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SECTION I

INTRODUCTION

In several experiments w ith el ectron beams it is necessary to propagate an
intense relativistic electron beam through an evacuated cylindrical guide tube
along an externally imposed longitudinal magnetic field. Important examples in-
clude experiments involving microwave generation (references 1 through 5) collec-
tive ion acceleration (references 6 and 7), and autoacceleration (references 3 and
9). In other experiments initial propagation of an electron beam is not desired--
an important example again being collective ion acceleration (references 10
through 12).

Several previous studies of vacuum propagation have shown that for magneti c
field strengths of the order of a few kilogauss the primary limitation to effi-
cient transport of intense beams is the electrostatic potential depression whi ch
results from the electron beam space charge (references 13 through 19). If the
injected beam current exceeds the space charge limiting current of the guide
cavity a virtual cathode will form whose position and transparency are deter-
mined by several experimental parameters. It is also important to understand
the conditions for stable equilibrium transport of beams which do not exceed the
space charge limit. In this report we present several experimental observations
pertain ing to the injection of an intense electron beam into an evacuated drift
space, including virtual cathode formation and space charge limi ted beam trans-
port characteristics (beam spreading and beam oss) as a function of magnetic
field strength for a variety of injection conditIons . Brief discussions of
selected porti ons of this work have been given elsewhere (references 20 and 21).

This report is organized as follows. Section II presents a br’ief summary of
the theory pertaining to vacuum propagation , including virtual cathode formation
and various equilibrium and stability criteria. Section lii describes the ex-
perimental apparatus and the various diagnostics used to monito r the beam . Sec-
tion IV contains the main experimental results . These are discussed with respect
to the theory In section V, and perti nent conclusions are summrized in section Vi.

I
S
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SECTION II

THEORY

1. SPACE CHARGE LIMITING CURRENT

If it is assumed that the beam entering the cavity is mono—energetic and
that all electrons move parallel to a very strong externally imposed longitudinal
magnetic field , then the space charge potential probl em (for the stationary case)
reduces to the solution of Poisson ’s equation

= 4iren (1)

together with conservation of energy

- l )mc 2 — e~ = (
~ 

- l )mc 2 (2)

and the equation of continuity

(3)

In equati ons (1), (2), and (3) e and m are the charge and mass of an electron and
c is the speed of light; n is the electron density , ~ is the electrostatic poten-
tial , and (y — 1)mcZ is the electron kinetic energy (y

~ corresponds to the in-
jected energy). j is the current density defined by j = —env , where v is the
electron beam velocity vector.

Assuming cylindrical symmetry and combining equations (1) and (2) yields

1. L (r ~~~~~~~ + = 
4we2n

• r ar \ ar, 
~~ mc 2 (4)

• With the assumed geometry , equation (3) reduces to

= 0  (5)

6
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or j = -env
~ 

= f(r) only. Recognizing that

1/2
- (y2 - 1)

(6)

and substituting into equation (4) yiel ds

r ar \ ~rj ~~ (~~2 1)1/2 (7 )

where K = ~~-~-mc 3

The solution of equation (7) subject to the appropriate ~ undary conditions
describes the electron beam kinetic energy as a function of position in the
cavity . It is important to note that the nonlinear right hand side of equation
(7) has a singularity at ‘y- = 1. Physically, if the electron beam current be-
comes too large , a virtual cathode forms which then dlvioes the cavity into two
regions. Equation (7) must then be solved in each region subject to the appro-
priate boundary conditions supplemented by the equation V-y = 0 at the virtual
cathode. For the general case the virtual cathode represents scme i.~ner boun dar y
whose position and emission properties must be computed self-consistently.

There are several important special cases for which analytical so utions tc

equati on (7) are known to exist. If the radius of the cavity beccmes very much
greater than the cavity length , then the geometry is essentially that of a cap

between two infinite parallel planes perpendicular to the directed motion of the
electron beam . This problem represents a generalization of the inf inite planar
diode case and has been examined by Voronin , et al. (reference 22). At t~e ctner
extreme , when the length oF the cavity is very much greater than the cavity radius ,
the geometry is that of a beam propagating in an infinitely l ong pipe which has
been treated by Bogdankevich and Rukhadze (reference 23).

For the case of the beam in an infinitely long pipe , Olson has cbtained a
useful approximate expression for the space charge limi ting current (corresponc-
ing to the onset of virtual cathode formation) by ignoring variations in the beam
charge density due to the electrostatic potential (reference 24). For a uniform
elec tron beam of radi us rb, curren t 10, and kinetic energy (y0-l )mc 2 (i.e., no

I
7

$
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radial variations in beam energy) propagating in a conducting tube of radius ~~,

the approximate expression for the space charge limiting current is given by

‘Za = (mc 3/e) + 2 ~ (R/r b)]
1 

( )

which compares with Bogdank evich and Rukhadze ’s interpolation result

= 
(
~~ 2/ 3 l)3/2  (mc 3/e) [i + 2 ~ui 

(
R/rb)]

i 
(9)

