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ABSTRACT

The absolute differential cross section for the elastic scattering
of 20.5Mev protons by deuterons was measured, using the external bean
of the U.C.L.A. gynchrecyclotron. A triple-ccincidence proportional
courrter telescope, with variable szbsorbers between the second and third
counters and di.fferential pulse-height discriminators (set by a new
nmethod) on the first two counters, was used to sslect the desired
particle by rang: and specific ionization. Desuterivm gas at atmos-
pheric pressure provided the target fer the protou beam, whish was
collimated to 1/8" dierster, with a maximwm angular divergencs of
*}o, An interchangeahle slit system was used to give angular reso-
lutions of 0.9° or 1.8°, Absolute measurements were made at 22 angles
from 12° to 1640 (center of mass) with an accuracy varying approxi-
rately from 1Y to 39§, depending upon the angle. The eross section
shows the familiar desp minimum (near 130° in the present case), but
in sddition a siallower siniwem near 18%; due to Coulomb-muclear
interfarence. Tiiz latter minimm should allow fitting the data with
a wmigue setl of rhase shifts. Heretofors such tnree-body scattering
expariments have by llhemselves ylelded itwo ambignous seta of phase
ehifls, corresponding to the aabiguity in the doublet and quartet
sestiering ilengths., This experiment, ther, ought to provide a more
stringent {cst for theories than previous low or intsrmediate energy
nucleon—deuteron scatterings.
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1. INTRODUCTION

The study of the scattering of mucleons by deuterona could be expected
to yield information on (1) the character of the force between neutrons, as
compared with that between protons; (2) the exchange properties ¢f muclear
forcess and (3) the existence and nature of three-body forces.

Because of the importance of these subjects, a considerabie amount of
work has already been done in this field. For example, at least some
information 18 available on the differential cross section for proton-

deruferan elastic scattering a} the fojlowing_proton_laborstory energies
ugv) 02 tO 09’& 0250* oL gél ng3 o °n3 073’ 825°£
,83 ,999 1.11,3 1.23,° 1.36, 1.50,2 1,51,‘4 1.,61. L,oga
dO' L ‘ 02 0
531.1 ; 7. i ; -33 ﬁ—16 97" 16 138,16 75 13
3145.19 The angular distribution of neutrons scattered ﬁ~om deuterong
b ti d at 1o} f H 107
.135% © been ;“nvea gag at a ge mum Sr o enggies 21+ x 1°

-220,22 260 6, ,750 ,7 .2
9.2 1.0,22 7.35-] so# '=09{’3 g 2.,2,,2" 2°§
2.6, 6 2,6-3.1 3,28 3.1,29 ;2'7 14—6 45,32 5.5932 69,27
9.7, 12-13,3 3% s, 9,33 1,350 25 and 9037 Mev (neut=sn lshoratery

snergy)e While the inelastic scattering has received much lesgs attention,
a little information on the B(o,2p))l reaction &g availabie gt proton
laboratory emergies of 5.1,3 239 95, 5 240,26 and 3h0b2
Mev, and on the D(g 2n)P reaction at neutron laboratory energies of
12-13,3% 14,35, 3 90,37 and 27044 Mev.

Thers has also been a lar Ee quantity of theoretical werk done in
this field. The early papers, thogs®0~53 dealing oniy witk
methods of making tgfef-body calculations, the workP4-57 on very low
energies, and that? utilizing Born or "impulse" approximations
(1.e., for energies above 80 Mev) will not be of interest with regard
to the present experiment. We are coacerned with the inte"med‘aty
ensr? region, for which theoretical work has been done on n=a: 6 an

(often with n-d included) elastic and inelastic&5-87 fcattenngo

Let uc see what can be concluded from all this work in regard to the
first objective mentioned above, determining whether charge symmetry
existsy 1.e., whether the forces between two neutrons are the same as
those between two protons, aside frcm Coulomb and mass-difference effacts.
Sinc2 neutronneutron scattering is impracticable, the next most direct
way to get information on the n-n force would seem to be by comparing n-d
and p-d scattering, as the n-n force involved in one is replaced by a p-p
foi1ce in the othew. Comparing differential cross sections - zr, o

*
L 2T
WAy 2 mUca

better test, comparing similar phase shifts - for n—d and p-& scatiering

# References are collected at the end.
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up to 5 Mev has given evidence 22, 80, 81, 83 for charge symetry.
The p~d phrse shifts seem to be less than the corresponding n-d ones
by the sguare of the Coulomb barrier penetrability factor, Look-
ing at it ancther way, the p~d phase shifis are essentially equal to
thome for n-d if the proton laboratory energy is higher thgn that for
the neut»on by 0.5 FMev, the height of the Coulomb barrier,‘:

Thia evidence for charge symmetry is not very decisive, however,
because of the inaccuracy of the n-d experiments used for comparison.
It seems worthwhile to make better ¢xperimental comparisons in thie
intermediate energy region, where the charge symmetry assumption can
Je teeted for several angular momentum states; and where the most
accurate n-d sxperiments can be done, using monoenergetic neutrons
{rom the T(d,x Helt reaction. Such experiments have been perfggmod
iv U Mav3d+ 30 and others are expected to be done at 27 Mev,
=t gn 1dea” comparison with the present p-d experiment eould be
vrovided Yy :eing the 20-Mev neutrons available from the new Los
Alamos elecurostatic generator.

