimated that the energy provided by all of the neu-
trons exhibiting energies of ~10 Mev amounts to 3-5% of the energy of
the primary particle.

Therefore, having considered the role of nuclear fission in the
over-all process of energy loss, we will subsequently neglect the ener-
gy of the low-energy neutrons.

In nuclear fission a small fraction of energy 1s expended on rip-



ping the particles out of the nucleus (the binding energy). The charged
particles (protons, a-particles, etc.), having been decelerated in the
substance of the ionization calorimeter, expend all of their kinetic
energy on ionisation. After coming to a stop they no longer produce any
nuclear reactions and, consequently, they do not return the binding en-
ergy expended on their removal from the split nucleus to the over-all
energy balance. Neutrons however, which conclude their"life" in some
nucleus, return the binding energy to the nucleus by which they are ab-
sorbed and a greater fraction of this energy is somehow liberated by
the nucleus. The over-all quantity of binding energy expended in all
nuclear fissions in the formation of charged heavy particles i1a of the
same order of magnitude as the energy transferred to the low-energy
neutrons, i.e., it amounts to several percent of Eo and we will also
neglect this.

Consequently, we can write E,=IE¢ <4 IE,, where 2E o is the energy
transferred to the ﬂo-leaons in all of the interactions, while ZEya.r.
is the energy expended on nuclear fission in all of the interactions.

Let us consider how the quantity zEya.r. is determined, what
fraction of lo it represents in terms of order of magnitude, and how
this fraction depends on Bo.

With each interaction between a nuclear-active particle and an

atomic nucleus, fission of the atomic nucleus takes place with an aver-

age loss of energy :sa.r. expended on the fission; it has been demon-

strated experimentally that the quantity 'Eya.r. 1s virtually indepen-
dant of the energy of the impinging particle, if it exceeds ~1 Bev.
During the development of the nuclear cascade in the substance of the i
ionization calorimeter, the energy of the secondary nuclear-active par- |

ticles diminishes to some 3kr1t at which the basic energy loss in the
interection is a result not of the generation of new particles, but of
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nuclear fissions. On the basis of experimental data Ekrit ~ 109 ev.
In order toevaluate the fraction n of the primary-particle energy
expended on nuclear fission, and in order to clarify the nature of the

relationship between n andE,, let us consider the following simplest

0’
scheme of energy losses:

a) in each interaction event involving any nuclear-particle exhib-
iting an energy E > Ekrit’ m charged particles of identical energy are
generated, receiving a total energy (1 - k o) E,y, where knO 18 the
fraction of the energy transferred to the ﬂo-mesons in the interaction;

b) with each interaction with a nucleus an energy of Eya.r. is ex-
pended on the nuclear fission;

¢) with a secondary-particle energy of E £ Ekrit there 18 no gen-
eration of secondary particles.

In this simplified examination the dissipation of energy in each
interaction event, so long as secondary particles are being generated,
takes place primarily as a result of the transfer of energy to the ﬂo-
mesons.

This can be seen from the fact that the average energy of the se-
condary particles of the ith generation E > Ekrit (otherwise there
would be no generation of secondary particles).

The energy transferred to the generation particles of the (1 +
+ 1)th generation is equal to (i —&#)Bi—eap. The average energy of

these particles

P L TP

il.e.,

(1—ke)By _ -
LTI M

Since m >> 1,
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Sa.p.

T=x JE, k.,)l"< i.

It 1s obvious that this inequality is all the more pronounced, the
smaller the number of generations i, since ¢

ya.r.
creases with diminishing i. Therefore,we can maintain that

= const, while E1 in-

(1 — ke)By (1 — ke)*
Bim— m e

Within the framework of the adopted simplifications, the process
of cascade "multiplication" of nuclear-active particles .s7111 proceed

until some kth generation whose particle energy will become equal to

Bt 1€

[ %

B = )

Hence

o 68/ B
. igm/(1—%,)" (16)

All particles of the kth generation, and their number 1is equal to
mk, expend all of their energy, equal to Ekrit’ on nuclear fission. In
other words, the energy lnk-Ekrit will be spent on nuclear fission.

With each interacticrn involving nuclear-active particles (and of

~ - -
such interactions there were ‘_z‘ m'), an energy of ¢ 1s expended on

ya.r.
nuclear fission. Therefore, the total loss of energy due to nuclear

fission will be equal to:

b~
.z Bap = m'higen + tap 2"-
=t

Since m > 1,

-t
Tmiw -, D Bay == B+ Gy
=

--t....(1+~';:_').
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However, ta» & Bwger. and for that reason

s, €13 Bup & B = (1 )Es (17)

where

Ig Ko/ B
h-kn ’1—&_‘,).

If in order to evaluate the quantity q(Eo) for various primary-
particle energies E, we assume E,  ,, = 107 ev, m= 10, and k 0 = (1/3),

we obtain the result presented below

E, ov 104, 108, 108
wWE,) 0,50, 0,38, 0,26

These evaluations show that the fraction n of the energy expended
on nuclear fission in the ionization calorimeter represents a consider-
able part of the entire primary-particle energy and that n is an ex-
tremely weak function of the primary-particle energy Eo. Thus, with a

o11 1

change in Ey by a factor of 100 (from 101} to 10'3 ev) 1y diminishes on-

ly by a factor of 2.

This nature of the relationship between n and E, 18 not associlated
with the fact that crude simplifications were employed in the calcula-
tion.

The calculations were carried out in the assumption that:

l. In the interaction of nuclear-active particles with an energy E
secondary particles with an energy E' = E/n are generated, with n =

1/4

= aE (1f E 1is expressed in 109 ev, a = 2,1).

2. All secondary particles exhibit an average coefficient of in-

elasticity K = 1, with a 1/3 fraction of the energy transferred to the

ﬂo-meaons.

3. In each interaction an energy of ‘ya P is lost on nuclear fis-

ion if E > Ekrit’ With E < Ekrit the entire energy of the particle is
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expended on nuclear fission.

4, T™he coefficient of inelasticity of the primary particle (the
nucleon) 1is K, -

TABLE 3*
A=t A =0.75 A0
Ko 20 |= - — - -
l .."_'- .,‘l .”" o, -...’.-..‘” .-'l‘ =9,7 ..... 0.4 ..,".“.o:
% | o059 | 062 | 067 | 060 | 074 | 0.7
10! 0,35 0.38 0.43 0.15 0.50 0,52
10 0,28 0,27 0,29 0.31 0.33 0,35
10* 0.19 0.21 0.21 0.24 0 23 0.2v
¥ The values of Eya p, are expressed in
Bev.

1) Eg, in ev.

The results obtained from the calculations of n for various values
of Eo and kn’ carried out under the indicated assumptions, are presen-
ted in Table 3.

As we cun see from Table 3 the weak relationship between n and EO
is retained, even 1if we take into consideration the change in the mul-
tiplicity with a reduction in energy and secondary particles.

Blectromagnetic cascades exhibit rather great mean free paths.
Therefore, in the case of absorbent layers separating adJjacent rows of
ionization detectors into several shower units, SE 0 will be measured
with sufficient accuracy, i.e., the meesured value of ZE"O will differ
little from the true value. The situation 1s quite different in the
case of the measurement of ZEya.r. The products of nuclear fission ex-
hidbit short mean free paths, on the average ~1 g-cm'e. Consequently,
their energy is liberated in the form of ionization in an absorbent

e thick. Therefore, a greater part of the strongly ioniz-

layer ~1 geocm”
ing particles are absorbed in the filters of the ionization calorimeter,
without attaining the ionizatian detectors, thus leading to consider-
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able fluctuations in the measured value of the quantity ZEy r.°

Nevertheless, on tle average, the energy z‘.Ey..r. will be measured
correctly by the ionization calorimeter.

In order to evaluate the nature of the fluctuations in the mea-
sured quantity zzya.r. and the influence of these fluctuations on the
accuracy with which the energy Eo of the primary particle is measured,
let us consider a somewhat simplified diagram of energy liberation by
8. ~ongly ionizing particles in the ionization calorimeter.

We will assume that as a result of a single nuclear-fission event
occurring in the ionization calorimeter the strongly ionizing particles
receive a total energy El' If the energy ZIE., =qn(E)‘'Es 18 expended
thraughout the entire ionization calorimeter on nuclear fission, this
energy 1s liberated as a result of n&a.r. standard events in each of
which E1 of energy was liberated. Consequently,

N.. 1 -2 Bu. ». ,‘l-

The determination of the primary-particle energy in the ionization
calorimeter 1s carried out by measuring the ionization Ik in each row
of lonization detectors and by subsequently summing the quantities Ik’
l.e.,

Ey = \Xlzza.

For the sake of simplicity let us assume that all absorbent layers
X, have the identical thickness x. In this case E, = AxZI,.

The 1onization I, 1in some kth row of ionization detectors is pro-
duced by both the electrons of the electramagnetic cascades - :[ke - and

8. 10

by strongly ionizing particles - Ik - 1.e.,

I = I + 1)°*.
Consequently
Bo=ae( 3 1o+ TaiY).
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However,
My = AEy [ Az,  AMaS" = AE\" | Ax,
where AEke and AEk °1'arq respectively, energles spent on ionization in
the detectors of the kth row by electrons and strongly 1onizing parti-
cles. Ax 1s thickness expressed 1in g-cm'2 of the working substance in
the ionization detector.

Thus,

Eom(s/85)( 3 AEe + T AE*) (18)
This relationship is exact for average values of the energy EO,
i.e., for the average result of the repeated measurement of the energy

of discrete particles exhibiting identical energles EO. In other words,

&-s.-(:/A:)( AL + ZAE:‘).

Let us take note of the fact that

(3/82) DAEN = JEw, (2/83) TAE™ = T Euy.

Let € denote the ¢nergy liberated, on the average, for ionization
in the ionization detector by strongly lonizing particles appearing as
a result of a single nuclear fission. In this case the average value
of the energy liberated in all ionization detectors by strongly ioniz-
ing particles may be written as follows:

— Az
EM:. = wNyp ¢ = = 2,5.; \

where w is the probability of recording a single nuclear fission.
The energy liberated for ionization in the ionization detectors by

the electrons of the cascade showers

S ABy = (As/2) 2 Ev.
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The quantity "nya.r. = N 18 the average number of nuclear fissions
yielding the basic contribution to the ionization due to the products
of the nuclear fission. In our simplified calculation n 1is the average
number of recorded nuclear fissinns.

For each individual case of incidence of a particle having an en-
ergy Eo onto the ionization calorimeter some number of nuclear fissions
may be recorded. If n nuclear fissions are recorded, an ionization en-

8.1, = ne 18 liberated in the ionization detectors. In ac-

ergy of E(n)
cordanee with this energy, on the basis of Expression (18), the primary

particle energy will be determined

B = (s/80)[ 3 aBve+ B2 ()] = (/) B 8B 4m).  (19)

’l

Fig. 7. Probability distribution for the measurement of energy E), for
a primary-particle energy Eo, in the case in which the fluctuatidns in

Ed are a result exclusively of nuclear fission. w(Eé/Eo) is standar-

)

dized so that S.-(;.—)a(:‘.) -1

Each of the n iuclear fissions 18 recorded independently of the

other and for this reason the likelihood of recording n nuclear fis-
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sions with an average number n of recorded fissions will be subject to
the Poisson law, i.e.,
P(n) = [(K)*/nl)e.

The probability distribution for the measurement of the given val-
ue of the ratio Ed/Eo for the above-considered values of the primary-
particle energies is shown in Fig. 7. All curves in this figure have
been standardized so that

T
§v (g)g— 1.

We can see from Fig. 7 that with an increase in the energy of the
primary particles there is a reduction in the fluctuations in the meas-
ured energy, these fluctuations having been brought about by the nuclear
fission.

The distributions shown in Pig. 7 fall to take into consideration
the fluctuations in the fraction of energy transmitted in each interac-
tion evenrit to the wo-neaons, the fluctuations in the multiplicity of
generated second particles, the energy loss as a result of nuclear fis-
sion, etc.

6. Selection of Ionization Detectars

The primary function of ionization detectors i1s to measure the
ionization produced in an absorbent by shower particles. Ionization de-
tectors should therefore not introduce distortions into the angular and
energy distribution of shower electrons. This condition can be satis-
fied best of all if the ionization detectors are made of substances for
which the T are close ‘o0 the atomic number of the absorbent substance.
For example, if the absorbent is made of iron, the detectors may be
made of ionization chambers (proportional counters) made of steel or
brass (copper) and filled with argon or a mixture of argon and krypton.
If the detectors are made of dense substances with the Z significantly

- 140 -



other than the atomic number of the absorbent, in order to satisfy the
above-indicated condition the thicknesses of such detectors must be
kept small. In selecting the detector thickness it shou” 1 be borne 1in
mind that the majority of the particles in an electron-photon shower
exhibit an energy E < Ec' To prevent the ionization detector from in-
troducing significant changes into the energy and, consequently, into
the angular particle distribution, the energy losses due to ionization
by individual shower particles in the detector must be significantly
lower than the energy of the particles themselves. If the detector
thickness, expressed in shower units of the substance of which the de-
tector is made, is denoted Xqs if we denote the critical energy of the
electrons for the absorbent substance by (Ec)p’ and if the critical en-
ergy for the detector substance is denoted by (Ec)d’ the condition of
low energy losses in the detector is written as follows:
2x(B.)a << (Ee)s.

Hence 1t follows that 1if the 1ionization
1-3 detectors are devices made of substances ex-
Nozremumens hibiting low atomic numbers (for example,

plastic scintillators, Cerenkov counters),

their thicknesses must be of the order of 1

Y%
“ o 2
Nozremumens , g-cm™ < and lower if the absorbent is of a

substance having a large atomic number.
Fig. 8. Illustration

of ionization-detec- In the selection of the ionization de-

tor resolving power

as a function of de- tectors it should be borne in mind that the

tector height h. 9)

The average electron- practical spatial resolution of the detector
scattering angle in

the shower; 1) Shower depends not only on 1its width, but on 1its

axis; 2) absorbent.
height. Let us turn to Fig. 8. The multiple

scattering of the cascade electrons causes the electrons to assume var-
ious directions of motion. The higher the Z of the substance in which
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the shower is developing, the greater the value of 6, i.e., the average
ingle between the axis of the shower (the direction of motion for the
primary y-quantum) and the direction of motion for the entire aggrega-
tion of electrons in the given shower cross section. Just as the width
of the spatial distribution of electrons, the angle ¥ is a function of
the extent to which the cascade has developed, i.e., it 1s a function
of 1ts "age." The cascade electrons impinging on the ionization detector
agscape from the absorbent at an average angle U (with respect to the
iirection of primary-particle motion). [f the height of the detector is
siven &h, the entire electron-shower will spread out to a width of
Ales28AA On passage through the detector.

At the point of maximum development for a cascade shower, in a
light substance § — 0.25 and Al = 0.5 &h. In a heavy substance (lead)
2lectrcns are scattered virtually isotropically at the point of maximum
shower development, and § & 1, 1.e., Al = 24h.

We can see fram this examination that in order to attain the maxi-
num possiblespatial "resolution" in the ionization calorimeter using an
ibsorbent made of a substance having a large Z (for :example, with an
ibsorbent made of lead) the height of the ionization detectors should
10t exceed their width. However, the width, in turn, should not exceed

1) 8

7. Parameters of the Ionization Calorimeter for Work in the Upper Part
of the Atmosphere and Beyond 1ts Limits

The operating conditions for an ionization calorimeter in the up-
per part of the atmosphere, and particularly beyond the limits of the
itmosphere, differ significantly from the operation coniditions at sea
level and on mountain peaks.

At a great altitude where the residual air pressure amounts to

2

~10 g'em™“, the overwhelming portion of the primary protons and a sig-
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nificant part of the primary a-particles will reach the ionization cal-
orimeter without having had any interactions in the atmosphere and for
this reason the primary particles will not be accompanied, at high alti-
tudes, by aerial showers and secondary nuclear-active particles.

In that small percentage of cases (~10-15%) in which the high-en-
ergy primary proton nevertheless succeeds in interacting in the air
above the instrument, because of the limited density of the atmosphere
(lower bya factor of 50-100 than on mountain peaks or at sea level) the
secondary nuclear-active particles will be separated from one another
on the average by a distance 50-100 times that at mountain altitudes
or sea level. Therefore, a single nuclear active particle will vir-
tually always impinge on an 1lonizationcalorimeter, if there is an in-
sufficient quantiy of substance close to the ionization calorimeter
within the 1limits of 1ts angular aperture on the side on which the pri-
mary particles impinged.

These operational features are all the more pronounced if the ion-
ization calorimeter 1s situated beyond the limits of the atmosphere.

Under these operation conditions there 18 no need tc distinguish
between incidence on the ilonization calorimeter of aerial atmospheric
showers, groupg of nuclear-active particles, and the incidence of a
single particle; there 1s therefore no need for a large number of ion-
ization detectors in each row.

Since

[
E.-ASI(:)J:-AZI.:..
0

where Ik is the ionization value recorded in the kth row of detectors
and x, is the thickness of the deceleration medium of the ionization
calorimeter between the kth and (k = 1)th rows, if we set all of the
layers of the medium [substance] equal to the thickness(samz=... = 3),
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we will obtain

=)z i

From this expression we see that in the case of ionization calori-
meter operating at a great altitude or beyond the limits of the atmo-

sphere we can do without one of the measuring elements, connecting all

TR

of the detectors in parallel, e.g., the ionization chambers. We can
take particular advantage of this circumstance in the selection of the
ionization detector. ;
The basic equality which describes the operating principle of an
ionization calorimeter may be written somewhat differently, if we note
that i

U(s)- -a—b(ﬂk, :
l.e., |
L 1

— a(l)*- dE,
b= we=3-g=

vwhere dE(x)/dx is the loss of energy resulting from the ionization by

L

all of the charged particles at the depth x in a layer of 1 g-cm'2 of

i

ionization-calorimeter substance. If all X, = X,

By =5 DdBy(s)/ds.
If a scintillator is chosen as a dlk/dx detector, the quantity
of 1ight S in the scintillator 1s proportional to dEk/dx, l.e., S, ~
~ dEk/dx ana, consequently,

..-czs.-.:& (20)
where 8o 1s the total quantity of light appearing in all scintillati
detectors of the ionization calorimeter.

The recording of the total light flash may be accomplished in
principle by a single FEU [photomultiplier].
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Fig. 9. Schematic represen-
tatian of the simplest ver-
sion of an ionization calor-
imeter with scintillators
for operation in the upper
part of the atmosphere. c1
and 02 are counters of

charged particles, control-
ing the operation of the
ionization calorimeter. 1)
Scintillator; 2) absorbent
layers of the ionization
calorimeter; A) FEU [Photo-
multiplier].

The simplest version of an ioniza-
tion calorimeter for high-altitude meas-
urements will have the form shown in Fig.
9.

At great altitudes the intensity of
the cosmic-radiation particles is con-
siderably higher than at sea level or in
mountainous areas and in accordance with
this fact the total flow of cosmic-radi-
ation energy incident on 1l cm2 of sur-
face per 1 second is greater by approx-
imately 2 orders of magnitude than orn.
mountain peaks and 1s equal to ~5-109 ev

2 1

cem “.sec” .

On the one hand, a large flow of cosmic-radiation particle energy

requires a smaller time interval T within which the energy Eo of the

primary particle is measured in order for the error in Eo due to random

coincidences to fall within the given limits. On the other hand, great
intensity on the part of high-energy particles makes possible a reduc-
tion in the dimensions of the ionizetion calorimeter (at least, the
lateral dimensions) and thus makes 1t possible to reduce the likelihood
of recording two or more particles simultaneously.

If for the evaluation of Tt we agaln assume S = 10“ cm2 and that
the permissible error AE,/E, <04, we obtain

AEqg=5-10°- 100t = 5. 10" ev.

If Ej = 1011 ev, then AE,/E,<0{ when T < 2.10~3 sec.
8. Recording of Ionization Pulses from a lLarge Number of Detectors

In working with an ionization calorimeter the individual conduct-

ing the experiment is confronted with the problem of measuring the in-
- 145 -



stantaneous distribution of ionization in a large numbci of detectors
(of the order of 100-1000). It is obvious that in order to solve this
problem each detector must be connected to a separate amplitude 2analy-
zer. The collection of separate anilyszers, together with the device for
F the "recording"” of themeasured pu.ses, forms a measurement and record-

ing system for pulse amplitudes. Such systems can satisfy certain re-

quirements.

1. Amplitude-measurement systems must be sufficiently fast-acting
in order to conduct the measurement of ionization within £o brief a

period of time as to make the appearance of random pulses unlikely.

However, the system for the recording of the measured pulses may func-
tion rather slowly, since in work with cosmic-radiation particles the
frequency of observation for high-energy particles is low. Therefore
the time required for the recording of the measured pulse3s mav t& of
the order of tens of seconds.

2. The distribution of ionization between the various detectors 1s

extremely nonuniform and subject to intense fluctuations due to the

following factors. PFirst of all, the recorded phenomena may be brought
about by particles of various energies. As a result 10-fold fluctua-
tions in the detector ionization can be anticipated. (If the ionizatim
calorimeter is constructed so that it records particles with an energy
of Emin with sufficient frequency, particles with energies of 10 Emin
will be recorded at a frequency lower by a factor of 50-100.) Secondly,
the distribution of ionization along the calorimeter may be quite var-
ied. As a result, given this primary-particle energy the magnitude of
ionization in the various detectors may vary by factors from 20 to 50.
Thus the measurement and recording system must exhibit a great dynamic

range and make possible measurements and recordings of pulse amplitudes L

varying over a 500-1000-fold range.
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3. The pulse measurement and recording system must be interferencc-
free. This requirement is assoclated with the fact that, as a rule, an
ionization calcrimeter is called upon to function in conjunction with
some device for the observation of interaction processes, most froquent-
ly with a Wilson chanber, a spark chamber, counters, etc. The operation
of the Wilson chawoer (the flashing of lights, the operation of valves,
exhaust) may prcduce significant interference of both an electromagne-
tic and acoustical nature (the microphone effect).

4. The amplitude-analyzer installation and the recording system
muet be quite simple and function reliably. Otherwise the installation,
containing 100-1000 amplitude analyzers, will virtually be incapable of
operation.

II. POSSIBLE APPLICATIONS OF THE IONIZATION CALORIMETER

At the 1initial stage of ionization-calorimeter development the
authors thought that this instrument, operating in conjunction with a
Wilson chamber,would function only 1n the role of a detector of primary-
particle energy, while the Wilson chamber 1s to be used to study the
elementary processes of interaction.