• A similar procedure is now used to obtain an expression for the space charge
limiting current for a finite cavity . We wish to solve Poisson s equaticn , equa-
tion (1), subject to the boundary conditions

~ (R ,z) ~ (r ,o) = 
~ (r ,L) = 0 (10)

• where L and R are the length and radius of the cavity . The Green ’s function

~*hich satisfies the boundary conditions for such a cavity is given by (reference
25)

G(r,z;r’ ,z ’) ~~ ~0 (A nrjR) ~o 
(\nr ’IR)

n 1  x~ [J i(x )]
2 sinh

sinh (xrzi’R) sinh 

~ 
(L~zI)/R] , ~

sinh ~~ (L-z)/R] sinh (x~ z h/ R) , z > z (11)

Assuming a cha rge distribution given by

n , 0~~ r~~ r5n(r ,z’)
0 , r’~ .. rb (12)

The potential as a function of position within the cavity is evaluated as

8
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J (x r/R) J 1 (x r /R)
~(r ,z) 8i~en0r5~ 

o n n b

n~l ~ LJ1 (An )i sin h (x~L/R)

x sinh [x~ (L-z)/R] 
. [cos~ (x~:/R) -

+ slnh (x~z/R) • ~coth ~~ (L-z)/R1 
- l~ (13)

If a virtual cathode is not formed , the potential depression will ~e ~argest

at the midpoint of the cavity (r=O , z=L12). Evaluatin g ~(r ,z) at this position

yields -

~ 
(0, L/2) B

~
enOrbR 

~~ 

(x~r~/R) 1 - sech (x~L) 

~ (14)

Setting tne potential energy corresponding to c~ equal to the e-beam kinetic

energy yields the approximate expression for the limit ing current of the cavity

• ~ (.~~-1) mc~/e(r
0)

x 
~~~ 

- sech
(~~~] [~

-; In the limi t L~~, I~, reduces to the usual expression

~ (y~
— 1 ) mc3/e

= 
I + 2 Zn (R/rb-) (16)

In approximate terms , if the inequality

L1 
~ 2.58 (rb/R)°”3- (17) 

•

-.
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is not satisfi ed, the effect of the cavity end plate s is important (>10%) and
must be used to compute the limiting current of the cavity .

2. VIRT UAL CAT HODE FOR~ 10N

If the injected beam current exceeds the limiting current , the excess charge
will be reflected back to the anode , or , if the magnetic field is not sufficiently

• strong , lost to the drift tube walls. The virtual cathode will emit a current in
the forward direction whose equilibrium properties will be determined essentially
by the strength of the longitudinal magnetic field for axial positions suffi-
ciently removed from the virtual cathode region.

It is instructive to review the results of the one—dimensional (1—a ) static
theory for predicted trends for the position of the virtual cathode , and the mag-
nitude of transmitted and reflected currents . Since the problem is an essentially
time-dependent one , such a theory cannot lead to a correct solution ; however, the
static theory can provide a guide to regimes of behavior and it is used as such
here.

For a drift gap of l ength L between two infinite parallel planes per~endicu-
lar to the direction of the motion of a homogeneous beam , the solution to equa-
tion (7) is

~‘K ~z — 2 f ( ‘IZ
~ Th/ ‘~“ 1min ’ (18)

where the constant 1min is the minimum value of the electron beam kinetic energy
which occurs at the point z = Zmin in the drift space 0~~z~~L. The function

~~~~~~~~ ‘
~riijn~ 

is defined by

~ 2Y~in ~ ~~~~ 
~ l~k2sin 2~

+ (1-k2) F (k,~) 
- E (kH 

(19)

where F(k ,~) and E(k ,~) are the incomplete elliptic integrals of the first an d

second kind and

10
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k2 =~~. [ 1 -  ~~min
2 _ l / T min]

arc cos ~min - [~~~~~i - ~~~~in
2 l] 

; 0 ~
1mln + [~~~z l  - ~~~~~~~ -1] (20)

Voronin ’s analysis of this problem indicates that a solution to equation
(18) exists only for a limited range of K. In a certain interval K .1~~~K~~ K;z~
there are two different solutions for each value of K; the possibility of virtual
cathode formation = 1) exists , but there is total transmission of the in-
jected current. For K > K~2 there are no solutions and the stationary state with
a virtual cathode and partial reflection of the current is the only possibility .
For the planar geometry with equal potentials at the boundaries the transmitted
current Kt and the position of the virtual cathode Zmin are determined from the

• injected current K, the gap spacing L, and the injected kinetic energy y
0 
accord-

ing to

— 1/ 2  — 1/ 2  — 1/ 2
(2K W K

~) 
+ K t = 2 K ~1

~ L~~1 - 
~~
- (K~~/K~)1/2 } (21 )

• where

4f2 (‘~ , 
1)

— _________

L2 (22)

Defining the cons tants ~~ , ~~, and ~ according to

K~~~c~K~1

Zmi = dL 
(~~3)

I
11
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equation (21) may be rewri tten as

(2a-~ ) (2_ ~~h/2)-1 ; d I ~~- ~— 1/2 (24)

~ and y as functions of a are presented in figure 1. For the one—dimensional
ca se as c~ IS increased above 1 , both the transmitted current (

~
) and the Dosition

of the virtual cathode ( 5 )  change dramatically; as c. -~. ~~, ~ 
-
~ ~

— and ~ — 0. As
the injected current is raised further and further above the limiting current
(K > K ,2), the transmitted current Kt decreases and the position of the vertical
cathode Zmjn approaches the anode. In adcition , the net current in the region
between the anode and the virtual cathode is also descri bed by Kt for the one-
dimensional problem.