The recent calculations of Christian and GanmelS4 seem to show
that a comparison of only quite accurate n-d and r-d experiments
could yield much information on the n—n force. They find that the
- and p~p forces are relatively unimportant in nucleon-deuteron
scattering, the phase shifts being determined mainly by the triplet
even parity r-p force. This result may stem largely from their
choice of slow-neutron scattering lengths on which to base phase
shifts, whereas another set of scatéering lengths is alsc allowed
by experiments, 89

It is an important characteristi: of the micleon-deuteron
scattering work reported so far that each sxperiment could be fitted
by twn cets of phase shiftsg, corresponding to the ambiguity iu the
scattering lengths, While such an indeterminateness is inhereat in
4 scattering (unleess the experiment could be performed with
polarized neutrons) a unigue sst of phase shifts wculd be obtain-
able from p~d scattering, if the region of interference hetween
Coulomb and nuclear forces were accurately observed. So far p-d
experiments have either not been extended to low enough angles, or
have been too inaccurate at low angles to provide the needed addit-
ional condition which would remove this ambiguity.

Thue it would seem that p-d and n-d expcriments more adequate than
those heretofore compared are needed to provide a test of the charge
symmetlry hypothesis, or even to establish which set of phase shifts is
the correct one, 4 similar conclusion can be reached for the second
aim, mentioned at the beginning of this section; that of determining
the exchange charagter cf miclear forces. While nucleon—deuteron
scattering has fairiy well established the existence of exchange
forces, as opposed to srdinary forces, the more difficult distinstion



among typas of exchange forces will require more complels exparimental
and, particularly, theoretical work.

Nucleon-deuteron scattering can provide intormation on the exchange
nature of nuclear forces because the deutercn is loosely bound and thus
makes a relatively big target, so that even fairly lovw energy nucleons
are scattered in states of angular momentum greater than zero. Similer
angular momentum states, which should show the exchange character of the
forcec, appear in nucleon-mucleon scattering only at much higher energles,
where added complications, such aas relativistic effecis, seiocity depen-
dant forces, and possibly isobaric states;, enter in to confuse the inter-
pretation of the results.

'~ Three main theoretical approaches are available for attempiting to
distinguish smong force types by comparison with intermediate ener? _
ggclggn-g uteron scatterjings, that of Massey and his co-workers, 725 73

¢ IO that of Verde/4 (applied to p—d for partial waves of L>O
by Gammel® )}, and that of Christian and Gammal.84 So far two of the
taree scem capable of fitting the low energy data fairly well, whila
the third (Verde's) has not yet beer compared with experiment, it being
for 20 Mev. The present experiment could provide the first comparison
with a1l three mathods.

However, it is too much to expect of the theories that a compari-
son of this experiment with any of them wdll provide a definite answer
as to the type of exchange force present. The availabla celculations
do not includes inelastic scattering, polarization, and tensor forces,
nor do the potentials used give satisfactory answers for intermediate
energy macleon-mcleon scattering. More important yet may be the
omission of many-body forces.

Since no calculation yet includes the effects of mamy-body forcas.
it iz perhzps premature to include seeking information about such
forces as the tiiird possible purvose for investigsting nucleon-deuteron
scattering. However, the recent work ¢f Drell and Huang9° ralees the
kope that such caliculations can be made soon. Generalizing the I.évy91
twe~body potentizi for many-body forces, they calculated the total
energy per nucleon as a function of nuclear density, ard found an
energy minimum of about the right value at a reasonable miclear den-
sity. Not only couald this provide an answer to the long-standing prob-
Tem of maclear saturation; but also the introduction of such many-body
forces brings into closer accorZ the successful independent-particle
model of the mucleus and meson theories of nuclear forces. The marked
position correlation between nucleons resulting from strong, short-
range, two-boldy forces is weakened by the many-body interactions,
giving a more smeared-out picture of the mucleus, like that required
by the shell mcdel.

The apparent success of ‘he work of Drell and Fuang has been
achieved without introducing any new parameters in the Lévy potemtial.



Wiile ity figld-theoretic basis is now dubious,?0s 92 the potential
doas £itIls 93 the data up to 4O Mev for the n-p and p-p systems, while
having only two adjustable constants, which are fixed by the binding
energy of the dsuteron and the n-p triplet scattering length., The
generalization of the potiuntial has been carried as far as five-body
forces, but the alternating series (even-body forces are attractive
and odd-body forces, repulsiva) converges so rapidly, cdue mainly to
the Paull exclusion principle, that only the three-body force is impor-
tant.