Some experience has already been accumulated in working with ion-
ization calorimeters on mountain peaks. The proJects carried out at the
Cosmic-Ray Laboratory of the Sclentific-Research Institute of Nuclear
Physics at Moscow State University, which provided the ‘mpetus for the
application of this new method, demonstrated the possibility of employ-
ing the ionization calorimeter as an independent physical instrument to
study the characteristics of nuclear interactions between high-energy
particles [3]. The work carried out by this laboratory in conJjunction
with the FIAN (The P.N. Lebedev Institute of Physics of the USSR Acad-
emy of Sclences) showed the exceptional effectiveness of combining an
ionization calorimeter with a Wilson chamber [6].
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At the present time all of the major physics institutes of the na-
tion (the Physics Institute of the USSR Academy of Sciences, the Insti-
tute of Nuclear Physics of the Kazakhstan SSR Academy of Sciences, the
Physics Institute of the Georgian SSR Academy of Sciences, the Scienti-
fic Research Institute of Nuclear Physics of Moscow State University),
engaged in a study of cosmic radiation, have developed or are complet-
ing ‘development of large installations constructed on the basis of com-
bining an ionization calorimeter with a Wilson chamber. In a number of
cases, for purposes of analyzing secondary particles, the Wilson cham-
ber 1o placed inside a magnetic fileld. Ionization calorimeters are
finding some application in foreign laboratories [8]:

However, the ionization calorimeter has considerably greater pc-
tentials than those being realized at the present time.

Let us consider those of these potentials which may be used for

the solution of the problems formulated at the beginning of this arti-

cle.

As follows from the operational principle of the ionization calor-
imeter, the latter 1is an instrument designed to measure the energy of a
nuclear-active particle, and it 1is equally well suited for the measure-
ment of the energy of a proton and the multiply charged particles of
primary cosmic radiation. Moreover, in the motion through matter of
particles exhibiting very high energies the latter rapidly dissipate
their energy (the transfer of energy to the no-meaons), so that the
ionization calorimeter is equally well suited for the measurement of

particle energies of 1011 ev and of lO15 ev (for very-high particle en-
ergies the energy will be measured even better, since there will be

smaller fluctuations in the energy expended on nuclear fission).
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The ionization calorimeter may therefore be used for the direct
measurement of the energy spectrum of primary cosmic-radiation parti-
cles.

If we give rein to our imagination for a moment and assume (and
apparently the near future will show these ~ssumptions to have been
quite modest) that we have an ionization calorimeter with a geometric
factor ' = 10“ cme-sterad aboard an artificial satellite of the earth,
the operation of such an ionization calorimeter for a period of a year
will make 1t possible to measure the absolute intensity and to study
the energy spectrum of the primary particles all the way to energlecs cof
1015 ev.

If we place an instrument over the ionization calorimeter to per-
mit measurement of the charge of the primary particle (a Cerenkov coun-
ter or large proportional counters), it will become possible to study
the chemical composition of the primary cosmic particles to very high
energies of ~1015 ev.

It is curious to note that the study of the chemical composition
of primary cosmic radiation in the high-energy regions by means of an
ionization calorimeter and a detector of charge Z 18 less subject to
the effect of the various methodological errors than the study of the
chemical composition with the methods presently in use in the region of

Lo ev/nucleon.

low energles <10

The situation here involves the fact that in measuring a flow of
primary particles of unlike charge at a given geomagnetic latitude,
particles exhibiting identical magnetic rigidity are recorded, rather
than particles exhibiting identical energles. However, the ionization
calorimeter can be used to determine the chemical composition of the
primary particles exhibiting equal energles.

Let us assume that the energy spectra of the primary particles

- 149 -



with the given charge Z and the mass number A follow the power law

Ng(B)dR = ag(edB/Bv),
where E is the energy for a single nucleon.

If the spectrum of the primary protons is written in the form

the coefficient az yields the fraction of the nuclei having the charge

Z from the stream of protons with identical energies per nucleon. For

example, on the basis of geomagnetic measurements we have
8, = 0.07-0.08 for Z = 2, 83 o= 1.5:107 for 2
a5 = 51073 for z = 68, 810 = 2.5-10™3 for 2

- 3'5:
> 10.

If we measure the flow of particles with the given energy Bo = AE,

Na (Bl = epd & = epd=Wos (BE (21
i.e.,

N,
E’:‘f‘,’;-u_ﬁm.m"-n

With vy = 2.7 we will obtain

=3 By = (0,07 +0,08) - 10 == 0,7 +- 08
E=m3+$ Bty =15 10~ .
=648 Beryem90:5. 10~ == 0,45
£>10 Bpw == 100 - 25 - 10~° «s 04y

1.e., in relation to the flow of protons the a-particles make
the group of medium nuclei, 45%, and the group of heavy nucle
whereas with measurements at the given geomagnetic latitude (

up 70-80%,

1 puog,

in a low-

energy region) the streams of these nuclei with respect to the protons

yield
Ng /| Nopuy == 3

(in the low-energy region v = 2.4).

g 3 3+5 6+8 > 10
Ng/Noww % 18 + 21 06 413 06
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In measuring the charge of the primary particles by means of elec-
tron methods (in particular, in the reglon of low values of Z ~ 3-6),
the nuclear interactions between protons and a-particles in the charge
de*ector may be the principal factors responsible for errors. In such
interactions showers of charged particles, simulating particles with
Z > 1, are generated.

The situation 1s considerably improved in the measurement of the
chemical composition of high-energy »rimary cosmic particles recorded
by means of an ionization calorimeter, since there is a significant in-

crease 1in nuclel with charge Z > 2 relative to the protons.

2. A Study of the Characteristics of Nuclear Interactions Involving
rimary -Energy Cosmic Particles

The study of the relationshir between the interaction cross sec-

tions of elementary particles and the energles of the latter 1is of

great significance for the contemporary theory of elementary particles.
In particular, at the present stage 1t is extremely important to

trace the course of the cross section with energies all the way to

1012-1013 ev for inelastic protor -proton interactions o__.

pPp
At first glance it might seem that this problem could be golved

with a large lonization calorimcter having an area of 10-20 m2

set up

at the top of a mountain, together with a system of filters containing
hydrogen (for example, on the basis of the paraffin-carbon difference

effect), including a detector of inelastic interactions.

As a matter of fact, we know that at an altitude of 3200 m above
sea level a flow of nuclear-active particles with energies of 21012 ev
1s equal to l.O-lO'8 em™%-gsec~t.ster ! [9]. Consequently, approximately
100 such particles will fall each day on an ionization calorimeter of
large area, let us say 10O m2. This great intensity would be enough in

order to measure the cross section of an inelastic interaction between
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nuclear-active particles exhibiting an energy 21012 ev and protons

wit: a statistical uccuracy of several percent. However, the actual
situation is quite different.

First of all, in the lower part of the atmosphere the overwhelming
part of the nuclear-active high-energy particles 1s accompanied by aer-
1al atmospheric showers. Such particles are not suitable for the meas-
urement of the interaction cross section. As a result the intensity of
the flow of particles with E ) 1012 ev, suitable for the measurement of
the interaction cross section, diminishes approximately by a factor of
10.

lecondly, among the nuclear-active high-energy particles (E > 1012
¢v) in the lower part of the atmosphere the nt-mesons apparently make
up the greatest fraction (up to 40%) [10].

Therefore, in order to study the nucleon-nucleon interactions, we
must take only the neutral nuclear-active particles (the neutrons),
whose flow is smaller by a factor of 2 than the entire flow of the nu-
cleon component.

Because of thes: two fectors, the actual flow of nucleons with
EQ2 1012 ev, suitable for the measurement of the cross section, at the
tops of mountains amounts approximately to 5% of the flow of all of the
nuclear-active particles of the indicated energy. This flow 1s too
small even with an installation having an area of 10 m2 to measure the
cross section of inelastic nucleon interactions with nucleons.

The problem of studying the relationship between %p and the ener-
gy of the primery protons can, in principle, be successfully resolved
by usirg an ionization calorimeter in measurements conducted beyond the
limits of the atmosphere.

The advantages here are the following:

1) the proton intensity is greater by a factor of <103 than on
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mountain peaks;

2) the admixture of ni-mesons and other secondary singly charged
particles is absent.

If polyethylene and carbon filters are alternated above the ion-
ization calorimeter, a charge detector can be employed to distinguish
cases of the inclidence onto the filter of a singly charged primary par-
ticle (of a proton of the given erergy) and this detector can also be
used to record cas-. of the passage of a prcton through the filter
without interaction, and 1t thus becomes possible to use the difference
method in ord.r to obtaln the sought relationship between opp and EO‘

In order to 1lllustrate the potentlials opening Lp in this direction,
let us use the example of an ionization calorimetevr which, together

N

with a charge detector, has a geometrlic factor I' = 10 cme-sterad. In

this case, during the course of the year-long measurements o may be

PP
measured with a statistical accuracy of 2% for protons exhibiting an
energy of EO 2 1012 ev, while for protons with an energy of 21013 ev,
the accuracy is 15 (1f we assume that in the indicated energy interval
the exponent of the primary-particle integral spectrum vy — 1 = 1.7).

If we take a substance with the given atomic weight A as the fil-
ter, the relationship between the cross section of the inelastic inter-
action o A of the primary protons and the atomic welght of the target

P

nucleus and the energy E0 of the primary proton can be investigated.
In this case, for the above example with T -:10“ cme-sterad,

the statistical-expectation errors in the determination of o A amount

P
to ~0.4% for E4 2 10'2 ev and 3% for Ej 2 1013 ev.

The measurements of the cross sections of a nucleus-nucleus inter-
action with atomic weights A1 and A2 in the high-energy region are of
great interest.

From the data presented in the previous section it follows that
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with a fixed energy for the recorded particle in the primary cosmic
radiation, < flows of heavy nuclei are commensurate with proton flows
(1f the cher .al composition of the cosmic rays in the region of high
and very high energies is the same as in the low-energy region). As a
resuit, there arises a true possiblility of studying a number of charac-
teristics of the interactions of nuclei with nuclei in the energy re-
gion lolz-lolu ev with high statistical accuracy.

The development of a hydrodynamic theory of high- and very high-
energy particle interaction by Landau [11], Milekhin [12), and a number
of other authors made possible the establishment of a relationship be-
tween the equation of state for a superheated vacuum p = cze (p is
pressure, C 1s the speed of sound, and ¢ is the energy density) and the
experimentally observed characteristic of interaction.

Oon the basis of the hydrodynamic theory, there exists a relation-
ship of the following form between the average multiplicity of the n
secondary particles generated through collision and the energy Eo of
the primary particle:

A=t ("= 5770)

Therefore, if the coefficient v is to be determined by experiment,
it is easy also to determine 02, i.e., to derive the equation of state
of that nuclear material which 1s produced at the instant of collision
between high-energy particles.

Despite the urgency of this problem, the question of the type of
relationship between n and E, has not yet been clarified, although it
was formulated more than 10 years ago.

It follows from what was said earlier that the ionization calori-
meter can be employed to solve this problem as well.

If 4in the experiments under consideration we make use of a detec-
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tor which permits the recording of the number of seccndary charged par-
ticles generated thrcugh interaction, the nature of the relationship
3

between n and EO in the energy region at least tolO1 ev can be clarified
in the experiments to measure the cross section of an inelastic pp-in-
teraction on the basis of the difference effect and here 1t will alsc
be possible to measure v with an accuracy of +0.04.

3. The Photoemulsion Method in the Study of Elementary Nuclear Proces-
ses

The range of problems consldered in Sections 1 and 2 can be re-
solved, in principle, by using electronic sensors in conjunction with
radio-englneering facilities, the information subsequently being trans-
mitted to thc earth by radio.

However, this range of problems by no means covers the entire
range of 1interest in high and very-high energy particles.

Of particularly significant importance is the clarification of the
mechanism of pasticle interaction in the energy region 1013-1015 ev,
depending on the energy and the nature of the impinging particle, and
on the atomic weight of the target nucleus.

Of particular interest in this case 1s the clarification of the
degree of difference between the elementary interaction event in the
case of very high energies and the event with which we are familiar for
particles exhibiting energles of 1011-1012 ev.

At the present time, nuclear photoemulsion is the only method
available for a detalled study of the characteristics of the elementary
event at energles 21012 ev.

At high primary-particle energies the secondary particles in the
elementary processes escape at such small angles that over a path in-
volving tens of centimeters they diverge from one another by a fraction

of a millimeter. Under these conditions neither the Wilson chamber nor
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a spark chamber can "resolve" particles moving so close to one another
and these devices record them as a single particle.

The resolving power of photoemulsions is hundreds of times greater
easily permitting the separate detection of two parallel tracks pro-
duced by two particles separated by a distance of 1 .

Moreover, in recent times there have come into extensive use elec-
tron-sensitive nuclear photoemulsions interlaid with thin layers of
lead in which develops the electron cascade which 1s fixed by the emul-
sions in order to measure the energy of the generated wo-mesona.

However, the emulsions exhibit the property of fixing all parti-
cles passing through them during the exposure. Therefore, in order to
employ an ionization calorimeter to measure the energy of that primary
particle which brought about the interaction observed in the nuclear
emulsion, we must learn to define uniquely the interactions in the
emulsion with the particles recorded by he ionization calorimeter.

In the Cosmic-Radiation Labcratory of the Institute of Nuclear
Physics at Moscow State University various versions for a cambination
of nuclear photoemilsions with an ionization calorimeter have been
worked out. This method, known as the method of controlled photoemul -
sions, was proposed in 1956 by N.L. Grigorov and worked out in coopera-
tion with V.Ya. Shestoperov, V.A. Sobinyakov, A.V. Podgurska [13], co-
workers at the Cosmic Radiation Laboratory. This method is intended for
the study of the energy spectrum of the generated no-unaona in interac-
tions involving particles of known energy and atomic nuclei.

The essence of this method can be gathered from Fig. 10. Plates
coated with the nuclear photoemulsion are positioned beneath thin lead
filters over two rows of cylindrical ionization chambers whose axes are

mutually perpendicular to one another. An ionization calorimeter 1is
placed beneath these chambers.

- 156 -



If the primary particle interacts in the generator made of a cub-
stance with the given atomic weight, the generated no-mesons, on decay-
ing, yleld high-energy y-quanta. The +y-quanta, impinging on the lead,
produce powerful electron-photon showers in the lead and these pene-
trate the nuclear photoemulsions and enter the two upper rows of lon-
1zation chambers. Extensive ionization is recorded in the chambers
through which the shower passed. Therefore, the intersectlion of the
two rows of chambers in which the greatest ionization was recorded can
serve 28 a rough determination of the position of the nuclear plate
through which passed the given shower recorded by the chambers of the
two upper rows.

The nuclear-active particles (wi-mesons, nucleons), left over from
the first interaction, impinge on the 1onization calorimeter and liber-
ate thelr energy ZEya.a. there.

The upper rows of chambers beneath the lead filters measure the
total energy transferred to all of the no-mesons in the first interac-
tion, i.e., zE"o. Consequently, the primary-particle energy E,= SEx+
+ ZEs.. On the basis of the readings provided by the ionization cham-
bers of the upper rows, the photosensitive plate through which the
shower passed 1s removed from the installation, chemically processed,
and the shower is then found with the aid of a microscope. The proces-
sing of this shower ylelds the energy of the y-quanta responsible for
the shower.

Because the point of shower passage is checked by the~ionization
chambers, the authors referred to this method as the method of con-
trolled nuclear photoemulsions.

In the form described above, this method 1s used for investigations
on mountain peaks [14) and has already ylelded interesting results, 11-

luminating a number of phenomena relating to cosmic-ray parti le ener-
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gles of 10]'2-1013 ev observed in the atmosphere [15].

However, the described technique is not suitable for investiga-
tions at high 1lt.tudes with photoemulsion stacks, since because of the
significantly greater intensity of primary cosmic high-energy particles
than 1is encountered on mountain peaks on the area of a single plate
covered by the surface of two intersecting chambers, so many showers
occurring at various times will de recorded during the course of a sin-
gle exposure that it will be impoesible to identify each shower with
the readings of the ionization calorimeter.
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. 10. Schematic representation of installation to study progﬁaea of
-aeson generation by cosamic-ray particles with energies of 1 -1013

ev by the method of controlled nuclear photoemulsions. 1)‘ Nuclear pho-

toemulsions; 2; ers of lead; 3) ionisation chambers; 4) lonization

calorioeter; 5 aes0on generator.

In order to make the "resolving" power of the ionization chambers
suitable for the conditions of the high intensity with which the events
are recorded, it must de consideradbly improved. Accordingly, chambers
with a somewhat undersize diameter should be employed, but this makes
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it difficult to use the method.

The development of the method of controlled photoemulsions for
conditions of high-altitude investigations proceeded along two lines,

I.D. Rapoport [16] proposes the utilization of ZnW-type phosphor
scintillators in contact with high-sensitivity photographic films for
the determination ot the point of electron-photon shower pasaiage
through the photographic plate, one of the scintillators being fixed
in position, and the other moving with the recording of the subsequent
shower.

Another version of an ionization calorimeter for operations with
emulsion stacks of large volume was proposed by N.L. Grigorov and I.D.
Rapoport [17]. This version contains an lonization calorimeter made of
an assembly of thin scintillation plates positioned between lead platec
each 1-2 cm thick. The scintillations are photographed stereoscop-
ically by means of an image converter. In orde- to achleve better re-
finement of the coordinates of the electron-nuclear shower, shower in-
dicators made of ZnW phosphor scintillators and photographic films or
thick-layered x-ray film of the RT-6 type are positioned between the
lead plates of the calorimeter.

what are the prospects offered by the method of controlled photo-
emulsions in the study of nuclear interactions when applied to the
study of high and very -high energy primary cosmic radiation?

Let us assume that there 18 an installation with a geometric fac-
tor'= 10“ cme'sterad and nuclear photoemulsions controlled by an ion-
ization calorimeter aboard a heavy artificial satellite. Such an instal-
lation will record approximately four interactions between particles

exhibiting energles of -101“

ev per day. If we employ special measures
to reduce the background in the nuclear emulsions (setting a small an-
gle of inclinatian for the satellite's orbital plane relative to the
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plane of the equator and selecting a circular orbit ranging between
300-400 \m in altitude), the emulsion under such conditions can be kept
for a period of 20-30 days beyond the limits of the atmosphere. In oth-
er words, approximately 100 interactions involving particles with ener-
gles of ~1°1h ev can be recordcd by the photoemulsions during the ex-
posure. Por these interactions it will be possible to umdertake a de-
tailed study of the basic characteristics of the elementary event in the
case of very high energies, i{.e., the energy spectrum of the wo-meaons,
the coefficient of inelasticity and the distribution of the interac-
tions on the basis of the inelasticity coefficients, the multiplicity
of generated particles, the relat.onship between these characteristics
and the atomic weight of the target nucleus and the mass of the inci-
dent particle.

These investigations of the characteristics of very-high energy
particle interactions, in addition to providing the solution to
fundamental problems of a theoretical nature, also have the signifi-
cance that they make possible a clarification of the nature of the pro-
cesses on which the formation of extensive atmospheric showers is based,
and thus they provide the scientific basis for the study of particles
of even greater energies (~1016-1017 ev).

4. The Study of High-Energy Electrons and Photons in Primary Cosmic Rays
We are thoroughly aware of the great significance ascribed at the

present time to the study of the electron component of primary cosmic
radiation and the study of high-energy y-quanta. There are three basic
problems which must be resolved in the investigations of the electron
component.

1. The reliable detection of high-energy electrons (positrons) in
the primary radiation and the proof of their galactic origin.

2. The study of the energy spectrum of the electrons (positrons).
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3. The determination of the relationship between the electrons and
the positrons.

Measurements carried out at an altitude of 30-35 km [18] showed
that the intensity of the electron cumponent in primary cosmic radia-
tion amounts approximately to 1-2%.

The difficulty in studying the electron component of primary coc-
mic radiation 1s based on the fact that its intensity is quite low, and
also on the fact that there are few characteristic indications on the
basis of which 1t would be possible to distingulsh the electron from
the primary proton. And since the flow of protons in the primary cosmic
radiation is greater than the measured flow of electrons by a factor of
~100, even the small probability (~1%#) of simulating an electron with a
photon leads to tremendous errors in the determination of the electron
flow.

The basic difference between the electron and the proton = the
great difference in thelr resting masses — leads to a situation in
which the passage of the electron through a substance exhibiting a
a large atomic number Z (for example lead) 1s accompanied Ly an in-
tense loss of energy due to bremsstrahlung and the subsequent formation
of an electron-photon cascade shower of charged particles. The entire
charged-particle shower, having expended its energy on the ionizatim
of the substance, 1s absorbed with comparative rapidity. As a result
the mean free path of the high-energy electron (together with all of
the secondary particles) in the lead proves to be relatively small.

The high-energy protons, having passed through the substance, ex-
perience virtually no loss of energy due to bremsstrahlung and produce
no cascade showers. However, as a resuit of nuclear interactions they
generate no-mesons wi.ose decay ylelds y-quanta which produce cascade
showers.
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Therefore, if the electrons are detected only on the basis of an
indication that a particle with a single charge produces cascade show-
ers in a substance with a l.rge atomic number Z, in a large percentage
of cases the proton of the primary cosmic rays will simulate electrons.

It seems to us that in order to achieve a more reliable isolation
of electrons, the particles should be distinguished on the basis of
mass and mean free path.

As a2 matter of fact, with the given total protoé and electron en-
ergy, because of the great differences in their masses, their veloci-
ties will vary. For example, with E_ = E, = 10°0 ev the quantity
Be = ve/c (v. is the velocity of the electron, ¢ is the speed of light
in a vacuum) will be other than 1 by less than u.5-10'“

tity bp - vp/h for the proton will differ from 1 by 8°10’3. This dif-

. The same quan-

ference in electron and proton velocities can be employed to distin-
guish between them, if a Cerenkov gas-discharge counter 1is employed.
This counter represents a vessel filled with a nonluminescent gas which
is kept at the appropriate pressure. An electron, on passing through
this gas, because of its greater velocity, will produce Cerenkov radia-
tion which can be recorded by a photomultiplier (FEU), while the proton,
because of its lower velocity, will not produce this type of radiation.
For example, in freon at normal temperature under a pressure of 10 atm
protons with an energy 210;0 ev and electrons with an energy 25-106 eV
will produce Cerenkov radiation.

Consequently, if an ionization calorimeter situated beneath the
Cerenkov gas-discharge counter is to be used to isolate particles with
energies less than 1010 ev, the particles with a single charge, produc-
ing the Cerenkov radiation, cannot dbe protona:

In order to determine the passage of the elactrons recorded in
this manner, their energies must be compared (this energy having been
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measured by the ionization calorimeter) with the value of the critical
energy E.(v.0,9), which corresponds to a geomagnetic latitude ¥y at which
the electron was recorded (6 and 9 are, respectively, the polar angle
and azimuth determining the direction of electron influx). If Ee 2 Ek’
the electron is not of terrestrial origin but came to the earth from
without. If Ee < Ek’ the electron is of terrestrial origin and origin-
ated either in the atmosphere or in the recording instrument under the
action of the primary cosmic rays.