.8-

.6~~~~
• 

~~~~~~~~~~~~~~~
a —•,- I I

2 3 4 5

Figure 1. Transmitted Current (~
) and the Position of ti~ Virtual

Cathode ( s) as a function of the Injected Current (~),
From the l-d Theory of Voronin, et a l .

In going from one dimension to two and three dimensions, there will be quan-
ti tative differences (because the drift tube wall shorts the axial space charge
field), but the qualitative results should remain the same . For example , there

• still exist two critical currents (corresponding to K .1 and K~2), but the differ-
ence between them decreases markedly on changing from one to two and three dimen-
sions. Hence , in the stationary case with Infinite long i tudinal magnetic field
the net current in the region between the virtua l cathode and the anode should
approximate ’ equal the transmitted current. The value of the transmi tted

12
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curren t should be somewhat less than the limiting current , depending upon the
value of the injected current.

Such results can be used to qualitatively explain certain observations re—
lating to the structure of the space charge accelerating fields in collective ion
acceleration experiments wi th intense electron beams . If the beam current only
minimally exceeds the space charge limit (i

~
/I
~~=~

1 .l_ l .3) the virtual cathode
will form near the geometric center of the drift tube , and electrostatic fields

(y ~l)rnc 2 (.,‘ — l )mc2
of order E

~
—
~ 

°L/2 Er,—. 0 
R will accelerate ions. In the usual ex-

perimenta l case L > 2R and radially accelerated ions should predominate . Cn the
other hand , if the injected current is much in excess of the space charge limit
(i

~~~
2I

~~
), the virtual cathode will form much nearer the anode (approaching a

distance from the anode of order C/ca b in the initial l-d drift space limit
(reference 26), and axially accelerated Ions should predomi nate as experimentally
observed (reference 11).

3. RIGID-ROTOR BEAM EQUILIBRIUM AND STABILITY

The condition for validity of the results of sections 11.1 and 11.2 is that
electron motion be constrained to the axial direction only by the external appli-
cation of a strong longitudinal magnetic field. One such cri terion is that the
energy associated with the external field greatly exceed the kineti c energy of
the electron beam (reference 23), i.e.,

B 2  
>

~~ ~e
m0z (y-l) (25)

As this requirement is rather severe , it is also useful to present the suf-
ficient condition for the existence of a rigid-rotor beam equilibr ium and the
stability thereof .

For an Infinite, symmetric , relativistic electron beam propagating in vacuum
parall el to a uniform external magnetic field , the radial force balance equation

• containing centrifugal , electrostati c, and magnetic forces is given by (reference
27)

- • mI(r)v 2(r) 1
________ — e [E r + —  (v3 (B0 + 3 )  - V Be )] (25~

1 13
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In equation (26) Er is the radial electric field as determi ned from Poisson ’ s
equation , B0 Is the externally applied magnetic field , and B~ and B5 are the axial
and azimuthal self-fields resulting from the azimuthal and axial beam velocity
components , v

~ 
and v~ . In arriving at equation (26 ) it has been assumed that the

ratio of the Larmor radius of the beam electrons rL to the beam radius rb i s small
(reference 28), i.e.

rL = mc 2~~e << 1rb eBZ rb (27)

where ~e is the angular spread of beam electron velocities , e.g., from scatter in
the anode foil.

If there is no axial velocity shear and if the azimutha l motion is non—
relativistic so that the diamagnetic field contributions may be neglected , equa-
tion (26) reduces to

y0~~(r) + (1 - 8o2) f  dr ’ r ’ ~~2 (r ’) - w 0 (r) m 0
0 (28)

where

y = (l-~ 2)
1
~
’2 

(l-~0 Z 0 ’

= (e B0/mc)

and

= 4irn(r)e2/m

where n(r) is the beam density . Solving equation (28 ) for ~ yields

• 

_
•

; 
~~~ (r) - 1 ± 

[1 
- 

?~~
2r2 

f  dr r ’ ~~2(rI)] 
‘~~~~ 

(29~

14
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and the condition for the existence of an equilibrium is that the radical be real ,
or

r

~ I dr ’ r ’ ~ 2(r ’)~~~li Q 2r2 I
O 0 (30)

If this equilibri um condition is not satisfied , the beam will expand on the
len gth scale ~ according to

2 C 
~0 

~~ 2 
f  dr ’ r ’ ~~2(r ’) - ~~~~ 

~~ 1/2

y0r ~ (31 )

For a beam wi th constant density out to a radius rb , i.e.,

n ; O < r ~~c r0 b
0 ; rb < r  (32)

equations (30) and (31) lead to the usual relationships (reference 13)

Eauilibrium :

•, ~-2~~~~~ ~ 2
0 ~0 (..i)

Expansion l ength :
• 2~2 —1 / 2