To study the ene:rgy spectrum of electrons we naturally require an
ionization calorimeter (if we are to work within the energy region
1022100 ev).

Finally, the relationship between the electrons and the positrons
in the primary cosmic rays will be measured on the basis of the azimuth-
al effect of cosmic rays.

The investigation of the electron component of cosmic rays by
means of heavy artificlal satellites of the earth also offers another
two advantages which make possible a significant reduction in the like-
lihood of protons simulating electrons.

The utilization of a rather thick layer of ionization-calorimeter
substance together with an auxiliary filter and the appropriate appara-
tus to record the charged particles makes possible the absorption of
the entire shower of particles generated by the primary electron. At
the same time, a proton of the same energy (with Ep > 109 ev) will not,
as a rule, be absorbed by such a filter. This circumstance provides ad-
ditional possibilities of distinguishing between electrons and protons.

Finally, if we are to study the electron spectrum in the energy
region Ee < 10-15 Bev, 1.e., electrons subjected to the influence of
the terrestrial magnetic fleld, with the motion of a satellite from the
equator to the pole electrons of ever-decreasing energy will be toler-
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ated in the recording instrument, as a result of which their intensity
will increase with increasing geomagnetic latitude. At the same time,

the flow of protons producing the Cerenkov radiation will remain con-

stant, since the energy threshold of proton recording is set by the

> 1010

features of the instrument and must be rather high (E ev).

oro
As a result, the simulation of electrons by high-ener:y pgotons Ep 2

2 lolocv will not be a function of the position of the instrument and
will remain a constant quantity, producing some background which may be
measured (or at least the upper limit of the background can be evalua-
ted on the basis of measurement results obtained in the vicinity of the
equator).

One of the possible versions of an instrument to record elect..ons
in the primary cosmic radiation in which the above-enumerated princi-
ples are employed is shown in Fig. 11l.

The study of the high-energy +y-quanta in the primary cosmic radia-
tion at *his stage can, by agreement, be subdivided into two basic
problems:

1) The over-all y-radiation of the Galaxy and, possibly, the Meta-
galaxy.

2) The local sources of y-quanta in our Galaxy and beyond its lim-
its.

The solution of the first problem requires the measurement of the
stream of y-quanta from various regions of the celestial sphere, the
measurement of the energy specirum of the y-quanta, and the relation-
ship between that spectrus and the direction of y-quanta arrival.

The second problem calls for the solution of the question as to
whether or not there exist local sources and, if such are detected, a
study of the spectral charecteristics of the source-emitted y-quanta.

The evaluation of the over-all y-rediation cf the Galaxy leads to
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Fig. 11. Schematic rep-
presentation of the in-
strument to record high-
energy electrons in pri-
mary cosmic rays. 1)
Charge detector and "tel-
escope" counter; 2; "tel-
escope" counter; 3) Ceren-
kov gas-discharge counter;
4) spherical mirror; 5)
thick lead absorbent of
charged particles; 6)
charged-particle counter;
7) ionization calorimeter;
A; FEU [Photomultiplier].

a situation in which it 1s possible to an-
ticipate streams of y-quanta amounting to
10'“-10'5 of the stream of charged parti-
cles (given equal energles for the fy-quan-
ta and the charged particles). With res-
pect to the local sources, it 1s quite
difficult to arrive at any, even partly
valid, estimates of the anticipated inten-
sity. It 1s quite likely that these
streams [flows] are considerably smaller
than the flows produced by nuclear inter-
actions of cosmic rays and the interstel-
lar medium in our Galaxy.

The instruments intended for the so-
lution of the above-indicated range of
problems must exhibit specific features
making possible the detection of y-quanta
agalnst the background of a tremendous
stream of charged particles and they
should also provide for the possibility of

determining the direction of y-quanta in"lux. It is obvious that in or-

der to seek out local sources of y-quanta the accuracy with which the

direction of y-quanta influx 1s localized must be a fraction of a de-

gree for a large total recording-instrument aperture. Moreover, in all

cases the instrument must yleld an energy spectrum of the recorded vy-

quanta.

It seems to us that the solution of the entire complex of problems

can be obtained by means of an instrument whose operaticnal principle

is easlly understcood from Fig. 12. This instrument 1s tased on a track-
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ing two-section spark chamber and an ionization calorimeter.

Fig. 12. 5.  amatic representation of an instrument to study the energy
spectrum of primary y-rays and to seek out local sources of y-quanta.

1) Bell-shaped cover of scintillation plastic; 2) electron-positron
pair generator; C,, C,) Charged-particle counters; 3) two-section spark
chamber; 4) barri&r lade of a substance with a high atomic number; 5)
ionization-cslorimeter absorbent; 6) scintillator; A) FEU [Photomulti-
plier]; B) y-quantum.

The spark chamber is shielded from the top and at the sides by
means of scintillator 1 which prevents the recording of those charged
particles which have entered the spark chamber from without.

An emitter [radiator] 2 (a plate of lead or tungsten) 1s positioned
adove spark chamber 3 and beneath the emitter we have the charged-par-
ticle counter c1 which 1s connected so as to coincide with the second
counter C, and the ionization calorimeter 5 and 6. The y-quantum strik-
ing the rediator is converted in the latter to an electron and a posi-
tron. These two particles, given sufficiently great y-quantum energy,
pass through the counters, through the spark chamber blocked off by
means of plate 4 made of a substance having a large Z(Pb or W), and are
then recorded by the ioniszsation calorimeter. An electrical pulse con-
trolling the operation of the spark chamber is produced as a result.
The pattern in the spark chamber 1is photographed. The celestial sphere
or the dial of an extremely precise clock is photographed at the pre-
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cise instant of time, on the same plece of film.

In the region of low energles ~108 ev such a system ylelds rella-
ble identification of the y-quanta on the basis of the spark-chamber
photograph, since in this case two particles converging at a single
point - the radiator - can be seen in the upper section.

At energles of ~109 ev and higher, when the angle between the
electron and the positron 1s so small that both streamers merge into
one, and only a single track is visible in the photograph of the upper
spark-chamber section, the developing shower will be observed in the
lower section, i1.e., a number of tracks converging in a small volume in
plate 4. The direction of tr.!s shower will indicate the direction of
the particle producing the observed pattern.

What are the potentials of such a +y-telescope?

These potentlals are governed by two parameters: the accuracy with
which the direction of the y-quantum arrival is measured and the '"speed"
of the "control-counter - spark-chamber - ionization-calorimeter" sys-
tem.

The direction of motion for the y-quantum is defined by the posi-
tion of the bisectrix of the angle formed by the components of the palir.
Consequently, the s8smaller the angle between the electron and the posi-
tron, the more exact the definition of the direction of ry-quantum in-
flux to the telescope. This angle 18 basically governed by the multiple
scattering of the pair particles in the radiator and in the wall of the
spark chamber.

+

As a matter of fact, the scattering angle for e’ and e at the in-

stant the pair appears is equal to 6_ = mocz/Ey, where moc2 is the en-

P

ergy of the electron resting mass, equal to 0.5]1 Mev, and EY is the en-

ergy of the vy-quantum.
The divergence angle for the palr components due to multiple scat-
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tering is equal to

""'V(I)”'( ) ""V(b)' [ S

where 'c = 21 Mev, t is the thickness of the layer of substance through

which the pair particles have passed, this quantity expressed in shower
units , and E* and E” are, respectively, the energy of the positron and
the electron.
If we write that
Bte=mel,, K= (1-—q)d,

UMev Y V {

Oree = (i—-)'

As an estimate we can assume a = 1/4, 1 — a = 3/4 (or, conversely,
cam3/4, 1 ~a=1/2). In this case,
17Mevyt
O

The comparison of the two expressions for ep and Fr“ shows that

when t > 1/300 of a shower unit &, > 6y

Since for effective recording of the y-quanta t must be of the or-
der of 1, 6 res >» 0 .

Let us assume t = 0.5, E, = 10° ev, in which case

Opee & 0,7°

Consequently, by means of the spark chamber it is possible to de-
termine the direction of the primary y-quantum at an energy By 2 109 ev
with an accurecy no lower than 0.7°. At an energy E‘V - 10lo ev this ac-
curacy of ~0.1° approaches the accuracy of the determination of direc-
tion for a single particle.

If we assume that the area of the spark chamber is S = 10“ cm

that the geometric factor I' for the entire device - for the chamber and

2 and

the ionisation calorimeter -~ is of the order of 10“ cnzoaterad, 1t will
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be possible by means of such a telescope to:

1) record the flow of y-quanta with energies of 2109 ev at an ac-
curacy of 1% during the measurement day, if the intensity IY of the
v-quanta amounts to 10'“
be 3-4% 1f I/ = 1072;

2) detect local sources of yy-quanta with an energy of EY 2 109 ev

of the proton intensity Ip; the accuracy will

if the flow of <y=quanta from these in the vicinity of the earth is of

the order of 2:10710 cm=2.gec™! (with Iv/Ip - 10’“) and ~6-10731 cm°.

1

‘sec” , 1if I,Y/Ip - 10'5, 1.e., such a wvy-telescope, 1n principle, makes

possible the recording of the direction of a stream of energy contalned

10 than the flow of

in the y-quanta that 1s smaller by a factor of 10
energy produced by all of the charged cosmic-ray particles

5. Conclusion

This brief review of the new methods of working with high-energy
cosmic-ray particles and some of the potentials for their application
to investigations in the physics of outer space shows what fundamental
strides in contemporary knowledge regarding primary cosmic radiation
and nuclear processes involving high and very high energies can be ex-
pected in the near future, when the vigorously expanding conquest of
outer space will provide physicists with the possibility of applying an
established method to the investigation of cosmic radiation.

Despite the 1initial apparent paradox, we believe that the near fu-

12_1015

ture of the physics of high and very-high energy particles (10
ev) 18 inseparably associated with the successful conquest of outer

space. There are prospects along this line that were completely inac-
cessible to acceleration techniques of the past decade, to the method
of studying cosmic radiation in the lower part of the atmosphere, and

to the indirect methods carried out on the basis of extensive atmospher-
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Manu-

script

Page
No.
100
105

113

115
117
122
122
132
133
136
137

U5

141
162
164

167
168
168

(Transliterated Symbols]

3 = eV = elektron-vol't = electron-volt

N = p = pogloshcheniye = absorption

fiea = ya.a. = yaderno-aktivnyye [chastitsy] = nuclear-active
[particles]

He N = NUklon = nucleon

Kesl. = k.l. = kosmicheskiy luch = cosmic ray

ReT = det = detektor = detector

nora = pogl = poglotitel! = absorbent

oD = ya.r. = yadernyye rasshchepleniya = nuclear fissions

KPAT &= krit = kriticheskiy = critical

Ba3 = Bev = billion electrun-vol't = billion electron-volt

Celec = 8.1, = 81l 'no 1ionizuyushchiy = strongly ionizing

A = de detektor = detector

N ep = poglotitel' = absorbent

O = FEU = fotoelektronnyy umnozhitel' = photomultiplier

nopor = porog = porog = threshold

N e p=pare = pair

pac = reas = raskhoshdeniye = divergence

M3 = Mev = megaclektron-vol't = mega-electron-volt
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UDK 523.16:523.16.031.6
RECORDING THE EFFECTS OF THE HIGH-ALTITUDE THERMONUCLEAR EXPLOSION
OF 9 JULY 1962 WITH THE "KOSMOS-5" SATELLITE
Yu.I. Gal'perin and A.D. Bolyunova

The radlation effects of the American high-altitude thermonuclear
explosion of 9 July 1962 over Johnston Island were recorded aboard the
"Kosmos-5" satellite. A fl1-sh of hard radiation was detected at the
instant of the explosion, far beyond the limits of its zone of direct
visibility. This flash, known as a y-dawn, apparently represents the
recording of +y-radlation assoclated with the explosion. The explosion
occurred at 12h00m098.8'i 1° Moscow time. In the first minutes after
the explosion positively charged particles — protons, a-particles, fis-
sion fragments, and positrons drifting toward the west — were detected
approaching the oncoming "Kosmos-5" satellite. After 10 minutes elec-
trons with energies of several Mev became dominant. In the region mag-
netically conjugate to Johnston Island, at altitudes of atout 500 lon
and close to the Brazilian magnetic anomaly at altitudes of 200-300 «m,
comparatively snft electrons were detected and thelir absorption in the
atmosphere evidently caused an aurcra polaris over the Pacific Ocean.
The maximun recorded intensity for 9 July, one hour after the explosion,
amounted to ~2-107 electrons - cm 2-sec”! over the South Atlantic. The
maximum of the resulting radiation belt was situated over the magneti:
equator, with an altitude of <1350 km over Johnston Island, changing
with longitude. The drop in intensity was most significant during the
first twenty-four hours of the existence of the belt, and then grad-
ually diminiskh~d. The intensity in the center of the belt diminished by
approximately an order of magnitude over a period of four months. An in-
crease 1n the radiation background was observed significantly below the
region in which the stable radiation belts existed. The rate of disap-
pearance for this excess over the background produced by cosmic rays 1s
close to the rate at w~hich the intensity diminished at the maximum of
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artificial belt. The nature of the recorded phenomena 1is discussed here.

Oon 28 May 1962, the satellite "Kosmos-5" was launched into an or-
bit inclined to the equator at an angle of 49°, with the apogee at
1600 lan and the perigee at an altitude of 204 lan. By 9 July the alti-
tude of the apogee had diminished to 1512 lkm, while the apogee point
had shifted to the northern hemisphere to a latitude of 49° N.

The apparatus aboard the "Kosmos-5" satellite had been intended
for geophysical investigations in connection with geoactive corpuscular
radiation of low energles and was described in detail in [1, 2]. The
analysis of the consequences resulting from the high-altitude thermo-
nuclear explosion of 9 July 1962 was carried out primarily on the basis
of measurements provided by the El electron indicator and the QGeiger
counter. Let us bdriefly recall their basic characteristics. The El in-
dicator ccasisted of a fluorescent 8r3(P0u)2[m] screen 1.4 mg-cm"‘?
thick, covered by a plece of aluminum foll 0.4 mg-cm > thick inside a
solid angle about 1/12 steradian (about 10 steradians were covered with

2 and the rest with >10 g-cm ). The glow of the screen

from 1 to 3 g-om
was recorded by means of a photomultiplier whose signal was amplified
and transmitted to a radio-telemetry system with a memory unit. The sen-
sitivity of the El indicator was periodically controlled during the
flight by means of a beam of electrons with a tritium target. The indi-
cator is virtually insensitive to x-ray emission. Electrons with an en-
orgy 51 Mev were picked up only through the indicator window. The rota-
tion of the satellite made it possible to distinguish this radiation on
the basis of the characteristic wmodulation resulting from the anisotro-
py of charged-particle distribution in the trap formed by the magnetic
field of the earth. Eleé¢trons with energies 22 Mev penetrated the in-
dicator from virtually all sides and for this reason their anisotropy

led virtually to no modulation with rotation.
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The Gelger counter mounted on the inside ol the satellite frame

2

was a standard STS-5 halogen counter shielded with 3.4 g-cm™ © of lead.

The elements of the construction provided additional shielding of about

2

0.8 geem © of aluminum in a solid angle of about Zm steradians and up

2 2

to ~25 grcm © in the remaining direction. The counter area was 4.3 cm“.
With the high intensity of the particles in the artificial belt, the
counter frequently changed over to the descending branch of its count-
ing characteristic. This characteristic for particularly high levels of
intensity was determined directly from telemetry-measurement data ob-
tained in a number of orbits 1inside the artificial belt by comparing

the counting rates with the electron-indicator readings which did not
exceed the scale.

The sensitivity of the apparatus to electrons was determined or the
basis of results obtained from laboratory calibration prior to the
launch and on the basis of the callbration of a completely analoguus
complex of apparatus in a far wider range of encrgles. On the basis of
these data we can evaluate the sensitivity of the El ind‘cator and the
Gelger counter for the recording of pg-radiation from fission products
captured by the terrestrlal magnetic fleld. The energy spectrum of the
electrons in the artifi:ial radlation belt may be assumed to conform
with laboratory measurements [3] on the basis of the pattern of elec-
tron-drift rates obtained for 9 July 1962 [4]. In this case 1 upa of
photomultiplier current in the El indicator, with a pitch angle of 90",

corresponded to 2.107 particles - cm'?-sec'l, while 1 pulse - sec™}

wit.. the Geiger counter corresponded to 2-103 particles - cm™ 2 gec” L,
Frior to the explosion of 9 July 1962, the counter had primarily record-
ed protons with an energy of >50 Mev and the background produced by cos-
mic rays [5].

The first effect of the explosion on 9 July 1962 was recorded at
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the instant 12"00M09%.8 + 1* in the form of a sharp Jump in the count-
ing rete of the Geiger counter, approximately by three orders. (The
measurement ambiguity at the initial instant of time is explained by
the fact that we carnot exclude the possibility rere of the counter
having transferred to the uescending branch of the counting character-
istic). The electron sensor signal in this case changed by no more than
0.01 ua, which indicates the great hardness of the radiation. At that
instant of time the "Kosmos-5" satellite was situated at a point whose
coordinates were @ = 44°.9 N, A = 115°.7E and h = 1442 km at a distance
of about 7500 lm from the region of the explosion (along an arc of the
great circle of the terrestrial sphere). At this distance from the sat-
ellite the zone o1 direct visibility was higher than 1200 km and, con-
sequently, the point of the explosion (h = 400 km [6]) was deep beneath
the horizon, even at the altitude of the satellite. This burst, lasting
about 2 minutes, is shown in Plg. 1.

Iet us consider the possible factors responsible for the described
burst in the counting rate beyond the limits of the direct-visibility
zone of the point of explosion.

The electrons injected by the explosion and captured in the trap
formed by the magnetic field of the earth move toward east as a result
of drift and, having gone around the earth, overtake the satellite ap-
proaching the point of the explosion from the west. However, even for
an energy of 10 Mev at the geomagnetic latitude of the satellite the
drift time for the electrons fram the point of the explosion to the
satellite is more than 5 minutes and, consequently, the possibility of
their being recorded at the instant 1270009°.8 must be excluded.

The positively charged particles (protons, a-particles, fission
fragments, or positrons) which appear in the trap formed by the magnet-

1c field 4Arift in a westerly direction toward the satellite. However,
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Fig. 1. Radiation surge on 9 July 1952 at 12"00™09%.8. The counting
rate of the shlelded Geiger counter_&a plotted along the axis of ordin-
ates in logarithmic scale (3.4 g-cm ¢ Pb + 0.8 g-cm_2 Al) in pulses per
second, corrected for "dead time." 1) N, pulses-sec”1l; ~ 2) t, in min-
utes.

the particle energles requiref for longitudinal drift at the high speeds
required to accomplish the shift from the point of the explosion to the
longitude of the satellite within several seconds are, apparently, some-
what too great (>500 Mev).

Taking into conslderation the exceptionally low efficlency of the
halogen counter with respect to neutrons, we might assume that the re-
cording of these dlrectly 1s also quite unlikely. On the other hand, the
aeutrons formed in the explosion, leaving the vicinity of the explosion
without hindrance, decay throughout the entire region of the terrestrial
geomagnetic fleld which is within the zone of the direct visibility of
the point of explosion. Their p-disintegration could result in the ap-
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pearance of electrons with small pitch angles within a fraction of a
second after the explosion on the same magnetic line of force as the

one on which the satellite was situated at the moment (7). However,

even without a more detailed quantitative calculation it 1is obvious that
if the described surge in the counting rate of the shielded counter were
a result of electrons with energies of several hundred kev, appearing
with the p-disintegration of the neutrons, it would have been recorded
by the electron indicators aboard the satellite.

There is, however, another means of recording the neutron waves
being propagated fram the region of the explosion, i.e., through the
v-radiation appearing as a result of the (n, y) reactions within the
frame of the satellite and in the atmosphere in the case of neutron ir-
radiation. This hypothesis must be subjected to a detailed examination
with consideration of the multiple scattering and deceleration of the
atmospheric neutrons. It would be nice if we could explain the shape
of the peak by the passage of the satellite through the neutron wave,
with the more decelerated neutrons arriving later, so that at the 1st,
10th, and 100th seconds we have the influx of neutrons with energies,
respectively, of 350 kev, 3.5 kev, and 30 ev, causing the y-radiation
as a result of the (n, y) reactions.

The appearance of »rediation outside of the zone of direct point-
of-explosion visibility within the first two minutes after the explosion
is possible also as a result of the multiple scattering of the delayed
v-radiation fram the regidn of the explosion (the instantaneous vy radia-
tion 1s samewhat too brief in duration in order to produce this effect),
and also in the event of the ejection of yradioactive fission products
to altitudas in excess of 1200 lmm. Holding the avera, = kinetic energy
of the fregments to amount to about 1 Mev/nucleon [8], we find that

these, under favorable conditions, are capable of attaining the zone of




direct visibility in approximately 0.1 seconde At the end of this in-
terval of time the yradiation of the fission products 1s still quite

1 per 1 fission, according to [9]) and,

significant (about 1 Mev-sec”
apparently, can be recorded. However, the rapid diminution of the count-
ing rate in the in...val 12h00m128-12h00m248 does not agree with the
data on the rate of descent for radioactivity of fission products
cited in [9]). On the other hand, the tremendous extent of the subce-
quently formed artificial radiaticn belt (see below) indicates that the
products of the explosion were actually carried to significant alti-
tudes.

We may therefore draw the conclusion that the described surge of
hard radiation, detected by the Geiger counier aboard the "Kosmos-5"
satellite at the instant of the high-altitude thermonuclear explosion
beyond the limits of direct visibility, most likely represents the re-
cording of y-radliation produced by the explosion. We will refer to this
phenomenon in the future as the "vy-dawn."

It follows from all of the above that the explosion of 9 July 1962
occurred at 12M"00%09%.8 + 1® Moscow time.

We are not familiar with any other data obtalned by means of satel-
lites at the time of the explosion on 9 July 1962 over the Pacific
Ocean, with the exception of the counter measurements taken with ‘h-e
British-American "Ariel" satellite [10]. At the instant of the explosion
this satellite was distant from the point of the explosion by approx-
imately the same distance (7400 km) as the "Kosmos-5," and on the geo-
magnetic meridisn passing close to Johnston Island, with L = 5, but 1its
altitude was 819 km and, consequently, the region of direct visibility
of the point of the explosion lay above 2000 lkm. A surge in the count-
ing rate was also recorded aboard the "Ariel" satellite, this surge last-

ing 2 minutes; however, the low interrogation rate of the memory system
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(1 interrogation in 92 seconds) and the lack of precision in time coor-
dination (+ 10 sec) enabled the authors [10] to establish only that
the surge ocourred "after no more than 20 + 10 seconds after the ex-
plosion."# Moreover, the data of the singie counter aboard the satel-
lite made it impossible to evaluate the hardness of radiation. The
authors [10], attempting to interpret this surge, examined mechanisms
for which the time interval between the explosion and the surge invol-
ved tens of seconds, and they came to the conclusion that the most val-
1d explanation for the surge "is the scattering from the trap of outer-
belt electrons whose pitch angles were altered under the action of the
magnetohydrodynamic perturbation associated with the explosion." In any
event, such an explanation is not applicable to the surge in hard radi-
ation recorded by the "Kosmos-5" satellite, without considering the pos-
sidility of a simultaneous acceleration of electrons (or even protons)
in the naturel rediation belt. However, the virtual simultaneity of the
instant of explosion and the surge in radiation aboard the satellite
"Kosmos-5" (with an accuracy of +1°), apparently, precludes the
possibility of such an interpretation.