~~~2 5  C y
~ ~ ‘V’o (34)

The equilibrium corresponding to equation (33) is the usual sel f-consistent
rigid rotor equilibrium for which centrifugal forces are negligible , and t~e beam
is only weakly diamagnetic , precessing nonrelativi stically in the azimuthal ~irec-
tion. For beams which do not have constant electron density the equilibrium con-

4 dition contains explicit radial dependence. At some values of radius the equili:-
ri um condition may be satisfied , and at other values it ~ay not be; in the latter
case the beam will expand with scale length as given by eQuation (31 ) whic n also
displays explici t radial dependence.

15
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If the restrictions on the Larmor orbits of the beam electrons are relaxed ,
the result ing angular spread introduces two new effects : (1) a transverse kinetic
pressure 

~L ~ 
nmc21 (~~ )2 , and (2) variations In the electrostatic radial force.

The existence of a beam equilibri um is not precluded , but the equilibrium differs
in structure from that described by equation (33) .

The rigid rotor beam equilibrium described above has been shown by Wong, et
al . (reference 29) to be absolutely stable provided

< 2 ‘
~

‘

~~ 

c~ d R  (35)

Equations (33) and (35) may be rewritten in terms of the magnetic field and beam
current as

r <(~~.)(B rb)2 (36)

11 c r b\
< 

~~ 2R 
) 

(B rb ) ( 37)

These conditions in conjunction with the space charge current limit , equation
(15), divide the beam current-—magnetic field space into six regions in which dif-
ferent electron beam propagation characteristics are to be expected .
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SECTION III

EXPERIME NTAL DESCRI PTIO N

* 
The experimental configuration used in these studies is schemat ically pre-

sented in figure 2. The electron beam machine is an Ion Physics Corporation FX-
25, a Van de Graaff charged 28O-pF coaxial capacitor. For the experiments re-
ported here , typical operating parameters are peak currents of 20 kA , peak elec-
tron beam kinetic energy of 2 MeV , with a pulse time of 40 nanoseconds . The
voltage and current risetimes are of the order of 6 to 10 nanoseconds. Typical
diode voltage and current traces obtained wi th a capacitive voltage divide r and
a resistive current shunt are shown in figure 3.

A diode extension assembly was constructed of thin-wall stainless steel so
that the diode could be immersed in an approximately uniform axial magnetic
field. The pressure In both the diode and the drift tube was maintained at
‘- .2xlO 5 Torr. The maximum background ion density that might be created at this
pressure due to electron impact colli sions is such that (n jy2/ne) ~ l0-~.

The diode geometry consisted of a 1.25 cm diameter flat tip aluminum cathode ,
a 0.0025 cm thick aluminum anode foil , and an ancde cathode gap of 1.6 cm. For
2 MeV electrons passing through the anode foil the root-mean—square scattering
angle is of the order of 4° to 6°.

The magnetic field was provided by the discharge of a 56 ~F capacitor bank
through a 330 ~iH solenoid. The period of the discharge was sufficiently long
(0.85 iis) to allow complete field penetration through the drift tube (magnetic
diffusion ti me on the order of 3 ns) and provided a constant magnetic field over
the electron beam pulse duration. The different values of magnetic field (0 to
7.8 kG) were achieved by varying the relative timing between the capacitor bank
and el ectron beam discharges using the delayed signal output of a Tektronix 555
oscilloscope . The maximum available longitudinal field strengths were at least
twice as l arge as the highest intrinsic azimuthal beam magnetic fields.

Upon entering the drift tube , the beam was collimated with carbon apertures
of various sizes to provide various beam radii and beam currents . Information
about the radial profile of the entering beam was obtained by positioning a ccrr-
:ination Faraday cup , carbon calorimeter immediately behind the carbon aperture
and measuring the beam current and beam energy as a function of aperture diameter
and magnetic field strength . Damage patterns on 0.0127 cm mylar fi l ms were also
used to qualitatively monitor the entrance beam profile.
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Figure 3. Typical FX—25 Diode Voltage and Current Waveforms .

The drift tube was constructed of 15.2 cm diameter thin-wal l st~-fn1ess steel
tubing. The combinat ion Faraday cup, carbon calorimeter located 50 cm ~~cn the

anode monitored the transmittea beam current and beam energy . The ~~~ th to

radius ratio of the guide tube was sufficiently large that the endolate ef’~ct~
(equation (17)) were negligible. Further beam transport informaticn ~as obtained
from magnetic and electrostati c probes positioned at varying distances ~ r~~ri the
anode foil. Dye blea ching patterns on blue ceflophane (re~~re”ce 3C) and •~c’se
clnemoid (reference 31) fIlms were used to monit or tne bear :rof’ e as a
of oistance from the anode for vary ing magnetic fie ld stre-~:rs. .ar r~s

optical density due to electron beam induced bleac hi-a •~e’~ reccr~ec ~~ 3 S 3 ~~’’~~
~1icrodensitometer wi th a 6323 A filter for tie bl~e :e~~~ -ar- e 3r: a 5~~
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SECTION IV

EXPERIMENTAL RESULTS

1 . IN~3ECTION CONDITION S

As a result of aperturing the beam and varying the magnetic field strength
a number of different injecti on conditions were possible; these are characterized
by presenting the peak injected current as a function of magneti c field in fig-
ures 4(a), (b), and (c) for the various defining entrance apertures . The en-
trance current data , represented by the cross-ha tched regions in the figures ,
indicate beam expansion in the diode; while the beam profile remained approx i-
mately constant across the defining aperture , less and less of the full machine
current was injected as the magnetic field strength was decreased . (Representa-
tive current traces are presented in figure 5.) Al so indicated on the graphs
are the conditions corresponding to the space charge limi t and beam equilibrium
and stability from equations (15), (36), and (37). For our experimental param-
eters regions II and V were inaccessible upon injection of the beam into the
drift space . Limi tations on the range of validity of the rigid rotor equilib-
rium due to the angular spread of beam electron velocities arising from scatter
in the anode foil (equation (27)) are indicated by the dashed lines in figure 4 .

2. PEAK CURRENT TRAN SMISSIO N

The results of transmissi on of the peak current in the pulse are indicated
in figure 6, without regard to entrance aperture or changes in the beam radial
profile during transport. The various regions of injection are indicated by the
different symbols. Although a degree of scatter exists in the data , certain
trends are apparent. For injected currents less than the space charce limit , the
injected current is transported without loss except at very small values of the
external magnetic field. On the other hand , when the injected current exceeds
the space charge limit, the ratio of the transmitted current to the limiting

• current decreases as the ratio of the injected current to the limiting current
Increases . For comparison purposes , the results of the one-dimensional analytical

• theory of Vorovin , et al. are also presented .

3. B EAM ENERGY TRA NSMISSION

The transmitted beam energy data are shown in fi gure 7, again without regard
to entrance aperture or changes in the beam radial profile during transport . The
normalization factor , W~, is the entrance beam energy for which the injected peak

20
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Figure 4. Peak Injected Electron Beam Current as a Function
of External Magnetic Field Strength : (a) 1.27 c~Apertur e; (b) 0.635 cm Aperture ; Cc) 0.317 cm .
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Figure 5. RepresentatIve Injected Current Waveforms for Various
Magnetic Field Strengths , 1.27 cm Aperture : (a) 4.3
kG; (b) 2.2 kG; (c) 1.1 kG; (d) 0.55 kG.
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Figure 6. Peak Transmitted Current as a Function
of the Peak Injected Current.
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Figure 7. TransmItted Beam Energy as a Function
of the Peak Injected Current.

current was equal to the limiting current (W~(a) = 251J , W~(b) = l97J, and ,~,(c) =

l6lJ.) As plotted , the transmitted beam energy data indicate the same qualita-
tive features as the peak current transmission data ; e.g., as the ratio of in-
jected current to the limiting current is increased above unit ” , the transported
beam energy decreases. However , in all cases the transported beam enerçy is su~-
stantia lly less than the injected beam energy . This result is substantiated :y a

comparison of the Faraday cup current waveforms taken at the entrance of the
drift tube and at the end of the drift tube presented in fir~ure 8. Evidentl y the

• transmi tted energy corresponds to the energy associated wi th the peak current
portion (FWHM ~~20 ~s) of the injected current pulse; only a very small fraction
of the late—time port~on of the entrance current was transmitted .

• 4. MAGNETIC PROBE RESULTS

Peak axial beam current measurements obtained with an intearated 3 probe
• placed a distance of 3.18 cm from the anode foil are indica ted in figure 9. Fcr

injected currents in excess of the space charge limit (regions I and III) the net

• current from the probe measurements is considerably less than the space charge
l~miz and is approximately equal to the transmitted current as measured by the

Faraday cup. For injection conditio ns such that the beam current is less than
• the space charge limit and the criterion for the existence of a beam eouili bri Lm

is not satisfied , the B~ probe measurements are apparently erroneous because they
indicate a ret current far in excess of the injected current. Such a result couli
be caused by beam electrons moving radially across the weak longitudinal magnet ic

23I~
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Figure 8. A Comparison of Injected and Transmitted Current
Waveforms ; 1.27 cm Aperture , B .. = 4.3 kG.
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• Figure 9. B9 Axial Beam Current Measurements as a
• : Function of Injected Beam Current.

field and striking the B~ probe. Typica l B. prcbe signals for the various re—
• gions of injection criteria (figure 10) show marked differences on going from

region s I , III , and IV to region VI .
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Figure 10. Typical B~ Probe Waveforms for the VariousRegions of Injection Criteria.