On the other hand, we can assume that the radiation surge aboard
the "Ariel" satellite was indeed recorded immediately after the explo-
sion, as was the case aboard the "Kosmos-5." This 1s borne out by the
results from the measurements of radio-wave absorption in Alaska [11]
along virtually the same geomagnetic meridian as Johnston Island and
"Ariel" satellite at the instant of time under consideration, but in
the higher geomagnetic latitudes (L = 5.5). On the basis of the data
in [11], the lonization of the ionosphere over Alaska increased sharply
within no more than after 2 seconds after the explosion at L 2 5. For

D-layer region over Alaska under consideration, where the ionization
took place (at a distance of 5600 lm from Johnston Island), and for the
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"Ariel" satellite, the boundary of the zone of direct visibility of
Johnston Island was situated at approximately the same altitude, and
the geometric conditions for the scattering of radiation from the re-
glon of explosion are also analogous. Since the geomagnetic latitudes
(or the values of L) were also virtually identical, any of the mechan-
i1smes responsible for the surge along the geomagnetic longitude of the
explosion region, 1.e., the propagation of charged particles in the
direction of increasing L, the multiple scattering from the explosion
region of y-radiation or neutrons (with subsequent (n, <y)-reactions),
or the ejection of <radioactive products to altitudes >2000 km, 1i.¢.,
in the zone of direct visibility, apparently shoulp have led to the
simultaneous appearance of 1ionizing radiation over Alaska and aboard
the "Ariel" catellite. It may therefore be assumed that the described
surge of the ~dawn at the instant of the explosion in actual fact was
recorded by the counter aboard the "Ariel" satellite and, possibly,
also served as the direct cause of the Jump in absorption in the iono-
sphere over Alaska. However, 1s not out of the question that the ejec-
tion of the products ol explosion to great altitudes plays a signifi-
cant role in the »-dawn phenomenon, 1i.e., ejection into the zone ot
direct visibility from the satellite. In this case the surge of the -
d-wn aboard the "Arlel" satellitc may have started significantly late:
than aboard the "Kosmos-5," depending on the rate of propagation . r
the products of the explosion from an altitude of ~1200 km (requir:c
1or the "Kosmos-5") to an altitude of ~2000 km (required for the "Ar-
1el"), while the lonospheric absorption over Alaska was brought abl. ut
by certaln other factors. Unfortunately, neither the time of th. 3urye
nor 1ts intcnsity in these satellites could Le compared, since thic
ounter aboard the "Ariel" was off scale throughout virtually the o'

tire 2 minutes of the ydawn surge.
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After the first surge the intensity of the hard radiation sharply
increased throughout the entire region of the space intersected by the
orbit of the "Kosmos-5" satellite. Starting as of 12"02" the Geiger
counter recorded hard radiation with increasing intensity. It is possi-
ble that radiation was also present in the expanding cloud of pro-
ducts of the explosion, dut on the basis of subsequent observations it
is possible to drew the conclusion that these might have been positrons
or radiocactive fission fragments with energies of no less than several
Mev, drifting toward the west, in the direction toward the satellite.
Within 8 minutes after the explosion, when the "Kosmos-5" was located
to the east of Japan (the naturel coordinates were L = 1.4 and B = 0.25),
there also dbegan a sharp increase in the electron-indicator signals re-
cording comparetively soft radiation. At 12810® (L = 1.3; and B = 0.24)
the sigmal increased by more than an order of magnitude. It 1is signifi-
cant that the energy of electrons capable of attaining the longitude
of the satellite, on having campleted a turn around the terrestrial
globe, even at 12%08™ and 1210® would be no less than 7.7 Mev anu 6.5
Mev, respectively, while there are virtually no such electrons in the
f-spectrum of the fission products [4). Moreover, the trajectories of
the mirror points of the particles recorded from 12M08% to 12M10™ de-
scend to the surface of the earth in the region of the Brazilian magne-
tic anomaly, which must de passed by the electrons prior to reaching
the "Kosmos-5." Thus it 1s highly unlikely that the indicator signals
recorded at that time were caused by electronc, and the indicator is
not sensitive to y-rediatiun. Apparently, the "Kosmos-5" satellite was
capable of recording positively charged particles appearing in conjunc-
tion with the thermonuclear explosion: protons, a-particles, fission
fragments, or positrons.

The intensity maximum recorded at 12™13" at at altitude of 1160 im
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and virtually at the latitude of Johnston Island, but to the west (L =
~ 1.2 and B = 0.23) 1s obviously associated with the flight of the sat-
ellite through the resulting radlation belt, since in the days follow-
ing extensions of this new artificial belt were situated in thic re-
glon. Jne day later, the intensity in this region diminished by a fac-
tor of ~30. During the pass over the geomagnetic equator at 12h20m at
an altitude of about 800 km the electron indicators recorded a soft-
radlation intensity with deep modulatic: due to anisotropy. At the
same time the Gelger counter was recording extremely hard radiation
(2103 pulses-sec"l), possibly also associated with tne y-radioactivity
o{ the products of the explosion belng propagated through the atmos-
phere.

Approximately at 12M24™ 12M28™ the "Kosmos-5" satellite, at ar 4l
titude of 500-600 km, passed through the region magnetically ccnJugate
tc the reglon cf the explosion. A new hard-radiation maximum was re.ord-
ed at this time, as well as a soft component. Then with approaci to tlic
perigee, the intensity nf soft radiation diminished sharply; however,
the counting rate of the counter continued to remain high. After At =
'3 minutes after the explosion, in the southern hemisphere (9 = 44 O
A = 3500 E) at an altitude of about 210 !, the counting rate o: tiu

o—per counter amounted to approximately 1000 pt.llse.*.aosec'1

, whi o 1o
rcater by a factor cf approximately 150 than prior to the explo:ic:n

:v thls same point. An extremely interesting phenamenon was detect:. :

Ly the electron indicators at 12hl&0m-12h50m during the approach t. the

Igacilian magnetic anomaly. Apparently, electrons with energles o' ' -

100 kev were recorded, and their intensity increased sharply at alul-

tudec of 200-300 km (B > 0.23) with diminishing magnetic fleld strenyth

is along the trajectory. Apparently, the "Kosmos-5" satellite at this

ttme "overtook" the electrons with energies of ©0-100 kcv complet ity
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their first drift revolution about the earth that had been injected as
a result of the explosion. The higher-energy electrons injected into
the same shells and exhibiting greater drifting rates, had by that time

already been absorbed in the atmosphere above the Brazilian magnetic
anomaly and it therefore became possible to re- only the soft compon-
ent. The soft particles, drifting slowly towa. .ue Brazilian anomaly,
gradually descended into the dense atmosphere and their absorption, ap-
parently, produced an aurora polaris over the Pacific Ocean.
Particularly great intensity in the high-energy particles was ob-
served in the vicinity of the Brazilian magnetic anomaly where the mag-
netic field strength had diminished signiricantly in comparison with
the other longitudes. Within an hour after the explosion, over an ex-
tensive region around the geomagnetic equator (A ~ 325-340°E) at alti-
tudes of 600-850 lan the omnidirectional intensity of electrons with en-

ergies of < 1 Mev reached 2-109 particles - cm'a-sec'1

according to the
data of the electron indicator. The readings of the Geiger counter
aboard the "Kosmos-5" satellite for the line L = 1.25, B = 0.20 gauss
over the South Atlantic within at = 60 minutes after the explosion can

be compared with the published measurement data for the "Injun-1" satel-

lite which carried a virtually identically shielded SpB counter which
passed through this same line over South Africa at the instant of time

E R 2

ot = 45 min [12). Because of the various counter areas and the inaccur-

ate calidbration, it 1is more convenient to compare the measured counting

2 1 4

rates in pulses-om “-sec =, i.e., 7:20° for the "Injun-1" and 1.2:10° for

the "Kosmos-5." Bearing in mind that at these very early stages of the

B et S o) -

existence of the artificial radiation belt, the intensities may ac-
tually differ somewhat and it may therefore be concluded that the agree-
ment is satisfactory. The greatest values of L which were attained by
the "Kosmos-5" satellite during the period in which the artificial radi-
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ation belt appearcd reached L = 2.3. The counting rate increased slgni-
ficantly at these latitudes as well. Thus, for example, within 87 min-
utes of the explosion at an altitude of 1450 km (L = 2.0) over the ter-
ritory of the Soviet Union the counting rate of the Gelger counter

amounted to approximately 1000 pulses-sec"1

which 1s greater by a fac-
tor of 30 than for the same reglon a day prior to the explosion. This
indicates that the distribution of the intensity recorded by the single
shielded counter changed significantly throughout a tremendous region of
the space surrounding the earth, all the way to distances of several

earth radil.

H, kM
]’Wﬂ - \\
\\
- \
SN \
2500} bz S X
\ \\
\\ \\ \
2000 NN\
< AN
P 025‘\\\\ \\ \\ \\
1500 ‘5))
1000 - ==
500
/]

i i1 A
=10 =20 -0 @°

Fig. 2. Distributlion of intensity 1in artificlal radiation belt over

Johnston Lsland 10 days after the exploslion. The geomagnetic latitude
is plotted along the axls of absclssas. The 1solines indicate the cur-
rent magnitudes of the El1 sensing elemenc in pa (for conversion to an >
omnicdire-vional stream of electrons expresged in uni’s of electron-cm “.
‘se~ 1 1t 1is necessary to multiply by 2-107). The values of terrestrizl
magnetic fileld strength are indlicated 1n the equatorial plane. In the

region above the apogee of the "Kosmos-5" satellite the 1solines are ex-

tended (by means of a dashed line) approximately along the geomagnetic
lines c¢f force.

The nature of the change in particle intensity as a function c¢” the

natural coordinates B, L approximately within an hour after the expl-c
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sion indicates that an artificial ra-

%':; diation belt had been formed by that
: : time. The maximum intensity of the
&} belt was found in the vicinity of the
ol geomagnetic equator (or in the vicin-
ity of the cosmic-ray equator), its
e altitude being a function of longl-
Fig. 3. Time reduction in tude, since it is associlated with the
::‘mn""ht:zg{,fo?;ﬁ local intensity of the real terres-
e P trial magnetic field. The altitude of
:ﬁgt rg"&mg:{.tgioa the intensity maximum over Johnston
g T A e Island was approximately 1350 km
and 1s given v. 1) Gauss. (Pig. 2), while over the Atlantic

Ocean it was 700-900 lm. With the passage of time the intensity of the
particles at the maximum of the artificial radiation belt gradually
diminished. The rate of this diminution was at its maximum during the
first days of the existence of the artificial belt and then gradually
diminished (Pig. 3). The figure shows that over a period of four months
the intensity at the center of the artificial radiation belt diminished
by appoximately an order of magnitude. At the same altitudes, but in
higher geomagnetic latitudes, the rate of intensity reduction during
the first 10 days was significantly greater and continued to increase
with increasing latitude. The rate of diminution during the first days
was also Qquite -high st lower altitudes.

The "Kosmos-5" detected a new phenomenon at even lower altitudes,
i.¢., & rise in the radiation background noise recorded by the counter
in the low latitudes beneath the region of the radiation belt. Figure
4 shows the reduction in the counting-rate excess for L = 1.10 and B >
D 0.24 over the background noise produced by the cosmic rays (~2.5
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pulses-sec ~). In comparison with the level for 10 July the 10-fold re-
ductlion occurred within approximately 5-106 seconds. A more-or-less an-
alogous Increase in background noise ben:ath the radiation belt also
occurred in the higher latitudes. Let us consider the possible factor
responslble for this new phenomenon. We might suppose that this was the
v-radiation of the fission products that had spread out uniformly
throughout the atmosphere at medium altitudes (50-100C km) over a period
of several days. However., the measured rate of decrease in intensity is
lower than the rate of <y-radioactivity reduction according to [9], al-
though as a result of the downward diffusion of heavy fragments we
should expect an even more rapid reduction than on the basis of [9].
This explanation is therefore not valid. Another possibility is the re-
cording of protons with energies >50 Mev whose distribution by pitch
angles a1d (possibly by energies) was disrupted as a result of the phen-
omena in the magnetosphere accompanying the nuclear explosion (an anal-
ogous assumption was made in [10] with respect to electrons to explain
y-dawn surge).In thls case the rate of intenslity reductlon is also some-
what too low, slnce the average density of the atmosphere along the
drift trajectory for such partlcles 1s tremendous. For purposes of comn-
parison let us Indlicate that the excess intensity of prctons with ener-
gles 55 lev, detected inside the radlation belt, l.e., for B € 0.22
gauss (with minimum mirror-point altitudes of ~250-700 km in the Brazil-
ian anomely) with the aid of nuclear photoemulsions aboard the satel-
lites [13], disappeared at approximately the same rate. However, in the
latter case the average density of the atmosphere along tne drift tr -

Jectory must be lower by several orders of magnitude than for the re—

. glon below the radiation belt described above. It may be assumed that

thls radlation at low altitudes represents the high-energy electrons

- pouring out of the region of the artificlal radiation belt as a result
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of the random reduction of the pitch angle on collision with an atmos-
pheric atom or electron. However, in this case the excess at L = 1,.20-
1.25, where the beclt maximum is located, apparently would exceed the ex-
cess at L = 1.10. The experimental data do not confimm this. Finally,
for the time being we cannot exclude the possibility that this slowly
diminishing excess in the counting rate is brought about by the radio-
activity induced in the hull of the satellite as a result of the irra-
diation after the explosion. In this case this possibly might simply be
an extension of the ydawn phenomenon. The study of this effect is con-

tinuing.

Pig. 4. Time reduction in the counting-rate excess over the background
of cosmic rays near the fission equator (L = 1.10). The time interval
(sec) from the instant of the explosion is plotted along the axis of
abscissas in logaritimic scale; the squares show the first observations
after the explosion which, at least partially, may be associated with
the rccordi.nq_gr the delayed y-radiation of the fission products. 1)

N, pulses-sec 2; 2) At, in sec.

The above-described measurements indicate the extremely great
1ife span of the artificially introduced hard radiation, particularly
in the equatorial regions. This made considerably more complex the geo-
physical investigations of naturel corpuscular radiation in the upper
atmosphere, even after a lapse of several months after the explosion.

- 186 -



Earlier [14] we had already taken note of the fact that the measurements
of the hard component in the natural radiation belts, these measurements
having been carried out after an intense series of nuclear tests in the
summer of 1958 (which included high-altitude nuclear explosions), could
have been complicated by the recording of strongly penetrating radia-
tion due to fission products. Apparcntly, avallable data of the measure-
ments carried out at that time could advantageously be reanalyzed from
this standpoint.

In conclusion, we consider it our duty to express our deep-felt gra-
ti:ude to V.I. Krasovskliy for his advice and constant attention to this
project, as well as to the co-workers at the Department of the Physics
of the Upper Atmosphere of the Institute of the Physics of the Atmos-
phere, USSR Academy of Sclences, for their great assistance in the exe-
cution of the project and their useful consideration of the result, as
well as to the many co-workers in other agencies and institutions who
helped us in this work.

Recelived
11 March 1964
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script

[Pootnote)

®The time of the explosion in [10) 1s assumed to be 12"00™15°,
1.0., 5.2 seconds later than the time recorded aboard the
"Kosmos-5" satellite, and later dy 6 seconds than the time of

12%00™09® indicated in [6].
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UDK +38.691
THE POSSIBILITY OF CAPTURING CHARGED PARTICLES IN THE FIELD OF A
MAGNETIC DIPOLE IF ENERGY IS LOST AS A RESULT OF EMISSION#*
V.M. Vakhnin and I.N. Shvachunov

The investigation of the possibility of capturing charged parti-
cles in the fleld of a magnetic dipole, carried out earlier for plane
(two—dimensional) motion, 1is extended in this article to the case of an
arbitrary three-dimensional particle motion.

Use 1s made of a method of phase trajectorles in a four-dimension-
al phase space. It 1s demonstrated that the "critical trajectories" and
the possibility of capture exist in three-dimensional motion as well.

The possibllity of capturing charged particles in the field of a
magnetic dipole as a result of the existence of "critical" trajectories
for which infinitely small losses of kinetic energy on the part of a
particle lcad to the transition from an "uncaptured" to a "captured"
trajectory were considered in References [1, 2].

The analysls was carried out by the method of phase traJjectories,
with the specific study of the trajectories limited to the cai2 of the
motion of a particle in the equatorial plare of the dipole. The phase
space in this case was described by 2 variables, 1.e., it had the fom
of a two~-dimensional phase plane. It was pointed out in Reference [1]
that in order to analyze the arbitrary motion of the particle it must be
represented in the somewhat more complex tourn-dimensional phase space.
The present work deals with an investigation of the existence and nature
of the "critical" trajectories beyond the equatorial plane which are des-

cribed by the four-dimensional phase space having the coordinates
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r dr { do

w--.-. e ——. | 0, '--—

de o de
(r is the distance between the particle and the center of the dipole;
A 1s the Stoermer length unit; and ¢, 6 are the angular spherical coor-

dinates).

gnrg'mm BQUATIONS FOR THE "PHASE TRAJECTORIES" OF CHARGED-PARTICLE
OoTI

The equation of motion for a charged particle in a permanent magne-
tic field I can be presented in vector form:

ug—- -:—(vlll (1)

where V 1s the particle velocity, e is the electrical charge of the par-
ticle, which may be either positive or negative; c 1s the electrodynamic
constant, m = -o/(l - 52)1/2 is the relativistic mass of the particle
(my 18 the resting mass, p = v/c),

The differential equation of motion for a charged particle in the
field of a magnetic dipole is conveniently considered in a spherical
system of coordinates r, 6, ¢ (the angle 6 is counted from the equator-
1al plane of the dipole, with —n/2 ¢ 6 ¢ 1/2). If the coordinate origin
is made to crincide with the center of the dipole, and if its magnetic
ncment ¥ were to be directed along the negative polar axis, then it is
well inown (5] that the intensity H of the dipole magnetic field will be
expressed by

na i L (2)
The camponents of this field can be presented in spherical coordin-

ates as follows:

.'-_g;“_!. (3)
Hy=0. (5)
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Having expressed vV and ﬁ in terms of thelr components in spheri-
cal coordinates in the vectorial equation (1) and considering (5), we

obtain the following differential equations:

= (}'_ré’—rcou'&'p’)=—’E"“”‘wﬂ'- (6)
%‘-[%(r‘é)-}-r‘sinﬂcoﬂé’] -—-:—'00501.’”'. (7)
7%._‘. d (r’ cm‘ﬁ) = -:- (;'”. + "”’)- (8)

Having introduced the new variable ds = vdt (& ie the length of
the arc measured along the trajectory of the particle) and having sub-
stituted the value of H, and H, from (3) and (4), respectively, we ob-

tain
,ﬁ_,o'z_'_,mag"a_"co:o". (9)
e~.2""“?.°°'°"' -ff' — 8in 6 cos 89", (10)
,~-z¢'o'z¢e—2"f'—2“'°;‘“°+ °:f. (11)

where g = yeM/mve 18 the characteristic Stoermer coefficient, while the
prime denotes differentiation with respect to the new variable s.

In order to derive the equations for the phase trajectories of a
charged particle in phase space, let us assume the polar angle ¢ as the
independent variable. In this case, using the equality [4]

dr ry—o7r
> "
from Eqs. (9) and (11) we will obtain
& ar( R trowo+ 2 (2 -5 (@) [ T+
+5 (5 -+(Z) (Z)es) (12)

Analogously, taking into consideration that

& _ 0"y’ — "0’
de? ¢
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from Eqs. (10) and (11) we will have

= —svamo—3( 2V wo-5(2) [ (Z)(R)-
-zmomo—z(;;)'uo]. (13)

Having substituted into (12) and (13) the following expression fa-
miliar to us fram differential geometry

ds 1 dr\t (dO\3 T
:"[""‘*7(;) *‘(z) ]
and making the transition in (12) and (13) to phase coordinates

r dr 4 do
.-;‘o .-::o eo '-;0

we will obtain, respectively,
da v

e n

el (e
T -
D ST S

The minus sign in front of the square brackets in (14) corresponds
to trajectory segments with positive curvature, 1.e., convexity averted
from the coordinate origin. The plus sign corresponds to trajectory
segments with negative curvature.

Moreover,

2-22-0 =

The system of differential equations (14)-(16) describes the phase
trajectories of a charged particle in four-dimensional phase space.
"THE CRITICAL TRAJECTORIES" OF CHARGED-PARTICLE MOTION

As was demonstrated in [1, 2] and in accordance with the familiar
statements of the theory of oscillations [5], the "critical [particle]
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trajectories" separating the captured and uncaptured in the case of two-
dimensional motion (in the equatorial plane of the dipole) are defined
by a singular point of the phase plane and the limiting curves leading
to it. An unstable circular trajectory corresponds to the singular
point in physical space, while spiral traJjectories asymptotically wind-
ing onto and off the circular trajectory correspond to the limiting
curves [separatrices]. In the case under consideration, where the mo-
tion takes place outside the equatorial plane and is described by phase
trajectories in four-dimensional space (w, u, 6, ¥), the pattern of the
critical trajectories retains the same qualitative indicators, 1i.e.,
there exist unstable trajectories surrounding the magnetic dipole, and
there are the asymptotically converging spiral traject ries. The differ-
ence from the two-dimensional case consists only in that the trajector-
1es oscillate in the directicn of the meridional angle 6, rising above
the equatorial plane, intersecting it, descending beneath the plane,
etc. In phase space this form of mction corresponds to:

a) the trajectories surrounding the dipole (circular type), 1i.e.,
the 1limit cycles forming the two-dimensional set (surface);

b) spiral-shaped trajectories, screwlike phase curves asymptoti-
cally approaching the 1imit cycles.