5 . ELECTROSTATIC PROBE RESULTS

Electrostatic probe signals taken with probes of similar construc ticn plac ed
at various separations from the anode foil are presented in figures 11(a) through
11(d) for the different injection regions. Again , marked differences exist be-
tween the waveforms taken for injection regions I and IV and for injection region
VI. The deviation from the usual electrostatic probe signal suggests that for
injection region VI the electrostatic probes were acting as Faraday collectors
for beam electrons moving radially across the field lines and striking tne probes.
The data for injection region I a’so suggest that the charge viewed by tne electro-
static probe closest to the anode was substantially greater than the charge viewed
by the other probes , suggesting reflection of beam electrons from a virt ual cathode.
Such a statement must remain qualitative , however , because the relative sensitivity
of the various probes was not measured .

6. RADiAL BEAM PROFILE MEASUREMENTS WITH THIN FILM DOSIMETERS

Thin sheets of blue cellophane or rose cinemoid were placed directly in the
path of the beam at varying distances from the anode roil for a variety of injec-
tion conditions. The bleaching of the thin films as measured by an optical densi-
tonieter can be related to the deposited electron beam dose and can provide informa-
:lon concerning the electron beam density (see the Appendix). Representative

I
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Figure 11(a). ElectrostatIc Probe Waveforms for the Various Regions
of Injection Criteria. Probe Separation Distance
From the Anode Foil is 3.18 cm.
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Figure 11(b). Electrostatic Probe Waveforms for the Various Regions
of Injection Criteria. Probe Separation Distance
Frcm the Anode Foi l is 18 cm.
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Figure 11(c). El ectrostatic Probe Waveforms for the Various Regions
of Injection Criteria. Probe Separation Distance
From the Anode Foil is 33 cm.
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Figure 11(d). ElectrostatIc Probe Waveforms for the Various Regions
of Injection Cri teria. Probe Separation Distance
From the Anode Foil is 48 cm.
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densitometer scans for the various parameter regions of inj ect ion are presented
in figures 12 through 16.

Figure 12. Representative Densitometer Scans
for Injection Region I.

_ _ _ _ _ _ _ _

-~~ 1cm k-

Figure 13. Representative Densitometer Scans
for Injection Region III.
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Figure 14. Representative Densitometer Scans
for Injection Region IV.
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Figure 15. Representative Densitometer Scans
for Injection Region V I .
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Figure 16. Representative Densitometer Scans for
Injection Far Into Region VI .

For region I (figure 12) the deposited dose in a blue cellophane film placed
3.18 cm from the anode was so large it produced a burned area corresponding
roughly to the entrance aperture. A film placed near the end of the drift tube
48 cm from the anode also indicated a tightly collimated beam corresponding to
the entrance aperture , but the deposited dose was somewhat reduced and produced
only bleaching of the blue dye. For regions III , IV , and VI (figures 13 through
15), the densitometer scans of blue cellophane are presented such that the dose
maxima for the scans coincide. Beam expansion is readily apparent and becomes
more pronounced on going from region III to region VI . Far into region V I beam
expansion and loss of beam electrons to the dri ft tube wall necessitated the use
of the more sensitive rose cinemoid. Figure 16 (with densitometer baselines
aligned ) indicates the severity of the expansion and beam loss.

$ 30
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SECTION V

DISCUSSION

Strong evidence for virtual cathode formation when the Injected current ex-
ceeds the space charge limit exists in the data presented in figures 6 through 12.
The maximum peak current and the total energy in the pulse are transmitted when
the peak injected current is approximately equal to , or just less than , the space
charge limit. As the ratio of injected current to the limiting current is in-
creased above unity, both the transported peak current and the beam energy de-
crease approximately as predicted by the 1-d theory of Voronin , et al. Net cur-
rent measurements by the B9 probe and the bleaching of blue cellophane films
placed near the anode indicate a substantial reflection of beam electrons from a
virtual cathode , while electrostatic probe results indicate an apparent enhance-
ment of the charge density in the same region.

Beam expansion was apparent when the stability criterion was not satisfi ed
(compare figures 12 and 13), although the origin of such exoanslon Is not en-
ti rely certain. As a result of electron reflection from the virtual cathode , the

net azimuthal magnetic field will decrease and the radial electrostatic field
will increase due to the increased space charge density necessitating a larger
static axial magnetic field for radial force equilibrium. On the other hand , the
expansion may arise from the development of an instability , the analysis of w h ich
has not been addressed.

On the basis of theoretical predictions (references 22 and 32) and recent
computer slmulations * some degree of beam hollowing was expected in this circum-
stance, but was not observed . Such results can most probably be attributed to
the effects of transverse energy , and the fact that the maximum excess of the
peak Injected current above the space charge limit was minima l 

~~~~ ~~~
25~

When the peak Injected current was below the space charge limi t beam expan-
sion was always apparent , becoming more pronounced on going from injection region
IV to region VI . (It should be noted that while injection region II was m aces-
sible , for injection region I the current transmitted by the virtual cathode fails
into region II.) Far into region VI loss of beam particles across ~tagnetic f ie ld
lines to the walls of the guide tube is evidenced in the probe data (figures 9, 10 ,

*Godfrey , B. 3. and Poukey , J. W.,  Private Communicati ons.
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and 11), thin film dosimeter data (figure 16), and peak beam current and beam
energy transmission data (figures 6 and 7). Zero—freque ncy cyclotron waves which

shou ld be produced when the beam is injected through an anode foil were not c~-
served , although there were no specific attempts to do so. The existence of such

waves , predicted in computer simulations of similar experiments ,* could be narm—
ful to various collective acceleration concepts , particularly autoresonant accel-
eration (reference 6) and could necessitate the use of foilless diodes (reference
33).

Since the electron beam generator used in these experiments produces only a
pulsed beam and the equations presented in the previous sections are valid only
for a steady—state current fl ow , it is necessary to examine the various time
scales of interest in the problem. When the injected current exceeds the space
charge limit the static solution concerning virtual cathode formation cannot be
physical since it requires infinite charge density at the position of the vir-

tual cathode. The physical solution is one in which the potential minimum and
its l ocation oscillate about their static values (reference 34). Previous calcu-
lations of the frequency of this oscillatio n indicated a value of the order of
the beam plasma frequency depending on the magnitude of the reflected current
(reference 35). Although recent 2-d numerical simulations have indicated a some-
what lower va lue ,* the frequency is probably still so high for intense beams (of
order 1010 to 1011 sec ’) that such oscillations would be difficult to observe
exper~menta 11y (perhaps only wi th rf power measurements using bandpass filters
and solid state detectors). Oscilloscope traces should be expected to yield only
the time averaged static soluti ons .

The time of flight of the beam through the 50 cm drift tube is ~ 2 ns com-
pared with the current risetime of order 10 ns. For our dimensions the energy
expended In establishing the intrinsic mag~ietic field during the initial beam in-
j ection phase is not large enough to produce the beam self—destruction suggested
by experiments using longer systems. Since the time of flight is much shorter
than the relevant time scale for variations in the beam parameters it is expected
that the steady—state formulas should be approximately valid at each instant of
time .

*Godfrey , B. B., Private Communications.
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Fi gure 17 presents a comparison of the corrected diode current pulse and the
time dependent space charge limiting current computed from equation (9) using
‘((t) from the corrected diode voltage pulse. The diode current Is norializea to
the peak injected current data (figure 4(a)), in this case, the 1.27 cm diameter
aperture at a field strength of 7.8 kG. As indicated , the injected current ex-
ceeds the space charge limit , implying the existence of a virtual cathoce, over
practically the enti re pulse length . Based on the l-d calculations of Voron in ,
et al., an estimate of the shape of the transmitted current pulze was made ana is
presented in figure 18, together wi th the actual transmitted current pulse for
the same injection conditions . Considering the assumptions employed in the abov e
arguments the agreement is remarkably good , quantitatively as well as qual~ta—
t~veiy.

1

~ /~~~\~~~~ I( t)

• 
~~~~~~~~

•

_ _ _

0 113 20 30 40 50 
-

TINE (ns)

FIgure 17. A Compar i son of the Corr ected Di ode Curr ent
Pulse and the Time Dependent Space Charge
Limiting Current for Injection Region I.
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I I
(a)

10 20 30 40 50 60
TIME (ns)

Figure 18. A Comparison of the Estimated (b) and Actual (a)
Transmi tted Current Pulses for Injection Reg ion I.

These results also provide a reasonable explanation for several of the ob-
servations presented earlIer. In particular , the fact that the transported beam
energy corresponds so closely with the peak current portion of the injected cur-.
rent pulse , even when the peak current is substantially below the space charge
limit , is due to late time formation of a virtual cathode. Figure 19 presents
the estimated transmitted current and beam power pulses based on the calculated
time dependent space charge limi t described above. The injection conditions
(1.27 cm diameter aperture and 2 kG field strength) correspond to injection re-
gion IV . For comparison purposes the actual transmi tted current as monitored by
the Faraday cup is also presented . The agreement is once again very good.

It is speculated that by properly designing the drift tube geometry it rray
be possible to use the time—dependent generator—diode behavior (essentially diode
impedance) to create the condition for controlled moti on of the virtual cathode
(reference 37). Such a development could have important implications for collec-
tive ion acceleration.

Major sources of error in these experiments arose from difficulties in accu-
rately specifying the injection conditions. From figures 4(a), (b), and (c) it is
evident that a decrease in the magneti c field strength increases the angular diver-
gence in the diode gap, and the expected range of validity of the stable rigid-
rotor equilibrium is uncertain. In addition , the current density is evidently not
constant across the beam. Since the magnetic field remai ned approximately con-
stant on going from the diode region to the drift tube region , It was not possible

34
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8 16
(a)

a 60
TIME (ns)

Figure 19. A Comparison of the Estimated Current (b) and
Power Cc) Pulses , and the Actual Transmitted
Current Pulse (a) for Injecti on Region IV.

to isolate diode effects from drift tube effects, especially fcr the smaller
values of magnetic field strength . In future experiments such isolation mI cht be
achieved through a nonadiabatic transition from a constant , uniform nigh field in
the diode to the desired field strength in the drift tube .
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SECTION VI