The phase curves corresponding to the asymptotic spiral trajector-
ies form a dense three-dimensional set which, in four-dimensional phase
space, separates the regions correeponding to the various trajectory
types. This three-dimensional set can therefore carry the designation
of "three-dimensional separatrix hypeisurface." Le* us now prove the
above-discussed statements,

Let us consider the projections of the traJectories in the four-
dimensional phase space onto the plane (w, u) for rather low values of
the variables 6 and ¥. From Eq. (14), neglecting the infinitesimals of
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higher order in 6 and ¥, we obtain

- v [1 + (u/10) P
ot F—O L

(17)

However, this same equation defines the phase trajectories correspond-
ing to the two-dimensional motion of particles (in the equatorial plane
of the dipole), which was considered in [1, 2]. Consequently, the pro-
Jections of the three-dimensional separat.ix hypersurfaces onto the
plane (w, u) in a region of rather low 6 and ¥ coincide with the corres-
ponding separatrices in two-dimensional motion. This provides a basis
for the contention that in the three-dimensicnal case there also exist

" and "loop captur-

trajectories of the "enveloping," "loop uncaptured,
ed" types, analogous to the two-dimensional cases. But because the spa-
t1al phase trajectories, in addition to the coordinates w and u, are
also functions of the coordinates 6 and ¥, the charged-particle trajec-
tories in three-dimensional space will differ fram the corresponding
types of two-dimensional trajectories in that the motion along the coor-
dinate ¢ is also superposed on the enveloping oi- loop motion.

The equation for the projections of the trajectories in four-dimen-

sional space onto the plane (6, ¥) can be derived fram (15) and (16):

f:-am-"":‘“-{-';"-" 20in0cos 0 — 241120 | X
x [+ (L) +w]". (28)

where w = congt, u = ccnst.

At the singular point w = 1, u = O given sufficiently small values
of 6 and ¥, having neglected the infinitesimals of higher orders in 6
and ¥, we can present BEq. (18) in the fom

by _ %
= v (19)
Having integrated (19), we obtain

30 + ¢ = C, (20)
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where C 18 an arbitrary constant of integration. Equation (20) describes
phase trajectories of the limit-cycle type. Continuously changing the
value of C in (20), we ~an easily see that the limit cycles form a con-
tinuous two-dimensional surface which in the region of rather low val-
ues 6 and ¥ coincides with the plane (6, ¥). With finite 6 and ¥ the
surface of the 1imit cycles becomes, general speaking, curvilinear, but
has no discontinuities. The continuity follows from the fact that the
system of differential equations (14)-(16), describing the particle
phase trajectories 1in four-dimensional phase space, has no singular
points when 8 # O and ¥ # O.

As a matter of fact, the singular points of System (14)-(16) are
defined, as usual, by the fact [6] that at these points the derivatives
du/dw, dy¥/dw, and d6/dw will simultanecusly change into a indeterminacy
of the 0/0 type.

From (14)-(16) we see that a necessary (but insufficient) condition
for this will be the condition u= 0 and ¥ = 0.

If u=0and u/w=0, ¥ =0 and tan 9 1s finite, i.e., 0 # n/2,
from (14) and (15) we obtain, respectively,

do_ S0 (21)
dw u w

dy sin @cos 0 2cos 0

== (15 (22)

A suffliclent condi.lon for the exlstence of the singular points of
the system of equations (14)-(16), other than the requirement that u =
O and ¥ = O, 1s the condition of the simultaneous equality to zero on
the part of the numerators in the right-hand parts of Egqs. (21) and (22).
For thils let us initlally consider the system of equations
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coo'()(w+f-9-l:-g) = (),

lancooO(i-f-—z%ﬁ)-o (23)

for the case K < 0.

This system of equations has no real positive solutions and,
consequently, with K < O the system of equations (14)-(16) has no sin-
gular point. The solution 6 := /2 when ¥ = O corresponds to the motion
of a particle along a dipole axis. This case of motion 18 of no interest
for the present problem and 1is not considered in this work.

Let us now examine the system of equations (21) and (22) for the
case K > O. In this case we have

coo'O(w—w—'Te-) - (), (24)
sin0cosd(1+2°52) =0,

The only real solutions for System (24) will be 9= O and w = 1.
Consequently, the only singular point of the system of differential
equations (14)-(16) is the point (w =1, u =0, 6 =0, ¥ = 0).

It follows from the theorem of phase-trajectory set density that
the surface of 1limit cycles must correspond to a dense three-dimension-
al set of phase trajectories asymptotically apprcaching that surface
[the surface of 1limit cycles]. This dense three-dimensional set also
forms three-dimensional separatrix hypersurfaces.

Consequently, the mapping point characterizing the motion of a
charged particle along a trajectory close to the critical, due to the
loss of energy on the part of the particle as a result of emission, may
intersect the three-dimensional separatrix hypersurfaces and transfer
from an "uncaptured" trajectory to a "captured" trajectory. The separ-
atrix intersection process 1s similar to the two-dimensional case des-
cribed in [1, 2], 1.e., a charged particle losing its kinetic energy as

a result of radiation initially transfers from the enveloping trajec-
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tory to an "uncaptured" loop trajectory, and then to a loop "captured"

tra jectory.
Recelved
14 March 1964
REFERENCES
1. V.M. Vakhnin and G.A. Skuridin, Dokl. AN SSSR [Proc. Acad. Sci.

USSR], 135, 1354, 1960.

2. V.M. Vakhnin, G.A. Skuridin and I.N. Shvachunov, Kosmich. 1issled.
[Cosmic Research], 1, No. 3, 414, 1963.

3 I.Ye. Tamm, Osnovy teorll elektrichestva [Fundamentals of the
Theory of Electricity], Gostekhteoretizdat [State Publishing House
of Theoretical and Technical Literature], Moscow, 1954.

4, G.M. Fikhtengol'ts, Kurs differentsial'nogo 1 integral'nogo ischis-
leniya [A Course in Differential and Integral Calculus], Vol. 1,
Gostekhteoretizdat, 1951.

5. A.A. Andronov, A.A. Vitt and S.E. Khaykin, Teoriya kolebaniy [The
Theory of Oscillations], Fizmatgiz [Physics-Mathematics Press],
1959.

6. V.V. Nemytskly and V.V. Stepanov, Kachestvennaya teoriya differ-
entslal 'nykh uravneniy [A Qualitative Theory of Differential Equa-
tions ], Gostekhteoretizdat, 1947.

Manu-

script

Page [Footnote]

*The results of this project werc reported at the 43§ All-
Union Conference on Magnetohydrodynamics (Riga, June, 1964).
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UDK 539.121.64:539.165
SPECTRUM OF VERY HIGH-ENERGY ELECTRONS ARISING IN THE P-DECAY OF
THE ALBEDO NEUTRONS
A.I. Yershkovich

The equilibrium integral spectrum of f-electrons in the case of
energies of the order of several Mev is calculated. It is demonstrated
that this spectrum agrees with the experimental results obtained in the
area of the outer radiation zone.

Electrons exhibiting an energy E of the order of several Mev were
detected in the outer zone of radiation during the flights of the first
and second soviet spacecraft [1, 2]. It might be assumed that these
electrons originate in the p-decay of albedo neutrons exhibiting ener-
gles of hundreds and thousands of Mev [3, 4]). Nakada [3] constructed a
differential spectrum of B-electrons in the assumption that the spec-
trum of fast neutrons at a gencentric distance r measured in earth ra-

1, gey-l

d11 1s equal to zxn'l'e/r2 and E "2/r® cm?. sec” , where E_ 18
the kinetic energy of the neutrons in Mev. As a matter of fact, the al-
bedo neutron spectrum far from the earth diminishes with increasing En
considcrably faster, since with increasing En there is a reduction in
the so0lid angle from which the neutrons emanate to the point under con-
sideration. Since this effect was not taken into consideration,* the
flow of P-electrons with energies E » 5 Mev, obtained in (3], proved to
be unjustifiably large (see [2]).

The Lenchek and Singer (5] calculaticns show that the directed
differential intensity of albedo neutrons with energies of the order of

several hundreds of Mev, leaving the atmosphere of the earth, with res-
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pect to time, on the average, are equal to*

1

ja(Ba) == 45 E\-14 Lcm'?'-aec'l-steradian' ‘Mev~l), (1)

wWith extremely high neutron energies Jn(En) must diminish more ra-
pidly than ~En'1’8. Indeed, the energy spectrum of the secondary partil-
cles above ~500 Mev must repeat the spectrum of the primary cosmic rays
[7]. We know that in the hardness interval R = Pc/Ze fraom 1 to 10 Bev
(the corresponding interval of proton kinetic energy ranges from O.4 to

9 Bev) the differential hardness spectrum 1s proportional to R=2-2 [8].

Hence it 18 not difficult to find that

Ex+Mc2 -2 -
jn(En) = 6.25-10’"5"(5' - wc,)],—'-,[cm .8€ecC

1 1 -1]

-steradian " ‘Mev

(2)
where Mc2 1s the energy of the resting neutron, equal to 940 Mev. In

s

the regions of energles En of the order of several hundreds of Mev, the

neutron intensity defined by Relationship (2), Jn(En) ~ En'l’e; with

-2.5

E > M02 J, ~ E, . The proportionality factor in (2) is defined

n
from the condition that Expressions (1) and (2) sew together with E =

= 400 Mev.

Let us define the intensity of the albedo neutrons at the point G
situated at a distance r from the center of the earth. Let 6 be the an-
gle between the directions of the primary and secondary particles. In

this case sin 6 = PL/P’ where P, and P are, respectively, the lateral

1
and total impulses. We know that the lateral impulse Bl of the secondary

particles changes but slightly over a wide interval of primary-particle

energles [9]). The average value of P, = 3-102 Mev/c (10, 11]. The least

i1
value of the zenith angle £ at which fast neutrons with impulse P es-

cape from the atmosphere is obviously equal to & = /2 - 6. Thus,

min
c08 Em = (3-10%) / Pc, (3)

where Pc 1s measured in Mev. lLet us assume that neutrons with impulse P
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escape from the atmosphere isotropically with ('m < ¢ < m/2. Since
Jn ~ const along the neutron trajectory, the differential intensity at

the point 8 1is equal to
Ia(B., 7) = ju(B2)Q (B, N[ cm~2- sec 2 - Mev~1], (4)

where a(:n, r) 1s the solid angle from which the neutrons with energies
of 'h come to point S. In a polar system of coordinates with its center
at point 8 and an axis passing through the center of the earth, dl =

= 2r sin ada, where G is the polar angle. Since sin ¢ = r sin a,

- [} [
T'éx.li“:‘(::a‘g?ﬁ,rh z"[( wh\h'(";)h]‘(”

With r2 >> 1, having used (3), we find
Q = (x/7%) 000" baun = [(28-10%) / %] (Pc)~*. (6)
Aocarding to (2), (4), and (6), with r° >> 1 and E_ >> Mc®
I.(Ea, r) ~ Ea*/ 1%
The integrel intensity of f-decay electrons with a kinetic energy
E 2 B, at the equator can be evaluated on the basis of the formula
I(E > Eur) = mT [em™2 sec™)], (7)
where n 1s the number of electrons exhibiting the energy E > E,, pro-
duced per unit volume per unit time, and v is the velocity of these

electrons, T representing the lifespan of the electrons whose mirror

points are situated clase to the plane of the equator. Obviously,

1 g 2800 wg., £)a. [cn™- sec™ ], (8)

where tn = 1100 sec 1is the average lifespan of the neutron, v is 1ts
velocity, and Ya = ({ — vt/ cf)%, W(E., Ki) 18 the probability that on the de-
l cay of a neutron having an energy 'h there will dbe produced an electron |
having a kinetic energy E 2 E, in & laboratory system (the function
U(ln, 31) was defined earlier [4]), K it (31) is the minimum neutron
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energy beginning from which W & O. According to [4)
Ennn(B) = Mc* (2538, — (253 — 1)%(BS — 1)%] — M, (9)

where

EysmE,|/med + 1.

It was assumed that the primary
process determining the lifespan T of
the electrons is the loss of energy re-
sulting from Coulomb interactions with
particles of the exosphere. If N is the
concentration of cold plasma in the ex-

osphere, the ionization losses of the

ultrarelativistic electrons (E >> mcg)

are equal to (6]

1) I, in cm “*sec "; 2)
E, in Mev.
—(dE | dt); = 7,62 - 10-°N -
{InE/me —InN +_y
+ 734) [evesec™ ). (10)
It follows from Relationships (4), (6)-(8), (10) that the equator-

ial value of the flow of captured p-decay electrons when r2 > 1 1s

progortional to 1/r2N(r).

The figure shows the integral spectrum of p-electrons in the re-
gion of the outer radiation-zone maximum (r = 4), calculated in accord-
ance with (7). The value of N is set equal to 1.5-102 cm'3 (12]). With
E > 1.5 Mev this spectrum 1s approximately proportional to E'3'7, which
corresponds to the results of the measurements that were carried out
aboard the "Explorer XII" satellite (the differential spectrum ~E>)
l113]).* The flow ratio I(E > 1.6 Mev)/I(E > 5 Mev) in the outer zone
amounts approximately to 102 with a change in the geocentric distance
r from 15000 to 55000 km ([13], Table 3). This value is close to the
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one calculated (see Figure). On the basis of the estimate derived from

the second spacecraft [2], at the maximum of the vuter zone I(E > 5

2 1

Mev) < 1 cm™“-sec”". If we take into consideration the known indeter-

h minacy of the spectrum of fast albedo neutrons and the concentration

N(r), we must acknowledge that this estimate satisfactorily agrees with

the calculation results. The experimental data (2, 13], apparently,
favor the hypothesis that electrons of extremely high energy appear in
the terrestrial rediation zones on the f-decay of the albedo neutrons.
The effect of the betatron mechanism may lead to significant variations
in the intensity of these electrons, without altering the form of their
energy spectrum.

Recelved

21 February 1964
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Manu-
script
Page [Footnotes)
No.
200 B.A. Tverskoy drew our attention to the possible significance
of this effect.
201 Reference [5] shows the derivation Jy = 0.5 En'l‘8 em~2-sec1,

ateradian'I-Mev'l. The factor 2 was dropped in the deriva-

tion of this expression. Moreover, the authors (5] assumed
a cosmic-ray intensity at the earth of Jj = 0.1 cr.-2.gec~1.

-steradian'l, which corresponds to the maximum of solar ac-

- 205 -



03

tivity. Since JO close to the activity minimum increases by a

factor of two (sez, for example [6]), 1t 1s expedient to as-
sume an average value for J, equal to 0.15 em™2.sec™t.stera-

dian'l. As a result, we obtain Expression (1).
It must be borne in mind that a certaln rraction of the cap-
tured electrons exhibiting energies of several Mev could be

a result of the high-altitude nuclear explosions carried out
since the summer of 1958 [14].
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UDK 629.198.61
PROBLEMS OF ENGINEERING PSYCHOLOGY IN COSMONAUTICS
AND CERTAIN INVESTIGATIONAL RESULTS
V.G. Denisov, Ye.S. Zav'yalov, A.P. Kuz'minov, M.M. Sil'vestrov,
V.D. Yazdovskly

The artizle presents a definition of the subject of engineering
psychology and 1ts problems 1n the development of spacecraft control
systems and the tralning of cosmonauts [astronauts] in their profes-
sional activities. A complex method 1s proposed for the evaluation of
the closed "operator-vehicle" system in which, 1n conjunction with the
application of the methods of cybernetics and ‘nformation theory, pro-
viding englneering estimates for the tec!.iical elements of the system,
extenslive use 1s also made of physlologlcal reccriding of the blopoten-
tials of various human functional systems characterizing the level of
tenslon and abillity of the operator to function. There 1s & discussion
of some of the results obtalned in the effort to develop efficient sys-
tems of 1indication, signaling, and manual control. Certaln of the prob-
lems involved 1in the development of trailning facilitles :are touched
upcn. The use of a gystem of training facilitles consisting of complex,
speclalized, and functional trailning facilities 1s recommended for the
solution of problems relating to the training and maintenance of skills
on the parts of the cosmonauts. The development cf on-board training
facilities 1s recommenied for the maintenance of skllls !n prolonged
space flights.

Englneering psychology 1s a new ftrend in science, arising out of
the need for a scilentific approach tc technical control installations
and the coordlnation of thelr characteristics with the psycho-physio-
loglical potentials of the operator 1n a single closed cybernetic "man-

machine" system.
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Engineering psychology and research 1ln connection wilth the latter
assume particular significance in cosmonautics because a piloted space
vehicle together with 1ts equipment represents a complex multicircuited
control system, while the conditions of flight aboard the vehlcle are
quite specific and frequsantly unusual. Thus the cosmonaut willl encoun-
ter difficulties in controlling the systems of the venlcle, particular-
ly in the event that the technical facilitles of these systems are de-
veloped without consideration of the cosmonaut's potentials for control.

At least three basic problems of engineering psychology can be
formulated 1n connection with cosmonautics, 1.e., the 1lnvestigation of
the psycho-physiological potentlals of the operator to control a space
vehicle and its systems, and the change 1in these potentials under the
influence of space-flight conditions; the substantliation of require-
ments lmposed on vehlcle control systems 1n order to coordinate their
characteristics with the psycho-physiological potentials of the opera-
tor; and the development of methods and facillities to train cosmonauts
for thelr professional activity, these methods and facilities to pro-
vide for the acquisition of skills and habits on the part of the opera-
tors to correspond to the characteristics of the control systems.

The action of the operator, who represents the controlling link 1n
the closed "cosmonaut-vehicle” systems may be characterized by the fol-
lowing three stages: the acquisitlion and sensing of information from
various instruments, signaling devices, and the external medium; the
evaluation of the acquired information and the working out of control
responses for vehicle control, 1l.e., evaluation of the sensed parame -
ters of the control process, the ambilent medium (surrounding conditions),
disturbing influences, generalilzation, interpretation, and comparison
of these [parameters] with the parameters of the given control process

and the taking of decislions with regard to the nature, magnitude, and
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purpose of the control response; the application of control responses

to vehicle control units or the issuance of some other control commands

Fig. 1. Typlcal control systems aboard a space vehicle, requiring the
participation of an operator. a) Manual control system; b) semi-auto-
matic (directorial) control system; c) training control system with
participation of operator; alx External conditions; a2) external condi-
tions, ambient medium; 335 disturbances and interference; al) indica-
tors; a5) operator; a6) control unit; a7) servomechanisms; a8) con-
trolled member; b1$ adder; b2) disturbances and interference; b3) com-
puter, correction device; bl4) indicators; b5)operator; b6) control unit;
b7) servomechanisms; b8) controlled member; cl) information model of
control process and disturbances; c2) information on disturbances and
unanticipated situations; ¢3) disturbances and interference; cl) opera-
tor; ¢5) controlled process; c6) servomechanism; ¢7) information on
controlled process.

Typlcal dlagrams of control systems 1involving the participation
of an operator aboard a space vehicle are shown in Fig. 1.

The systems of vehlcle orientation and descent, the system for
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transfer from orbit to orbit, and other control systems can be reduced
to these diagrams. To ensure the appropriate accuracy and efficiency of%
the manual-control process the information systems must be adapted for
rapid stimulation of the sense organs and the information-evaluation
systems of the operatocr when evaluating the status of the controlled
member and in carrying out control assignments. This can be ensured on-
ly through the issuance to the operator not only of quartitative but of
qualitative information, which in totality determines the value of the
information for the operator [1]. The value of the information can be
defined as an increment to the probability of accomplishing the tasks
for which the information 1s being collected.

If less stress 1s laid on iInformation quality, the memory capacity
of the operator must be 1increased and, consequently, longer operator
training i1s required in order to achleve at least a certain minimum
level of qualitative Informztlion required to elevate the stimulation of
the sense organs and the information-evaluating systems of the operator
as he controls the member.

It follows from the above that specifically human activity in work
with any machine involves comprenension of signals from the machine
and in asaignment to these signals of a certain significance in order
to interpret the conceptual content of the incoming informatlon and on
this basis to select the required action.

The emergency warning device which functions on the binary princ-
iple and, for example, indicates a fire in the element, the probabllity
of the occurrence of such a fire being given by P1 = 1/1000, provides
the operator with continuous reports as to the condition of the element,
the average value of information quantity being determined by the ex-
pression

Iy = —Pyloga Py — Pyloga Py,
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where P2 =1 - P1 is the probability of their being no fire in the ele-
ment. Having substituted the. values of P1 and P2, we obtain Iar = 0.01
binary units. The average value of the information quantity character-
izing entropy of the system and the measure of the indeterminacy of 1ts
condition is small, since the usual natural state cf theelement 1s
characterized by an absence of fire. The low indeterminacy of the state
of the system (the absence of fire) is a virtually indisputable fact.
However, the continuous information being provided by this warning de-
vice 18 extremely important for the human being. This flow of informa-
tion 18 not evaluated in the human mind in the same manner as 1is infor-
mation used in engineering.

It has been established that man during a process of activity un-
iquely accounts for the stress of a situation and in order to avoid
functional excesses'cleanses" the ir.coming information of secondary
elements.

Proceeding from the above, in our opinion the quantity of informa-
tion used by an operator during the control process cannot be deter-
mined exclusively by the conventional probabllity method used in engi-
neering.

There 1s a need to introduce certain coefficlents characterizing
the value cf the incoming information as well as the ability of the
operator to perceive this information into the expression for the de-
termination of the quantity of information flowing into the operator.

The average quantity of information in the transmission to and re-
ceipt by the operator of information may be expressed by the formula

= " " -
1= — JAPy(s)log Psis)~ ZP) [ I BiPu(a)lor Puis) .
Jet Jt femy
where x 18 the input quantity which 1s beinr reported, y 1is the re-

celved quantity, PJ(x) is the probability of the quantity x assuming
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the value of y prior to the arrival of the information, PJ(y) is the
probability that the received quantity y will acquire the value yJ if

the incoming information is not certain, Pyi(x) is the probability of
the input quantity after the receipt of the information, AJ is the co-

efficient expressing the value of the information on the quantity Xy !

and B1 is the coefficient expressing the level of perception of the

information on X,

Fig. 2. Diagram showing the modeling of control processes with inte-
grated recording of control parameters and electrophysiological indi-
cators for the operator. 1) Encephalogram component integrators; 2)
cps; 3) spectral analyzer; 4) shielded cabin; 5) encephalogram; 6) in-
strument panel; 7) computer-simulator; 8) control-process dynamics re-
corder; 9) electrophysiological function recorder; 10) amplifier block;
11) dermogalvanic reaction; 12) control action; 13) electromyogram; lhs
correlator, computer to determine quality of assignment execution; 15
indicator showing quality of assignment execution; 16) cardiogram; 17
response -reaction recorder; 18) response reactions; 19) experimentor
units (assigmment unit); 20) disturbing actions; 21) assigned processes.

The average quantity of information in transmission to the opera-
tor and his receipt of said information 1s equal to the difference be-
tween the entropy of input-quantity distribution (with consideration of
the value of this information) and the averaged entropy of probability
distribution for this quantity after receipt of the signal (with con-
sideration of the level of perception for the incoming information).