CONCL US IONS

The important results of this work for the pa rameter range explored can be
summarized as follows . (1) For short systems (such that the time-of-fli ght of
beam particles through the system -is less than the characteristic time of varia-
tions in the beam parameters), it is necessary to account for changes in the beam
parameters , e.g., variations in the space charge limiting current. (2) For in—
jected currents in excess of the space charge limi t, a virtual cathode forms and
reflects beam electrons back to the anode . The ratio of the transmitted current
to the limiting current decreases as the ratio of the injected current increases .
(3) For injected currents less than the space charge limit , the injected current
is transported wi thout current loss and without beam expansion provided the mag-
netic field strength is in excess of the stability criterion. (4) As the field
strength Is reduced below the stability criterion , beam expansion occurs . The
expansion becomes more pronounced as the field strength is decreased below the
equilibrium crItarion leading to severe loss of beam particles to the drift tube
wall.

I
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APPE NDIX

ANALYSIS OF ELECTRON BEAM DOSE PROFILE S IN
RCSE CINEMOID AND BLUE CELLOP HANE

INTRODUCTION

The radial profile of the electron beam was measured for a variety of injec-
tion conditions by placing thin sheets of cinemoid or blue cellophane directly in
the path of the beam at varying distances from the anode foil. The bleach ing of
the thin films as measured by an optical densitometer can be related to the de-
posited electron beam dose, and wi th certain assumptions this information can be
used to infer the electron beam density profile.

The electron dose may be defined as the number of electrons passing through
a given volume multiplied by the energy loss per electron. Assuming cylindrical
symmetry , the number of electrons passing through the thin film of thickness ~Z
in the area r~.r .~.o is given by n(r) r~.r~e v,~t where v is the electron velocit y
and ~t is the pulse time . If ~E is the energy loss per electron , then the beam
density is related to the deposited dose 0(r) in the volume element r~r~e accord-
ing to

n( r ) = v~t ~E (A l )

From Evans (reference 38) the stopping power for electrons in the thin films is
related to the stopping power in air according to

dX If ~air 
\dXl ai_ (A2)

Over the electron energy range of 0 to 10 MeV , a good approximation for is

dx air ~2 
cm
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where 8 = v/c. For relativisti c electrons v c, and the energy lost by an elec-
tron in the foil thickness ~Z is given by

1.46 (AZ) 
~ f”~air~ 

(key ) (A4)

where pair = l.29x10 3 g/cm3.

The unit of dose is the rad defined by

1 rad = 100 erg/gm (A5)

Taki ng into account the density of the film material , a convenient formula is

1 rad 6.25 x lo~ Pf MeV /cm3 (A 6)

After i rradiation the films were scanned wi th an optical densitometer . The
definition of opti cal density is

GD = log10 ~~x (A7)

where 10 Is the intensity of the light source and 1 < is the light intensity after
passage through the thin film. Two other definitions are also useful when using
calibration curves to determine observed dose. If I~ is the light intensity pass-
ing through an unirradiated film and 12 is the light intensity passing through an
irradiated film , the negative charge in optical density is defined by

12
(-~OD) = log10 

~~

—

1 (A8)

and the change in percent transmission is defined as

(1 2 -  I~)/I~ 
= 10-0D1 (io (

~~
00) 

-1 ) (A9)
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BLUE CELLOPHANE CALIBRATION
The thin (.001 in.) blue cellophan e film used in these experiments is a sand-

wich structure wi th a core of regenerated cellulose doped with tre ~od1um salt of
diriethoxy diphenyl diago bis. The radiation chemistry which occurs ~nen the fi lm
is irradiated is still not well understood. The hypothesis is tha t the radiation
produces radicals via ionizing interactions with the cellophane. These radicals ,
along with Intermediate radical states , then chemicall y react wi th the dye pro-
duci ng the bleaching effect.

A typical calibration curve for blue cellophane obtained with an intense
pulsed electron beam machine is shown in figure Al. The dose rate was in the
range of 1015 rads /sec . By simultaneously exposing the blue cel lophane and read-
ing a standard diagnostic (in this case an aluminum calorimeter) the cellophane
was directly calibrated in terms of electron dose. To use the calibrati on curve
it is necessary to convert rads (equation (Al)) to rads (blue cellophane) and to
convert change in transmission to change in cptical density (equation (A9)). 

~ 2 4 6  8 1O 12 t 4~~6 1 8 2O 22 24
DOSE (Mrad s—A! )

Figure Al. Dose Calibration Curve for the Bl ue
Cello phane Thin Film Dosimeter.

ROSE C INEMOID CAL IBRATION

Cinernoid is the trade name of a series of dyed plastics used in theatrical
lignting. One of the series , No. 48 bright rose , has been found to be a useful
medium for measuring X-ray , y-ray , and electron exposures . The calibration
curve for rose cinemoid for pulsed electron beams is presented in figure A2.
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EXPOSURE (rads )

Figure A2. Dose Calibration Curve for the Rose
Cinemoid Thin Film Dosimeter .
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