The magnitude of the value coefficient AJ and the perception coef-
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ficient B1 1s determined by a study of the informational processes,
l with consideration of the selected sequence of information input, 1its
t value, the efficlency of the indicators and signaling devices, and the
distribution of information among the units and analyzer systems.

A study of the interaction between the operator and the machine 1in
a closed system of space vehicle control is carried out primarily by
experiment. Depending on the problems that have been posed, uniquely
cybernetic methods are employed (the simulation of a closed control
system, the application of information theory), as well as physiologl-
cal, hyglenic, and experimental-psychological methods, 1.e., a wide
range of methods 1s used under experimental conditions to permit study
of the functional pctentials and limitations of a human being in his
interactions with the machine [vehicle] during the control process.

A method of simulating the control system of a space vehicle was
employed in the present article which deals with the englneering-psy-
chological investigations assoclated with space flight. Modeling made
possible a study of the time characteristics involved in the work of a
cosmonaut with instrument equipment and control levers; these charac-
teristics are extremely important for the efficlient design ot the con-
trol systems of future space vehicles and to resolve problems assocla-
ted with the proper assembly of instrumentation and the problems deal-
ing with efficlent indication and warn..g systems. Modeling [simulation]
also made possible the studying and testing of individual elements in-
cluded in the systems of indication, warning [signaling], and manual
control under dynamic operating conditions, within the structure of
that activity which the cosmonaut carries out under actual caxditions
[2].

Figure 2 shows the general view of a control-process simulation
diagram with integrated recording of control-process and operator elec-
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Fig. 3. Diagram of modeling installation. 1) Operator's work position;
2) experimentor console; §§ instrument panel and signal board; 4) back-
up instrument panel and signaling board; 5) control panel; 6) cptical
orientator; 7) manual-control lever; 8) instruments and warning devices
to monitor operator actions; 9) angular-acceleration indicator; 10)
manual control of instrument readings; 11) view; 12) communications
system; 13) communications systzm;1l ) control unit for modeling instal-
lation; 15) nonoperation input unit; 16) automatic voice units and fin-
al control scheme for lever operation; 17) electronic timer; 18) RFK
camera; 19) oscillograph; 20) optical-electrical mechanical device; 21)
recording device.

trophysiological-indicator parameters. We can see from the diagram that
the control process 1s modeled by means of a computer simulator from
which the signals characterizing the condition of the controlled pro-
cess are transmitted to the signaling and indication system. The opera-
tor receives the iuformation regarding the state of the controlled pro-
cess, works out control signals, and at the same time alters the con-
trolled process and its coordinates.

A recording device 1s connected to the modeling unit for purposes
of recording the dynamics of control. The motor and speech response re-
actions are recorded by means of the response-reaction recorder. The
circuit [diagram] includes a device for the recording of biological
currents from various sections of the functional systems of the human
operator. For purposes of analyzing the encephalogram, a spectrum analy-
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zer 1s used to isolate from the general encephalogram curves cxhibilting
various frequencies (rhythms). Integrators provide for the detcrmina-
tion of the average level of each frequency component of the cncephalo-
gram for the selected interval of time. The diagram also shows a quall-
ty=-control computer which 1s used to determine the transient responsec
on the basis of integral 1limits.

In investigating the psychophysiological potentials of the opera-
tor to control the vehicle"Vostok" we found that the most important
elements of the modeling installation used 1n our work were: the opera-
tor's cabin, the console of the experimentor, the earth-and-sky appa-
rent-image simulator, computers, and programming devices (Fig. 3). Use
was made of a mock=-up of the cabin of the "Vostok" vehicle whose equip-
ment differed nelther with respect to external appearance nor with rec-
pect to design from the corresponding equipment in the actual cabin.
The dyriamics of the angular shift occurring in vehicle control were
simulated by i..eans of electronic models (MNB-1 and IPT-5) and special
units. The motion-picture film projection system provided for the simu-
lation at one of the portholes of the relative shifting of the image cf
the earth and the stellar sky, as would be observed by a cosmonaut in
an actual flight. The device simulating the manual control of orienta-
tion makes possible the 1ntroduction of changes 1n the angular positions

of the vehicle by means of a control stick.

The operational elements of the automatic orientation system, the
on-board programming installation, the control system, the vehicle com-
munications system, and the operation of the instrumentation are simu-
lated in the modeling [simulation] installation.

With the aid of the recording installation (Fig. 4), on the basis
of the photographic records showing the readings of the electronic tim-
er prior to the action of the stimulation and after the response of the
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Pig. 4. Diagram of recording installation. 1) Panel for recording of
sequential presentation number; 2) start; 3) N presentation table; 3a)
clock; 4) stop; 5) delay circuilt; 6) RFK-5 impulse camera; 7) automatic
voice unit; 8) of instructor; 9) of operator; 10) delay circuit; 11) in-
put; 12) switching field; 1g§ from warning devices; 14) from control-
lever system; 15) output; 1 circuit for the formation of discrete
pulses; 17) from warning-device switching field; 18) from control-lever
system switching field; 19) magnetic-tape recorder; 20) stimulation;

21) response reaction; 22) order from instructor; 23) or light sigr :1:
24) speech response from operator; 25) or motor reaction on the pait of

the operator.

operator, the readings of the instruments, the active signals and the
positions of the control levers, as well as on the basis of the speech
interrogation of the test subject as recorded on magnetic tape, pro-
vides 8 possibility for rendering Jjudgement regarding the time and ac-
curacy with which the motor and sensory actions of the operator have
been carried out. The movement of the control handle is recorded on the
oscillograph [3].

The investigation of the closed "human being-machine" system must
be carried out not only on the bas®s of quantitative and qualitative
characteristics of the control process, but also on the basis of the
electrophysiological indicators of the operator [4]. The electrophysio-
logical indicators of the operator recorded during the control process
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make it possible to establish the difference between the systems which,
on the basis of initial external indications, seem to be ldentical.
Thus with identical output results for quality control from two systems
of the same designation, the magnitude of the biloelectrical activity of
high-frequency rhythms in an encephalogram recorded during the control
process as the operator was working with a system that 1s more "diffi-
cult" for a human being increases in comparison with the corresponding
bioelectrical activity of the encephalogram for ar operator working
with an "easier" system. Thus, in order to evaluate the manual and sem-
i-automatic control systems, we must use the indicators of the control-
process dynamics (the transient functions, their .ature, the time of
the transient response, the integral 1imits of the transient responses),
errors 1n steady induced regimes, the expenditure of energy on control,
the quantity of incorrect actions on the part of the operator, the time
characteristics of his operational activity (the latent period of res-
ponse reactions, the time required for the completion of given opera-
tions), emotional stress, determined on the basis of operator reactions
and the data of the integrated recording of electrophysiological indica-
tors (the electroencephalogram, dermogalvanic reactions, from the elec-
myogram, the electrocardiogram, the respiration rate), as well as th:
formation of a habit.

There arises the problem of working out a generalized criterion
for the evaluation of the various control systems, said criterion to
account both for the indicators of control dynamics and the psychophysi-
ological stress of the cosmonaut as he executes his control actions.
The total entropy of the physiological indicators of the operator and
the deviations of the controlled quantities from the given values can
be used as such a generalized criterion, since some degree of indeter-
minacy 18 inherent in the closed "human being-machine" system, constant-
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ly under the influence of disturbing factors.

For a quantitative evaluation of the systems in accordance with
this generalized criterion, based on total entropy, a large quantity
of information must be processed. Therefore, the application of this
criterion calls for extensive utilization of digital computer techniques.

The development >f space-vehicle control systems including an oper-
ator must be carried out with consideration of the psychophysiological
potentials and functional limitations of the human being. The charac-
teristics of the indication installations must be coordinates with the
features in the operation of the perception apparatus, while the char-
acteristics of the control units must be coordinates with the features
involved in the motor apparatus of the human beling.

The execution of the applied problems in space flight depends 1in
great measure on the proper consideration of the functional potentials
and capacities of the human being and the efficient [rational) distrib-
ution of functions among the members of the crew and the space-vehicle
control systems, since a decisive factor limiting the potentials of the
human being is the pronounced divergence between the rate of human re-
action and the dynamic characteristics of an automatic system.

In the development of space-vehicle control systems including a
humn link, it is absolutely necessary to recall, on the one hand, the
great plasticity of the nervous system, permitting adaptation to chang-
ing conditions of the medium, and on the other hand, to recall that
there are limitations to individual psychophysiological human functions.
For the sensory functions these limitations are defined by the thresh-
olds of absolute and relative sensitivity, as well as by the maximum de-
gree of attentiveness (the simultaneous perception of 5-7 isolated ob-
Jects). It should be borne in mind in this case that subliminal uncon-
scious signals affect the percepticn of information by the operator
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(4-6].

Our work demonstrates that in various cascvs the time of informa-
tion perception from a given instrument and its evaluation amounts to
0.28-0.8 second. The maximum reaction time, however, to signals ap-
pearing in rapid succession comes to about 0.25 second 1in the case of
intervals of 0.57 to 2.91 second bet:=en signals, with the limit in-
terval between signals within which an adequate reaction is possible
coming to no more than 0.5 second. A number of experimental projects
have been carried out in connection with the potentials of a cosmonaut
to execute various types of activity during flight. Thus during the
process of determining the potentials of visual control in the meeting
of space vehicles, 1t was determined that the aculty of visual deter-
mination of angular magnitudes by the operator in calculating the speed
and range of the approaching object came to 3.5', and the resolving
power with respect to angulsr velocity in the case of an observation
period of 10 seconds amounted to 0.35 angular minutes per seccond (7].
The efficlency with which a human being utilizes levers and tools un-
der conditions in which there 18 no .oss of energy and in which there
1s no friction changes radically in the case of welghtlessness. This Is
borne out by experiments carried out with minimum friction (the fri.
tion coefficient 0.0015) for the support carrying the test subject.
With insignificant friction it was virtually impossible to mcve a lever
"toward" or "away'" from oneself. Maximum pressure was required in order
to shift the lever, simultaneously maintaining the test subject in a
stable position. The effectiveness of the pressure applied by the opera-
tor in comparison with the effectivcness of the pressures applied by ¢
human being working under conventional conditions changed sharply. Thus
the effectivenesc of the pressure was lower by a factor of 27 in the
case of movement toward, and lower by a factor of 18 in the case of
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movement away from oneself, and lower by a factor of 3 in the case of
rotary movements. The mignitude of the pressure on compression and ex-
tension with both hands showed no significant change [8]). Under condi-
tions of reduced gravity, the muscular strength of the hand is reduced
in the execution of motor reactions. Thus at an initial level of 45-60
kg the strength of the hand in 87% of all cases is reduced by 4-16 kg,
and there is an impairment in tre indi .tors produced in a study of
given muscular stresses, which could lead to an impairment in the pre-
cision with which movement is accomplished. In working with control
levers designed for a force of 750g, tre accuracy with which the opera-
tor's tiscula) exertions are determined can be significantly impaired.
To protect the cosmonaut against unfavorable effects of weightlessness,
we can employ artificiel gravity. However, in setting up artificial
gravity it 1s necessary to take irto consideration the negative effects
exerted on a human being by the Coriolls acceleration and the change in
the magnitude of the artificial gravity.

To determine the possibility of controlling a speacecraft, we
studied the retention and precision of movement in various joints at
accelerations from 4 to 15 units [(9]. It has been established that with
accelerations greater than 6 units, mobility in the large Joints of the
arms and legs 1is impossible. The hand and fingers retain sufficient nmo-
bility at accelerations of 8 units. At accelerations below 15 units,
the test subject may execute certain movements in the wrist and finger
Joints, but modility in the Joints 1is significantly reduced. Tne poten-
tials of the operator with regard to control in the case of accelera-
tion my be improved by means of regulated training procedures, the ap-
plication of various facilities to elevate the abiiity of the organism
to withstand the effect of acceleration, and these improvements can al-
80 be achieved through efficient design of the manual-control circuit.
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Results obtalned during the flights of ocur cosmonauts have shown
that under space-flight conditions lasting up to 5 days the motor pat-
terns and ability to function experience no significant change. Experi-
mental investigations directed at a study of individual aspects of this
problem made possible the obtaining of the data discussed below.

In developing the problems of engineering psychology in cosmonau-
tics during the first flights of vehicles of the "Vostok" type 1t was
necessary to take into consideration the following features of cosmo-
naut work.

1) Total automation of vehicle control processes. The cosmonaut
was responsible only for functions of control in connection with the
radliocommunications system and the monitoring of the other systems; in
individual cases, he can execute manual control of vehicle orientatior.

2) The specificity of orieantation-control dynamics, consisting in
the fact that the reaction of the space vehicle to control actions 1is
comparatively slow.

The experimental stuay of operations carried out by a cosmonaut
during work shows that during the normal flight of a vehicle of the
"Vostok" type all actions of the cosmonaut involving the instrumenta-
tion are accomplished within the time available. As a matter of fact,
there 1s even some "surplus" of time. In neither cace does the time
required to read off the instrument readings limit the execution of
these operations. For purposes of determining geographic coordinates
on the basis of materials provided by investigation no more than 7.7
seconds are required. To determine the numerical value of one of the
parameters characterizing the state of the medium in the cabin (temper-
ature, oxygen content, carbon-dioxide content, etc.) from 2.2 to 3.1
seconds are needed (depending on the type of instrument face and its
position on the instrument panel). The time required for the perception
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of light signals ranges from 0.8 to 1.2 seconds, depending on the color
and light characteristics of the signal and its position on the signal
panel. We know that the proper assembly of a gauge group improves
conditions of instrument-reading perception. The instruments used aboard
space vehicles must be assembled into groups having a cammon functional
purpose. The problem of external distinctir.; between instruments is
closely associated with grouping, since external distinction is a sig-
nal indicator considerably facilitating the "search" for an instrument
on the instrument panel and for the perception of its readings. This
difference can be achieved by varying the shapes of the instruments,
their dimensions, and primarily by altering the instrument faces (the
shape and color of the dials, the position of the scales, the shape and
color of the needles, etc.). From this standpoint it is quite advanta-
geous for the instruments to differ with respect to one another 1in
terms of read-off device. Indication conditions can be considerably im-
proved by combining into a single group the indicators of tape and pro-
file mremonic systems, as well as those executed in the form of a coun-
ter.

Oour investigations have shown that the conditions of perception
are not identical with combined three-needle indicators. The situation
is decidedly better in the perception of readings from scales positioned
in the upper part of the instrument than if the scales are situated at
the side. Therefore, in combined instruments it is best to position the
indicators of the most important parameters at the top.

It has been shown experimentally that upon application of 5-6 sig-
nals to a single signal group, the attention effect of the other sig-
nals diminishes. The lighting of an emergency or particularly important
signal against a background of many similar signals may produce a de-
layed reaction on the part of the cosmonaut. Therefore, in constructing
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the signaling [warning) systems for space vehicles, where a great quan-
tity of such signaling devices is required, it i1s best to position
these signals in individual panels separated by function.

To improve the efficiency and reliability of the warning system,
the attraction properties of these signals must be raised. In particu-
lar, to improve the attraction of emergency and warning signals, they
must be executed so as to flash at the onset of their operation, with
transition to continuous burning after the response reaction of the
coamonaut. All signals requiring immediate response should be backed up
by means of sound signals. All critical parameters must be signaled
[indicated] with light or sound signals.

We know that achromatic paint, offering the greatest contrast,
provides the best conditions of legibllity. Achromatic paint is widely
used in aviation where 1t has proved 1itself, since flight proceeds un-
der conditions of a considerable lack of time. The situation 1s differ-
ent in space flight, where the operational duties are completed within
the avalilable time, but the duration of a space flight differs from
that of a flight in an aircraft. A space flight may last from several
days to several months and even years. In a prolonged flight the inter-
ior of the cabin assumes particular significance for a human being. The
cabin under such conditions serves the cosmonaut not only as his work
station and laboratory, but as his sleeping quarters as well. The cos-
monaut 1s therefore not indifferent to the interior appointment of the
cabin and all of the equipment within. A cabin that provides no con-
trast and instruments and control levers that are roughly made and not
pleasing to the eye will not enhance the maintenance of high nervous-
system tonus and even, quite the opposite, can produce a state of irri-
tation in the cosmonaut and impair his abllity to work. Space-vehicle

cabins and their equipment must therefore be painted in a manner which
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takes into consideration the conditions of the flight and the nature of
the artificial and natural lighting. The instruments and levers must be
fabricated so that they satisfy high artistic and aesthetic require-
ments. The instrument panels and the control consoles, as well as the
instruments themselves, must be painted in light pleasing shades which |
harmonige with the color of the cabin. As an exception we can cite the
instruments intended for indication of parameters of vital significance.

The faces of these instruments, intended to provide exact and rap-
14 readings, are best painted in shades providing the greatest contrast
(black-white).

In our examination of the prcblems associated with the assembly of
a space-vehicle cabin we should take note of the fact that the aesthe-
tic and artistic approach should be extended in equal measure to the
control units, i.e., the buttons, switches, etc. From this standpoint,
the most appropriate shape for the control levers 1s the keyboard which
in recent times has gained widespread acceptance in the assembly of
control positions. These are not only pleasing in shape, but exhibit a
number of advantages associated with convenience of use. The keyboard
provides for the more compact distribution of the control units, and it
is canvenient to identify them; the "on-off" positions are easily visi-
ble on the console and are convenient when working with gloves.

In the development of space-vehicle instrumentation the instrument
making experience accumulated by engineering psychology was used to
some extent in various branches of industry and particularly in the
aviation industry. However, the specific conditions of flight in space
vehicles impose unique requirements on the monitoring-measuring instru-
ments. The means of adapting the information systems to effective stim-
ulation by means of an analyzer, to the rapid and exact evaluation of
inforuation and, consequently, to the execution of assignments with re-
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gard to control aboarc an aircraft and a space vehicle are both similar
and different. A space flight in terms of its characteristics 1s sharp-
ly delineated into phases (stages). In this connection, unlike the
flight in an aircraft, the individual phases (stages) such as, for ex-
ample, an orbital flight, may proceed over an extremely prolonged per-
iod of time, while entry into and descent from an orbit to the earth
takes but a comparatively short period of time. The nature of space
flight 1s such that there is no need for the cosmonaut to receive in-
formation from all or from most of his instruments simultaneously; to
the contrary, in each stage he uses but a limited number of instruments.
During the orbital-flight stage he has no need to refer to those in-
struments designed for either launch or landing. Only on rare occasions
will he have to refer to those instrument complexes required for the
linking of space vehicles with space stations. As a result, in order to
facilitate the work of the cosmonaut, information must be supplied in
stages. This principle obviously 1s most easlly realized if the space-
vehicle indication systems make extensive use of indicators operating
with electron-beam tubes.

Let us dwell briefly on the results of comparative investi-
gations of a number of manual vehicle-orientation control systems. The
principles employed in the evaluation of systems have been described
above and were used in an investigation of the systems of manual angu-
lar vehicle-motion control with a relay control law, where the angular
velocity of object motion attained a certain (constant) velocity upon
appearance of a control signal. The specificity of the transient res-
ponse to control of the obJject's angular motion included its duration
and the absence of any natural damping. A three-channel contact control
key and a speclal keyboard console were experimentally compared.

The experiments showed that prolonged depression cf a key at a
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certain angle calls for concentrated attention on the part of the oper-
ator to maintain the key in the required position. Prolonged concentra-
tion of attention on the maintenance of the key hinders the accomplish-
ment of the required monitoring of instrument information and warning
signals. As a result of fatigue in the hand and a reduction in the at-
tention devoted to the maintenance of the key in the requlred position
leads to involuntary shutting off and erroneous switching on of control
channels. The angular-motion control process has been changed radically
through resort to the keyboard console. The average values of the par-
ameters characterizing the work of an operator handling these control

units are presented in the table.

AORNOM)
5 Cpepmee smawemms oGoSmemmolt ommGxs yrao-
BOrC HOACHIONES, » IPAAYCAX 5.87 ?87

15,4 i,
g wmmnymomw:

YEPARACEED B HPOROCCSs OAHONC MEKEA OpHeR-

Tamum
8 Cpemmee BpeMa CYNTMBANEA OANOTO BHJNKATO-
Pa B HPONSCCs YNPABNGEESA, B COK. 3,14 3,05

3,00 0,05

1; Paramever designation; 2) key control; 3) keyboard-console crntrol;
4) average time for orientation in relative units (in compariscn with
ideal control); 5) average value of generalized error in angular posi-
tion, in degrees; 6) average expenditure of energy, in conventional
units; 7) average number of erroneous actions with respect to control
during the process of a single orientation cycle; 8) average time re-
quired to read off a single indicator during the control process, 1iu
sec.

From the table we can see the advantages of controlling orienta-
tion by means of a keyboard console over control accomplished by means
of a three-channel contact key. In the first control case the average
time for orientation under identical 1initial conditions is shorter, the
expenditure of energy on the execution of a given control problem 1s
reduced, there is a significant reduction in the average number of er-
roneous orientation actions, and 1t is easler to train the skill of
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cantrolling the system. Moreover, the use of a keyboard console makes
it possible to raise the operator's range of scanning, to distribute
his attention more effectively, and at the same time to reduce the
average time required to perceive instrument readings during the pro-
cess of executing a control action, and it also makes it possible for
the operator to be distracted for a short time (in the case of need)
for some other activity (for example, to operate the radio key, etc.).

Data from the integrated recording of electrophysiological indica-
tors also show that operators executing control by means of a keyboard
console worked under more favorable conditions.

S.G. Mel'nik and Yu.A. Pozanov worked together with us on an ex-
perimental project on the possibility of determining the direction of
"movement" of obJects on the ground through a porthole relative to the

heading line when these obJjects were moving at low velocities.
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Fig. 5. The time required Fig. 6. The time required to
to perceive a deviation perceive deviations with res-
with respect to the angle pect to the angle of yaw as a
of yaw as a function of function of its magnitude. 1)
the angular velocity of w = 0.32 deg/sec; 2) w = 0.95
ob ject "movement! 1) sec; deg/sec; A) sec.
2) deg/sec.

The time required to perceive deviations with respect to yaw as a
function of the angular velocity of obJect motion 1s presented in Fig.
5.

The curve shows that with an increase in the velocity of motion
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on the part of points of reference on the ground, the time required to
perceive the direction of motion is reduced.

Pigure 6 shows the time required to perceive a deviation with res-
pect to the angle of yaw as a function of the magnitude of this devia-

tion at various angular velocities of object movement within the instru-
ment 's field of view.

The curve shows that with an increase in the angle of yaw the per-
ception time 1s reduced, since with an increase in the angle between
the direction of obJject movement and the longitudinal line of the
grid, given the same velocity of motion, the velocity component perpen-
dicular to tne heading line increases and movement distinguishable by
eye is accumulated within a shorter period of time. Experiments also
showed that without limitation of the observation time the accuracy of
perceiving the direction of object motion parallel to the heading line
is virtually independent of the velocity of obJject motion. The mean erw
ror in the determination of the direction of obJject movement relative
to the heading line does not exceed 1°. The error in the determination
of the angle of yaw with a reduction in the velocity of motion at the
surface of the earth will increase 1if not enough time 1is avallable.

After the initial manned space flights we can assume that a
trained cosmonaut is capable of functioning adequately during a flight
in unanticipated and cmergency situations, to control the space vehicle,
to repair the space-vehicle systems (in the case of an emergency), to
carry out various measurements and computations, including those not
covered in the program. It is true, and this should be stressed, that
all of this is still in need of thorough study and refinement during
the course of the forthcoming manned flights into outer space.

For the successful completion of the assignments confronting a
cosmonaut in flight, thorough training of the vehicle's crew on the
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ground 1is required.

The development of the required skills calls for the utilization
of training systems. These training facilities vary greatly iua termc of
designation and thelr significance in the system of cosmonaut training
and structural execution. In this connection, it would be a good ldea

to present an approximate description of the training-facility
system required for the training of space-vehicle crews.

Depending on the type and nature of cosmonaut training, all train-
ing facilities can be divided into two hasic groups: trainers and
training facilities designed to condition che organism of the cosmonaut
to the conditions of space flight; training facilities to develop the
skills of the cosmonauts with respect to vehicle and vehicle-system
control.

In addition, we can have comblned training facilitlies in which the
cosmonauts are trained to perform their activities aboard the space
vehicle with skill, while at the same time conditioning the cosmonauts'
organisms to the extreme conditions of cosmic flight. The first group
might 1include trainers and facilitles for physical and special training,
as well as tralning devices designed to simulate the amblent medium and
conditions of space flight. Below we willl dwell in greater detail only
on the second group which includes the training facilities designed to
develop the professional skills required for vehicle and vehicle-system
control. Depending on the effect on the human organism exerted by the
factors of motion, these training facilities may be of the dynamic or
of the static variety. Dynamic training facilities involve devices in
which the cabin or work position of the operator being trained moves in
conjunction with the modeled dynamics of the vehicle. Thus in dynamic
training devices the human organism 18 acted upon by angular velocities
and angular and linear acceleration. In static training installations
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the cabin is in a fixed position.

Depending on the volume of the systems being modeled, and also
depending on the stages of the flight and the problems being simulated,
the training facilities designed to develop professional skills on the
part of the cosmonauts may be designated as universal, integrated, spe-
clalized, or functional.

The universal trainer is a unified multipurpose facility designed
to train crews for various types of space vehicles. It is an extremely
complex installation whose characteristics can be altered and ad justed
in accordance with the characteristics of various projected or existing
space vehicles.

The integrated trainer 1is designed to provide for the training of
all members of a crew in activities aboard a specific type of space
vehicle during all stages of flight.

Proceeding from contemporary concepts of possible types of space
vehicles and the need for the training of cosmonauts as thoroughly as
possible, provision should be made for the following types of integra-
ted trainers: for the crew of an interplanetary vehicle, for the crew of
a space station, for the crews of satellite vehicles, and for the crews
of astroplanes.

The specialized trainer 13 one intended for the development of
skills in a wide range of specific operations required to carry out
special assignments in a forthcoming space flight. In the specialized
trainers the memdbers of the crew must develop the skills to use certain
of the systems designed to solve one or more flight problems.

The functional trainer is iutended for the development of skills
in :onnection with operations of a single type of activity or to train
in such individual human functions as concentration, alertness, etc.
This trainer requires no precise modeling of any specific system with
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which the operator is called upon to work. The trainer must simulate
only that which 1s required to elevate the functional capacity of the
human being lor the given type of activity.

In connection with the fact that without corresponding reinforce-
ment, certain of the¢ operator acquired skills may be lost, in additicn
to the above-indicated training fac’lities, specialized on-board train-
ers are required and these should be designed to maintain the required
skills of the cosmonauts to carry out vital operations in the case c¢f
a prolonged space flight. These trainers may include, for example, a
unit designed to train in landing on the earth or on planets, a unit to
train in rendezvous with space stations, etc. The development and prc-
duction of universal tralners at the present time is hardly expedient.
The problem here lles in the fact that the assignments which must be
carried cut aboard space vericles of various types, and the character-
istics of the control element, are extremely varied. The reproduction
of the characteristics of the various control elements, changing over a
wide range, and the simulation of the operation of all space-vehicle
systems would make the universal trailner cumbersome, expensive, and
highly inefficient. Moreover, with the subsequent conquest of space,
the number of various vehicles will increase and the training capacity
of the universal tralner will not satisfy the requirements of training
the crews for the various types of space vehicles.

Our analysis leads to the conclusion that trainers for the devel-
opment of professional skills in the work performed by members of crews
must be constructed in accordance with the designation of each space
vehicle and in accordance with the features of cosmonaut activity
aboard the corresponding type of vehicle.

For thorough cosmonaut training, as well as for purposes of scien-
tific and research projects directed at the study of efficlent methods
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of indication and signaling, at the study of manual and semi-automatic
control systems, and the assembly of space-vehicle equipment, we anust
have three types of trainers: integrated, specialized, and functional.
This would provide for efficient training of an individual for profes-
sional activity under conditions of space flight.

~ In this work we have dwelt only on certain general problems of en-
gineering psychology which, as the schedules for the conquest of outer
space are expanded and as the control systems and the vehicle equipment
with which a cosmonaut will have to work in flight become more complex,
will be called upon to resolve an ever-increasing range of problems as-
soclated with the development of space-vehicle systems.

The first results in the area of engineering psychology in cosmo-
nautics offer the hope that the methods of engineering psychology and
the meaningful work of psychologists, doctors, engineers, designers,
and the cosmonauts themselves will aid in attaining more effective so-
lutions to the problems of interaction between .operator and machine 1in
such a complex biomechanical system of control as a piloted space veh-
icle.
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UDK 629.198. 61
REACTIVITY STATE OF ANIMAL ORGANISM AFTER SUBJECTION
TO CERTAIN SPACE-PLIGHT PACTORS
V.V. Antipov, V.I. Davydov, E.F. Panchenkova,
P.P. Saksonov and G.A. Chernov

Data are given on the changes in the reactivity of animals to phys-
ical exertion following subjection to g-forces, the cambined action of
acceleration and x-irradiation, and irradia. .on by 120-Mev protons. The
shifts detected indicate a persistent change in the stability to physi-
cal load following subjection to acceleration, ionizing radiation and
cambinations of these factors. The change in the tolerance of centrifug-
ed animals to physical load correlates with ceruloplasmin shifts in the

blood serum.

The problem of the reactivity of an organism under flight condi-
tions has acquired great practical importance in connection with man's
successful mastery of outer space.

In evaluating the reaction of an organism during flight to one or
another facstor, it 1is necessary to take its functional state into ac-
count, and this depends on many characteristics of the flight and pri-
marily on its duration and the type of orbit. Thus, for example, as the
flight time increases, the importance of the vibrations and accelera-
tions that arise during launching of the vehicle decreases, and the im-
portance of such factors as weightlessness, cosmic radiation, etc., in-
creases.

It 1s quite obvious that under actual space-conditions, the widest
imaginable variety of combinations in the action of the factors is pos-
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sible — as regards force, duration and sequence — and that this makes
it difficult to analyze the mechanisms and predict the over-all effect.
On the other hand, knowledge of possible deviations in the organism's
reactions under these conditions 1s necessary for elaboration and use
of various methods for protecting it from the injurious effects of
space flight.

Despite the fact that certain advances have already been scored in
this field, many problems of reactivity in zcosmic biloloby and medicine
still require solution. This applies 1in particular to study of the or-
ganism's functional state, 1ts tolerance for various factors in the
external enviromment after being subject to transverse acceleration,
corpuscular radiation, welightlessness and the like. Investigation of
the organism's reactions when dynamic factors of space flight and ioni-
zing radlation act in concert 1s of great practical interest.

A number of papers have been devoted to study of the organism's re-
activity after subjection to acceleration [1, 2].

Another important factor in space flight 1s cosmic radiation — one
of the principal obstacles to the conquest of outer space [3, 4]. To a
considerable degree, the cosmic radiation consists of high-energy pro-
tons generated by solar chromospheric layers; these garticles are also
found in the composition of the outer and inner radiation belts. This
enhances substantially the possibility of radiation inJjury 1in space
flights of long duration.

Numerous studles indicate that the reactivity of animals after y-
and x-1irradiation, during the phase of acute radliation sickness, var-
ies quite substantially. Definite interest attaches to study of the cr-
ganism's reactivity after the manifest clinical symptcms of acute radia-
tion sickness have disappeared, with the obJject of obtaining a bdasis
for evaluating the degree to which the disturbed functions have been re-
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stored. It is known that proton irrediation produces more persistent
irreversible changes in certain organs and tissues and results in a
greater number of cases (as compared with ¢ and x-irradiation) of mal-
ignant neoplasms as a remote aftereffect [5].

The present study has resolved same of the problems outlined above:
the resistance of the organism was studied after subjection to acceler-
ations, bombardment with high-energy protons and the combined action of
acceleration and ionizing radiation. An attempt was also made to unveil
some of the mechanisms behind the organism's tolerance changes as an
effect of transverse accelerations. The functional state of the organ-
ism after acceleration and exposure to ionizing radiation was evaluated
by applying a physical load: the animals were made to swim until they
perished. Application of such an extreordinary load makes it possible
to bring out more fully the state of the organism's compensatory mechan-
isms after sudbjection to the space-flight factors under study.

METHOD

Experiments were performed on 700 nonlineal mice and 80 rats.

A study of the animals' tolerance to physical exertion following
acceleration was made in the first series of experiments. In one case
the mice were investigated 15 minutes after subjection to acceleration,
and then 1, 2 and 4 hours and 1, 3 and 7 days ~fter a single dose of
acceleration (8 g, 20 min in the ventrodorsal direction). In another
case the animals were subjected to three acceleration treatments at
weekly intervals and given the physical-exertion test 4 hours after the
last centrifuging.

The experiments of the second series were performed on male rats
following irrediation with 120 Mev protons in a dose of 700-850 or 1400-
1770 rad at a dose rate of 60 + 10 red/min. The animals were proton-bom-
barded in the pulsed beam of the OIYal synchrocyclotron (located at
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8

Dubno) with a flux density of 10°-10° protons per cm®

1. There were

-gsec
100 pulses per second, each lasting 200-400 usec. The proton energles
were reduced to 120 Mev by use of polyethylene blocks 1.5 m thick, sup-
plemented by 6 cm of lead. The flux intensity and the proton dose were
deter 1ined from the activity induced in carbon indicators.

Animals of this series were tested for tolerance to physical load
40 days after irradiation, and then the weights of the spleen and left
suprarenal glands were determined.

In a third series of experiments, we studied the tolerance of the
mice for physical exertiorn after combined subjection to acceleration and
x-1irradiation. The animals were subjected to a g-force (8 g for 15 min)
4 hours before irradiation in doses of 400 and 700 r. The irradiation
conditions were as follows: 180 kv, 10 ma, Al-1.0 mm, Cu 0.5 mm, dose
rate 13 r/min. Also determined for the mice that had been subjected to
acceleration were the ceruloplasmin activity in the blood serum, using
R. Henry's method [6], and the bilological activity of whole blood after
preliminary hemolysis of the erythrocytes with distilled water and pre-
cipitation of the blood proteins with hydrated zinc oxide (NaOH — ZnSOu).
The supernatant liquid was tested for serotonin creatinine sulfate on
a section of rat large intestine.

The physical-exertion te t imposed on the animals was that of al-
lowing them to swim until they perished. The water temperature in the
swimming tub was 1}200. In view of the seasonal differeaces in the tol-
erance of the animals to various envirommental factors, each experimen-
tal group had 1its own control.

The experimental data obtained were processed by the Litchfield
probit analysis method (7], with det:rmination of t:e average effective
swimming time (ETSO) of the experimental animals. The statistical pro-

cessing given other indicators amounted to determination of the arithme-
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tic mean and the root-mean-square error.
RESULTS AND DISCUSSION

The results of the first-series experiments are assembled in Ta-
bles 1 and 2. As will be seen from Table 1, the tolerance of the mice
(males and females) to physical exertion varies as follows between var-
ious points in time after subjection to g-forces. At first (15 minutes |
after acoceleration), the tolerance of the experimental animals shows |
no differences from that of the control; 1-2 hours after the accelera-
tion, the n'so increases (P < 0.05), but it has dropped sharply 4 hours
after the acceleration (P < 0.05). On the Tth day after centrifuging,
there was a definite increase in the tolerance of the mice to physical
load. The data obtained represent testimony to the effect that the func-
tional changes occurring during acceleration last for a very long time.

TABLE 1

Averege Time before Death of 50% of
Mice mso) Dur'ng Physical Exertion

Following Acceleration

I Noan-

Dpoun elenne-
Reowe sene | weves | 27, |JMeemvemme
)
= 2:1. 31-0- P" aun 5"_“'_‘“
a8 Kesvpem 7| 28 170 81494194
IS wmm. Y 160 1424172
4 wee. 23 21 19+ 23
25.01.68 | 113¢ wec 2 150 1204187
1.8 24 114 906137
12 | e M 160 147 4174
2wall| 154 1454-164
7 Keuvpeme 4 ) 2404328
3.08.8 e 1 % -3 174 24
Temvpem 4 206 1994218
o0 i 320 % | wm | wman
I’ 199 B,i72
1570 qws : 30 M7

1) Date of experiment; 2) time between acceleration and test; 3) number
of animals; 4) ET.., min; 5) confidence limits (min) with P = 0.05; 6)
24 January 1962; 2°7) control; 8) 149 to 194; 9) 15 min; 10) 4 hours;
11) 24 hours; 12) 1 hour; 13) 2 hours; 14) on 3rd day; 15) 7th day.

The changes observed following acceleration can be related to shifts
in the activity of certain biological active compounds in the blood.
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Fig. 1. Comparative data
on variation of cerulo-
plasmin activity (1), bi-
ological activity of
blood (2), and mean ef-
fective swimming time (3)
after acceleration. A) %
with reference to control;
B) hours; C) days; D) af-
ter disturbance.

Juxtaposition of the curves in Fig. 1 in-
dicates that the general directicn taken
by the changes 1s quite uniform. The cor-
relation between these three indices 1is
most distinctly manifest on the 5th to
Tth days after acceleration: with in-
creasing ceruloplasmin and blological ac-
tivity of the blood, the tolerance of
the centrifuged mice to physical exer-
tion increases. The literature contalns
references to the effect that ceruloplas-
min increases in the plasma under vari-

ous stress-type disturbances and in many

pathological states. The universal nature

of this reaction has made it possible to conclude that ceruloplasmin 1is

TABLE 2

Seasonal Changes 1n Tolerances of Mice
to Physical Exertion 4 Hours after

Acceleration
e BTw. | 8ue rpannnn
o foresy Sormuz | | (g o

&} 8
24.01.62 Kourpoasnan 23 170 1494194
. Onuvmen 9 23 21 19+-23
30.01.62 { Kourpossman 24 280 | 240+4-325
Onurnen pZ} 20 17424
2.02.62 Kourpossman 24 130 98.+172
6.02.62 | 7 Komrpoasman 24 206 | 1934218
7.02. Kowrpoasnan 24 184 166 +-204
e 7K Onurtean 2; lg l;g+220
02. ONTPORLEAR | +|19

® 10 33 24459
9.09.02 7mmpnu9 | | et

03. /| +2
7. Ouurnen 9 15 4 | 28r9

2 M 23451

(Tpeznper-
) ya:r-o) 2 ) 449
30.03.64 Keavpomsas 7 » n 8+14

1) Date of experiment; 2) group; 3) number of animals; 4) ETgo, min; 5)
confidence limits (min) with P = 0.05; 6) 24 January 1962;7)“control; 8)

149 to 194; 9) experimental; 10) experimental (three accelerations).
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an adaptation enzyme [8, 9). It 1s also interesting to note that in hu-
mans in a state of heightened activity, awareness, excitement and sleep-
lessness, the copper content in the blood rises (the basic portion —
96% — of the copper in the blood 1is bound in ceruloplasmin) and, con-
versely, the bloocd copper content drops in states of drowsiness and re-
laxation [9). It would appear that there is something in common in the
mechanisms (most probably neuroendocrine) behind the rise in ceruloplas-
min, the biological activity of the blood and the physical tolerance of
the centrifuged mice. The nonuniform reactivity that we observed in the
animals after acceleration in various months of the year (January, Feb-
ruary, March) indicates that the neuroendocrine system 1s involved to
some degree (Table 2).

Thus, we established that the tolerance of the control animals for
physical exertion is quite substantially different for different times
of the year: in March, the m'50 was reliably lower than the figures ob-
tained in January and at the beginning of February (Table 2, Pig. 2).
Figure 2 presents results that indicate changes in the physical toler-
ance of mice 4 hours after acceleration. Our attention is drawn to the
opposite directions taken by the changes in the physical stability of
the control and experimental mice in January and March. It 1is also known
from literature sources that readjustment of the hypothalamo-hypophyseal-
endocrine system takes place on seasonal changes in the enviromment (101}
Thus, we observe a perverted response of the hypothalamo-hypophyseal sys-
tem in response to adequate envirommental stimuli in animals that have
been subjected to ionizing radiation [11, 12].

The results of the second series cf experiments are presented in
Table 3. In all groups in which the animals were subjected to proton ir-
radiation, the swimming m'so of the animals was shorter than that of the
control group. For irradiation in a dose of 1400-1770 rad, the ET;,, was
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Fig. 2. Seasonal changes in tolerance for physical load 4 hours after
acceleration. 1) Control of 24 January 1962 taken as 100%; 2) own con-

trol group taken as 100%; shaded zone indicates reliable control inter
val (%) with P = 0.05. A} Date of experiment; B) 30 March.
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TABLE 3

Average Swimming Time and Weight of Spleen and Su-
prarenal Glandn?Left) in Rats 40 Days after Irradi-
ation with 120-Mev Protons

1 Keam- Coomnt 4 7 ? 6""-"-""’
. z'i.-n.o aun :::- »ne :—:— ; %
poan poan - now?-
pean 5
Kmpnl? 10 lemser2l2e 1% 8173£572 1832124
1000—1700 pod| ¢ 15682008 1008+13)| 5 [e530x04s| 85 | 228226 | 123

700880 pod | 19 [2088:88] 18 (16+21)| 82 04| 76 | 19,1087 | 108
m—uoro 18 (2106293 19 (16+-3¢)| 88 uum' 78 | 10,7212 | 108
12(®+A)°

Note: *F + A: phenatine (2 mg/kg) + ascorbic acid (200 mg/kg).
1) Groui; 2) number of animals; 3) average weight of animals, g; 4) min-

utes; 5) in % of control; 6) weight of spleen; 7) mg; 8) weight of su-
prarenal giand; 9) control; 10) 19 to 26; 11) rad; 12) (F + A).*

45%, and witah 700-850 rad it was 82% with reference to the control. In
animals that had been irradiated with a dose of 1400-1770 rad, the
weight of the spleen was 45% lower than in the control, while the weight
of the suprarenals was 23% higher. The weight of all organs in rats
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that had been irradiated with a dose of 700-850 rad differed little
from the corresponding figures for the control rats. Thus, despite the
absence of clinical symptoms of radiation injury in proton-irradiated
rats, the tolerance for physical load was lower than in the control.

The group of animals that had been irradiated with a dose of 700-
850 rad was given an intraabdominal injection of phenatine (2 mg/kg)
and ascordic acid (200 mg/kg) 30 min before subjection to the physical
load with the purpose of raising the tolerance of the irradiated rats
to this exertion. It is known that whole-body irradiation is accompan-
ied by a considerable decrease in the ascorbic acid content in the supra-
renals [13, 15]. Injection of this vitamin into the organism should
obviously increase the tolerance of the irradiated rats for physical
exertion, the more so because the gynthesis of corticoids uses ascor-
bic acid. On the other hand, it has been established that phenatine
(p-phenylisopropyl nicotinamide), which has a sympathicomimetic effect,
increases adility to perform work.

The physical-exertion test indicated that the B'r5o of swimming was
somewhat higher for animals that had dbeen giv>n phenatine and ascorbic
acid than in rets that had not been given the preparation. The swimming
!1'84 for irradiated and control animals approximated the value of the
corresponding index for the control group: 29 and 30 min, respectively.
However, the increase in swimming time in irradiated animals to which
the preparations had been administered was statistically unreliable as
compared with the irradiated control. The absence of a substantial in-
crease in physical endurance in the irrsdiated animals after administra-
tion of phenatine to them is obviously related to functional insuffi-
ciency of the suprarenal glands, since it 1is known that the basic effect
of preparetions of this type 1is simply to reise the sensitivity of ad-
renoreactive systems to adrenaline and sympathetic impulses.
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In the third ser.c. of experiments, an attempt was made to evalu-
ate the tolerance to physical exertion af'ter combined subjection to ac-
celeration and irradiation, the most realistic simulation of space-
flight conditions. The experimeuts were performed in March. We expected
that since the tolerance of the centrifuged mice for physical exertion
was higher during this period, the resistance to the effects of ioni-
zing radiation would also be higher. The experimental data secured are
shown in Fig. 3. As will be seen from the figure, the mortality of the
animals after combined subjection to acceleration and irradiation was
lower than for x-1irradiacion taken alone. This relationship was obser-
ved for both of the doses used. Acceleration before irradiation increas-
ed the DL50/30 by approximately 100 r as compared with the figure for
the irradiation control. The animals that had survived irradiation were
given the physical-endurance test.The swimming ETSO was 11 min for the
control, 11.2 min for acceleration + irradiation with 400 r, 9 min for
irradiation with 400 r, 9 min for acceleration + irradiation with 700 r
and 5 min for irradiation with 700 r. As will be seen from these data,

the swimmning ET for the animals that had survived the combined treat-

50
ment was higher than in the corresponding irradiation coritrol. The ETSO
correlated with the survival rate on the 30th day after irradlation.

An increase in the radioresistance of centrifuged animals was also
noted by Zellmer [16]. At the present time, 1t 1s difficult to glve an
exhaustive explanation for this phenomenon. It can only be stated that
tissue hypoxia (parti:ularly in the hypothalamic region of the brain)
due to the g-forces may result in an incrcase in the activity of the
pitultary-adrenal cortex link in the neuroendocrine regulatory system.
It is known that an increase !in the functional activity of the adrenal

cortex produced by administration of salicylates, AKTG [ACTH) or desoxy-

corticosterone acetate increases to a certaln degree the resistance of
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Fig. 3. Probit lines. 1) Mortality on 30th day after x-irradiation; 2)
mort.lity on 30th day after acceleration + x-irradiatiocn; 3) physical
endurance of control animals; 4) after irradiation with 400 r; 5) after
acceleration + irradiation with 400 r; 6) after irradiation with 700 r;
7) after acceleration + irradiation with 700 r. The graduation on the
lower abscissa is for curves 1 and 2, and that on the upper abscissa re-
fers to curves 3-7. A) Swimming time, min; B) mortality, %; C) probits;
D) dose, r.
animals to whole-body irradiation [17). This mechanism in the "protec-
tive" effect of radiation would obviously not be the only one. Tissuc
hypoxia may give rise to formation of other tissue metabolism products.
It 1s interesting in this connection to examine literature data on the
existence of a speciilized hemopoletic factor resisting the effects of
ionizing radiation and generated during hypoxia.
CONCLUSIONS

1. A statistically reliable Jdecrease had taken place in the physi-
cal tolerance of the animals 4 hours after acceleration, and was follow-
ed by a rise in this index one week after subjection to the g-forces.

Seasonal variations in physical endurance were noted in animals that had
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been subjected to acceleration.

2. The changes in the reactivity of centrifuged animals to physi-

cal exertion correlate with ceruloplasmin shifts in the blood.

3. The tolerance of the animals for physical load was reduced 40

days after irradiation with 700-1770 rad of 120-Mev protons.

4. Preliminary centrifuging elevated the resistance of the animals

to x-1rradiation to some degree.

Recelved

7 May 13€4
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UDK 629.198. 61
EXPERIMENTAL INVESTIGATIONS OF THE INFLUENCE OF LANDING IMPACT g-FORCES
ON THE ANIMAL ORGANISM
S.A. Gozulov, G.P. Mirolyubov, N.N. Popov and N.I. Frolov

The results of experimental studies of the effect of landing-im-
pact g-forces on animals are reported. The manner in which morphclogi-
cal changes in the internal organs and the degree of disturbance to the
functions of the cardiovascular system depend on the magnitude of the
disturbance 1s determined.

The impact of an airplane with the ground in a forced landing or
the touchdown of separable parts of aerospace vehicles (cabins, escape
capsules, etc.) on the surface of the ground or water is attended by
impact overloads of great magnitude.

In recent years, interest in study of the effect on the organism
of landing overloads has heightened in connection with the development
of systems for landing space vehicles on the earth or other planets
(1, 2].

Distinctive characteristics of the landing overioads 1include theilr
short duration, high rise rates of the order of thousands of units per
second, and their high peak magnitude.

The above overload parameters are determmined by the character of
the 801l on which deceleration takes place and the speed at which the
cabin 1s descending at the moment of impact. Increasing the descent vel-
onity or reducing the deceleration path of the vehicle to be landed re-
sults in a sharp increase in the overload. For a given descent rate, an

increase 1in the peak overload results from a shortening of its duration
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— of the deceleration path.

According to foreign authors, the optimum touchdown speed of a

space-vehicle cabin from the standpoint of engineering calculations is

of the order of 7-9 m/sec [3].

Depending on the design characteristics

and landing engines of the vehicle, the most favorable descent speed

may be increased to 20-30 m/sec. On the basis of personnel-safety con-

siderations, it is recommended that the touchdown speed be below 12.2

m/sec, since failure of the retro-firing landing engines can be allowed

for in this case [4]

In the present investigation, we studied the consequ aces for an-

imals (rats and dogs) of impact overloads produced on touchdown at a

speed of 4 to 13.6 m/sec. The highest values of the average overload
reached 800-900 min, and the duration varied from 10 to 1 msec.

The experiments were run on an impact machine that made it possi-
ble to vary the falling height (speed) of the platform and the path
(time) of its deceleration within the necessary limits. The animals
were secured to the dropping platform in a special bed, placed in the
horizontal position in such a way that the overload would act in the

dorsoventral direction.

TABLE 1

Prequency of Injuries to
CQrtamc{():ngu’:)o i’.n Rats

-— ne

3} Toses &) ﬁ"’“’“gi
ver
tntim;‘G) heart and .

Jor vessels; 7) nplnn; 8)
brain.

A total of 169 experiments were per-
formed with a single fall (100 on rats and
69 on dogs), plus 40 with repeated (up to
5) applications of the impact overload (on
3 rats and 5 dogs). The electrocardiogram
and respiratory frequency were registered
for the rats, while for the dogs, 1in addi-
tion to the above, we traced the arterial
pressure by the tachooscillator method,

using an electromagnetic or pilezoelectric
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sensor. The arterial pressure was recorded from the carotid artery,
which was diverted into a skin flap, or, in some of the experiments,
from the animal's caudal artery by a supplementary technique.

The results of studies of the physiologicel functions indicated
for the rats that the nature of the pulse-frequency variation after
the disturbance depends on the magnitude of the overload sustained. For
relatively small overloads, the pulse frequency either rises (43%) or
drops (57%) by 20-30% immediately after touchdown. After a heavy g-force
has been sustained, however, the pulse frequency decreases in all casec
to 504 of the initial value, i.e., an absolute depression of the func-
tion 1s noted [5].

This qualitative change in the reaction as a function of the magni-
tude of the g-force sustained had a characteristic limit for each range
of landing speed. Trs, for example, at speeds from 7.5 to 10 m/sec,

a slackening of pulse frequency was observed after g-forces of 350-400
units, while for speeds of 11-13.2 m/sec, the corresponding phenomenon
arose at overloads as low as 200-250 units. If, on the other hand, the
touchdown speed did not exceed 6 m/sec, no decrease in pulse frequency
was observed in the animals under the same experimental conditions even
with g-forces of 500 units and more.

The data obtained show that fora given descent speed, the extent
to which the pulse slackens increases with increacing operating over-
load or, for & given overload, with increasing touchdown speed. The
same type of correspondence is observed in the extent of injury to the
internal organs. In the absolute majority of cases, when the impact dis-
turbance caused a slackening of the animal's pulse frequencies it wcs
accompanied by injury to their internal organs (ruptures of the capsulc
or parenchyma of an organ, extravasation of varying degrees, and, in
cccasional cases, fat embolism). In 100 rats subject to the disturbance,

- 49 -



damage to one or more organs was observed in 82 cases, while in the
other 18 only occasional subcutaneous or intremuscular extravasation
was noted.

The frequency of injuries to the rats' internal organs was not un-
iform (Table 1). Most frequently injured were the lungs, liver, loops
of the intestine and the mesentery; the heart, major vessels and bdrain
were less frequently damaged. In occasional cases, we also noted ex-
travasation inthe perinephric cellular tissue and sudbcapsular extravasa-
tion in the spleen. No cases of bone injury were observed with g-forces
of this magnitude.

Pathomorphological examinations showed that in addition to the num-
erous hemorrhages resulting from impact overloads of large magnitude,
extensive rupturing of the lungs and liver occur, in relation, as are
the injuries in other regions, to the direction of the impact and the
situation of the organs (impingement on adjacent parts of the skeleton,
as well as collisions of organs with other organs). landing overloads
of great magnitude may, in combination with primary injury to the crgans
and tissues of the organism, also produce secondary degenerative changes
matching the morphological pattern of drain concussion, which is mocre
distinct in the dog [6]). Pollowing application of small g-forces, i.e.,
those that do not produce absolute bradycardia under the present exper-
imental conditions, the changes registered in the electrocardiogram were
insigniiicant and inconsistent.

As the opereting g-force is increased, characteristic changes ap-
pear in the electrocardiograms; the S-wave deepens and the T-wave rises
to amplitudes of 0.05-0.1 mv; the S-T segment also shifts to a position
above the isoelectric line. In adbout 12-15§ of cases, poclytopic ventri-
cular extresystoles, auricular fidrillation and incamplete atrioventri-
cular dblock are observed after the impact disturbance. The changes regis-
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tered may indicate a functional disturbance that arises not only a:s a
result of extracardial causes, but also directly from "transitory myo-
cardial excitability block" due in this case to a mechanical impact dis-

turbance of the tissues and organs (7].

TABLE 2

Change in Frequencies of Pulse and Respiration
in Dogs on Application of Landing Overloads
(up to 200 units)

1 2 e upssennsumn 3 _Desas spusemacnss
iy 4 51 61 61 5 l 4
: 30 an. |t wen. {10 cox. {10 00n, [ n=a. | 30 umu
7

145° Hu 93| 142 45

'“"";3"“'“ | 4 [44s |43 | dlc| 48| 42
Yacrors % “| Q| 5| ¢ 2
sas ol (3 +10 +27 | +23 | £ | £3¢| 13

*Average + root-mean-square deviation.

1) Number of experiments; 2) before landing; 3) after landing; 4) 30
minutes; 5) 1 minute; §) 10 seconds; 7) pulse frequency; 8) respiratory
frequency.

In all of the experiments on dogs, the same same 13-13.6-m/sec
landing speed was used, and the average impact-overload value varicd
from 80 to 870 units. Landing with a g-force below 200 units (55 exper-
iments) produced the maximum quickening of the respiratory and cardia
frequencies immediately after impact, and in the first 10-15 sec. Then
the pulse and respiration returned to the initial level within 1-2 mir.
The dynamics >f the pi'lse and respiratory frequency changes are shown
in Table 2.

Only in two cases do we observe a slackening of the pulse (primary
brachycardia) and a brief suspension of respiration during the first
10 sec after application of a g-force smaller than 200 units; this 1is
then supplanted at 20 seconds by a quickening. The arterial pressures
prevalling before and after the disturbance were registered in 19 exper-
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iments of this series (g-force smaller than 200 units). Following the
variations of pulse frequency immediately after landing, the maximum
and minimum arterial pressures rose by 10-30 mm Hg.

In two dogs, polytopic ventricular extresystoles were observed to
arise on the electrocardiogram against a background of sharp change in
the pulse frequency at the 5th and 10th seconds after the disturbance.
During this interval, the pulse varied in one dog from 264 to 156 (ini-
tial level) over 5-10 sec, and in the other from 172 to 126 beats/min
(also down to the 1initial level). Usually, the function normalized in
the dogs at tle 3rd-5th minute after the g-force disturbance was applied.

rig. 1. a.n’;: in pulse and respiratory frequencies in dog on applica-
tion of land g-force greater than 200 units. 1) Pulse; 2) respire-

tion. A) Pulse frequency, beata/min; B) respiratory frequency, per min-
ute; C) defore disturdance; D) moment of disturbance; R) after disturd-
ance; P) minutes.

In experiments with g-forces greater than 200 units (14 experi-
ments), a slacloening of the pulse frequency by 40-60% and of the respinr-
atory frequency by 20-30%, or a 10-30-sec stoppage of respiration, was
observed in the dogs immediately after the disturbance. PFigure 1 shows
typical curves of pulse-frequency and respiretory-frequency variation.

Qualitative reaction changes were also in evidence in the case of
arterial pressure in this series of experiments. As a rule, we observed

at the first minute after the overloed a decrease in the maximum arter-



ial pressure by 30 mm Hg and a 20-mm-Hg drop in the minimum pressure,
and it did not reach the initial level, 1.e., there was only a relative
depression of the function after the disturbance.

No pathological disturbances were observed on the electrocardio-
grams of the dogs after application of large g-forces. A characteristic
Adervation (as for the smaller animals) was a deepening of the S-wave
and an increase in the T-wave against a gene.al background of tachycar-

dia.

To evaluate the cumulative effects, we ran a series of experiments
on white rats and dogs in which the impact g-force was applied repeated-
ly.

The rats were subjected to the disturbance three times, at 300-350
units with a 10-minute interval. The changes registered here in the res-
piratory frequency and pulse indicate that the changes observed in the
physiological functions are intensified when the impact disturbances
are repeated (Fig. 2). The disturbances to the cardiac rhythm (extra-
systole, atrioventricular dblock) become particularly pronounced. As will
be seen from Fig. 2, the first impact disturbance produced minor primary
slackening (inhibition) of the function. Subsequent disturbances were
accompanied by exacerbating disturbances to myocardial function, making
their appearance immediately after the disturbance.

In this series, the dogs were subjected to 45 applications of moa-
erate impact overloads (within the 200-unit range), the duration of
which was 10-15 msec, with an interval of 2-5 days between disturban 'es.
In the case of repeated disturbances of relatively small magnitude, no
increase was manifest in the functional derangements (Pig. 3), as had
been the case in the white rats subjected to large overloads. Moreover,
the provision of a sufficiently long interval between disturbances re-

sulted in a lesser degree of functional deviations in the repeated ex-
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periments. As will be seen from Fig. 4, a decrease in the extent of the
pulse-frequency deviations from the first to the fourth disturbance is
observed with repetition of relatively small disturbances separated by
adequate intervals of time. It i1s as though an adaptation to the extra-
ordinary force of the stimulus hes taken place. The sharpness of the
reflex reactions diminishes, despite an increase in the effective over-
load (from 92 to 158 units), and the heart accomplishes its work at a
more favorable physiological level. Thus, repeated application of land-
ing shocks may produce different physiological effects depending on 1its
magnitude and frequency of repetition.

g
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Fig. 2. Changes in pulse and respiratory frequencies of white rats on
repeated application of landing shocks. a) Before disturbance; b,c,d)

ist, 2nd and 3rd disturbances, respectively; 1,2,3) Numbers assigned to
animals. A) Pulse frequency, beats/min; B) respiratory frequency, per
minute; cl atrioventricular block; D) arrhythmia; E) extrasystolia,
on

fibrillation; F) fibrillation; G) minutes.

In addition to the functional disturbances, considerable damage
to the intemal organs occurs in dogs when they are subjected to land-
ing overloads of great magnitude. As in the small animals, the lungs,

liver, intestine, heart, etc., were most frequently injured in the dogs.

As a rule, more serious damage was detected on autopsy after repeated

disturbances, and an intensification of the destructive and dystrophic
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Fig. 3. Varilation of pulse frequency in dogs on repeated application of

landing-shock overload. 1,3,4) Ordinal numbers of disturbances. A) Pulse
frequency, beats/min; B) before disturbance; C) time of disturbance; D)

after disturbance; E) minutes.

changes in the brain matter was observed on histological examination.
Experiments performed on cats, rabbits and mice showed that damage

to the lungs arises as a result of transmission

2.
50 of the impact pressure that arises in the abdom-
z' inal cavity [8, 9). Severe injuries to the in-
_5 ternal organs are noted for g-forces greater

’”F than 300 units and descent rates of 6-8 m/sec.
::E The hypothesis has also been advanced [10, that

Fig. 4. Magnitudes smaller animals perish after impact overload not

of relative pulse-

frequency changes as a result of hemorrhaging or injuries to the

g?g;ggrgéggztignsgg organs, but from brain concussion — a Jjudgment
%ggg:?g;:hgggs?vgﬁg based on the observation that at the moment of
gégfgﬂiggefgggxgg? impact, the animals entered convulsions not re-
giistggfgigtiﬁgaﬁf' lated to the gravity of the macroscopic injur-
:ggig:tp%g:tzgis of les observed on autopsy. Histological examina-
grdmates; tions also support the possibility of brain con-

cussions having occurred as a result of the landing overload [6].
Of no lesser importance for the conditlion of the organism are the

disturbances to the heart function (extrasystolic arrhythmia, atrioven-

- 255 =



tricular block, ventricular fibrillation) and the drop in arterial pres-
sure below the physiological level. Since these phenomena arise concur-
rently with damage to the internal organs, it is not possible fully to
exclude their secondary origin. Nevertheless, there 1is reason for as-
cribing all of these disturbances to the direct effect of the impact
overload on the tissues of the organs of the body, including the heart
muscle. Similar observations of changes in heart function after subjec-
tion to explosion waves and air blasts, in which there was no macroscop-
ic injury done to the organs, were reported in Reference [11]. It would
appear that the reflexogenic region of the heart and major vessels 1is
of prime importance in the genesis of the derangements described here.
To ascertain the importance of reflexes from the region of the heart
during subjection to g-forces, we performed experiments on rats in which
they received measured blows on the chest. Here, together with other !
deviations, the electrocardiogram showed brachycardia, atrioventricular:
block and polytopic ventricular extrasystoles, 1.e., a pattern similar '
to that observed when the impact overload acts on the entire organism i
emerged. !
The material cited abovz represents testimony to the complexity of:
the mechanisms dy which the physiological functions are disturbed when :
landing-impact overloads are applied to the organism and the necessity
of devoting penetrating study to them. Specific recommdations for ways }

and means to ensure the safety of landing humans in one or another spac
vehicle can be developed on this basis. ‘

Recelved
3 Pebruary 1

- 256 -



REFERENCES

1. M.D. Cassidl and P.I. Sullivan, Aerospace Engineering, 20, *, 3¢,
1961.

2. R.R. Hesberg, Publ. Nat. Acad. Sci. Nat. Res. Council, 913, 7f,
1961.

3. Y.A. Holcomb, Ballistic Missile and Space Technol., 1, 107, 1960C.

4, Aviat. Week and Space Technol., 78, No. 21, 69, 1963.

Sn S.A. QGozulov, Voyenno-meditsinskiy zhurnal [Journal of Military
Medicine], No. 1, 62, 1962.

5. M.I. Kas'yanov and G.P. Mirolyubov, Collection entitled "Aviat:ior-
naya 1 kosmicheskaya meditsina" [Aviation and Space Medicinc],
Izd-vo AMN SSSR 1 Fizlologicheskogo ovshchestva [Publishing House
of the Academy of Medical Sclences USSR and the Physiological Co-
ciety], 1963, page 236.

7. B.M. Fedorov, Vliyanlye nervnoy regulyatsii na aritmii serdtsa
[Influence of Nerwvous Regulation on Arrhythmia of the Heart], Izd-
vo AMN SSSR [Publishing House of the Academy of Medical Sciencec
USSR], 1963.

8. R.F. Rushmer and Y.L. Green, J. Aviat. Med., 17, 84, 1946.

9. M.C. Donald, C. Kelly and R.Rey, J. Aviat. Med., 3, 92, 13948.

10. A.I. Gold, H.B. Hance, M. Kornhauser and R.W. Lauton, Aerospace
Med., 33, No. 2, 204, 1962,

11. C.F. Clemendson, J. British Interplanet Sci., 17, No. 9, 279, 1%/.C.



SHORT COMMUNICATIONS

UDK 551.521.6
DISTRIBUTION CHARACTERISTICS OF ELECTRONS WITH ENERGIES AROUND 100 kev
AT MODERATELY HIGH ALTITUDES ABOVE THE EARTH

V.V. Temnyy

A volume of data on the distribution of electrons with Ee > 50 kev
and protons with Ep > 50 Mev trapped by the earth's magnetic fleld was
obtained prior to 9 July 1962 in the region L < 2 by the "Kosmos-3" and
"Kosmos-5" satellites [1-3]. Here the electron fluxes in this region
were also observed at points at which the fleld strength B at fixed L
exceeds the value of the field strength Bi at an altitude of 100 km
over the earth's surface in the South Atlantic anomaly at the same L.
When the mean levels of captured-electron intensity were plotted in B,
L-coordinates, the scattering of the experimental points with respect
to these levels was considerably higher than the corresponding sc~tter
obtained for the high-energy protons [4]. This indicates that the scat-
ter obtained for the electron fluxes 1s not a result of inaccuracy of
the B, L-coordinates employed [5]. If we map levels of equal intensity
in a three-dimensional coordinate system, taking the geographic longi-
tude A into account (B, L and A), 1t 1s found that the scatter of the
experimental values decreases substantially as compared with that ob-
tained in the two-dimensional representation (B and L without A).
Strictly speaking, the third coordinate should have been Am — the geo-
magnetic longitude. For the case under consideration, however, the dis-
crepancy between Xm and A does not change the picture substantially.

Let us examine the positions of the experimental surfaces of equal
electron intensity that we have obtained in the (B, L, A) system. For
intensities lower than 2.10' particles - cm'z-sec'l, we observe the fol-
lowing pattern over the entire region L < 2: as we move toward the east
in the direction of electron drift from A ~ 0° to A ~ 120° of western
longitude, the fileld strength on surfaces of equal intensity increases
progressively as we move ioward the east in the direction of electron
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drift from a minimum at A ~ 0° (B ,,) to a maximum at A ~ 120° of west-
ern longitude. As we move further in the same direction, the field
strength diminishes progressively from the maximum at A -~ 120° of west-
ern longitude to a minimum at A ~ 0°. No substantial dependence of the
resulting shift on local time could be detected. Given adlabatic elec-
tron drilt, the fleld strength B should be constant on surfaces of equal
intensity. The picture obtalined can be accounted for, for example, by
the presence of a constant electric field that shifts the captive-elec-
tron mirror points into a region with higher field strength in the lon-
gitude interval from 0° to 120° of western longitude and into a region
with lower strength in the interval from 120° western longlitude to 0°,
Here, the fluxes registered with B >:%n1n may remain cartive after tran-
sit of the South Atlantic anomaly.

Another possible cause of the variation of the positions of equal-
intensity surfaces with longitude may be a mechanism that lowers the
captive-electron mirror points in a region with high fileld strengths.
In our motion toward the east from A ~ 0° to A ~ 120° of western longi-
tude, the shift of the surface toward larger B can be accounted for in
terms of predominance of the electron-influx process over the absorp-
tion process in these regions, while the shift toward smaller B for X\
from ~120° of western longitude to 0° would be due to preferential ab-
sorption of electrons in this region.

The particle flux escaping the capture region in drift around the
earth can be evaluated from data on the longitude variation of the in-
tensity with L and B fixed. It follows from the distributions obtained
for L = 1.6, the flux intensity at the bottom of the line of force has
diminished by about 8-106 particles - em™2-gec™ ! after one drift revol-
ution. If 1t 1s assumed that most of the electrons registered have en-
ergies of 100-150 kev, as has been confirmed experimentally in many
cases [6, 7] and 1s consistent with the spectrum of the electrons in
the inner belt according to data up to 9 July 1962 as given in [8],
then the estlmates glven indicate that for electrons of these energiles
the average flux escapling from the capture region to the maximum-loss
region (on meridians from 120° of western longitude to 0°) comes to ap-
proximately It - 1.5-103 particles - cm 2.sec” L, The rate of this "pre-
cipitation”" varies substantially with longitude.

From a known number of escaping electrons, we can determine the
quantity t — the "capture region replenishment time." For the given It
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and 2 known flux intensity in the equatorial region, the quantity =«
amounts to approximately 3-10" sec. For other L in the region L < 2,
the values of It and t are of the same order as for L = 1.6.

Thus, it can be affirmed that at low altitudes above the surface
of the earth in the region L < 2 there exists a substantial longitude
variation in the positions of surfaces of equal intensity with respect
to the field strength B.

The distribution described differs from that ohtained for adlaba-
tic electron moticn at high altitude.

In conclusion, the author expresses his gratitude to V.I. Krasovs-
kiy and Yu.I. Gal'perin for their discussion of the results obtained.

Recelved
20 July 1964
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