If these calculations represent the true state of atfa.‘lrg,’ it seems
likely that the repulsive three-body forze, which would be almost entire-
1y responeibvle for keeping nuclei from collapsing, should show up in
micleon-deuteron scattering. A possible indication of its presence might
be the sppearance of anisoirapy in n-d scattering even at an energy as
low as .135 Mev,2l Perhaps at higher energies the effects of a three-

body force have been masked by employing so many partial wave parameters
in fittin_g inadecquate data.

In line with this conjecture; it is interesting to see that the
frastion of the deuteron which could give rise to such high angular
momentum values, L, is very small indeed. Since the best fits to the
data obtalned so far have been made by Christian and Gammel, 9% the
largest L values they found necessary to use at three nucleon
laboratory energies, E;, are listed in Table I, along with the fraction
of the deuteron vhich is found at distances greater than the impact
parameter, iy needed to give these large L values. This fraction of
the deutercn is otisined; using an asymptotic form of the deuteron
vave function, from exp(-2(r/%,)) = exp[-2L0xy/kolls vherek, is the
nucleon wavelsngth and *; 1is the denteron wavelength, as given by its
binding energy. Ir connection with ine following table, it should be
recalled that although the values of the high angular momentum phase
shift  are small, they are gvite important to the shape of the
diffarential cross section, since their contribution is weighted by
roughly the square of the factor (2L + 1).

Table I

L E Mev Impact Parameter; r Fraction of Deuteron Beyond r

6 9,66 13,2 x 10~13 e, .0022
A 2,53 17,2 x 1013 em, .00035
L 1.51 22,2 x 10°%3 em, - 00003 ’

While 1ittle more than guesswork is possible now, if it is practic-
able to work out mucleon~deuteron scattering using something like a
generalized lLevy potential, a comparison of phace shifts from such a
theory with phase shifts from the present experiment, for whish the

% GSomewhat similar results are obtained by Wentzelg% using scalar
pair theory.



inetic energy is much like that within a nucleus, might yleld
interesting information on the role of many-body forces inaide
moled.

wn



II, EXPERIMENTAL METHOD

From the preceding discussion, we have sean that it is highly
desirable in measuring the angular distribution of protons scattered
from deuterons to carry the measurement down to low angles in order
Y0 cover tha region nf Coulomb~muclear interference. Since the
scattering will be almost purely Coulomb, and therefore not very
interesting, at too low an angle;, we note that the maximm angle at
whica Coulomb sczttering is isportant is given roughly by the iquare
rnot of the ratio of tine barrier energy to the kinetic energy.”™ At
20 Mov this angle is ¥ TO be safe, the apparatus was designed to
work down to 8°, which for protons corresponds to a center of mass
angle of 12° (see ¥ig. 1; ull figures are collected at the end).

Ty 1ie desirable to include not only the very low engles, but
alxo ine very high ones, because the theoretical results sc far ob-
tained differ mostly in the relative sizes of the forward and back-
ward peaks, and to a lesser extent in the position of the minimmm,
Thus we wish to measure as close as possiltle to a center of mass
angle of 130° {or, from Fig. 1, alsc a laboratory angle of 180°), but
from Fig. 2 we see that the proton energy at this angle is 2.3 Mev,
Because multiple scattering losses increase rapidly as the energy de—
creases., it is not desirable to c¢ount back-scattered protons, In-
stead, we count the recoil deuteron which goes forward with most of
the energy. From Fig. 1 we see that counting deuterons at tus
limiting angle of 8° corresponds to a proton center of mass angle of

164°.

Pa~>nthetically, it should be noted that the forrmlas necessary
for c¢ .puting the curves of Figures 1 and 2 may be found in the
Appendix., Classical and relativistic formulas are given for both the
laboratory vs. center of mass angles and energy vs. laboratory angie
relations, While the difference between the classical and relativis-
tic resulte is small, relativistic expressions were used for transform—
ing both ths laboratory angles and cross sections to the center of mass
system (cf. Appendix),

Trying to achieve the minimum angle of 8° required some com-
promises becaunes 2 iarge scattering chamber was impracticable, since
the targst gas, douterium, is expensive. Also; since the gas ought
to be purified by passing it through a heated Pd tube, the filling )
time i3 siow, further militating against a large chamber. A small
chamber, of inside diameter slightly less than 11", waa available,
and this, then, provided the main limitation on the geometry.,

* The maximun sidewise momentum which the proton can azquire in such
a collision is proportional to the square ropt of the Coulomb
varrisr energy.



Let us look at the general geometrical arrangement. The proton
beam came into the chamber through a coilimating system, which defined
it to 1/8" and limited its sngular divergence to not more than &+ 1/2°,
A =small part of the beam was mcattered by the deuterium gas at atmos-
rheric pressure which filled the chamber. The unscattered beam passed
through the ﬂhamberq an exit foil, and then into an evacuated Faradxy
cup where the totsl beam charge was determinsd for a scattering run.

A small part of the scattered beam was selected by a slit system and
counted by propoitional counters. The slit and counter system was on
an arm mournted on : shaft which could be turned from outside the
chamber, Also attached to the shaft was a disc on which the scatter-
ing angle could be read.

VWith this description in mind and with the aid of Fig. 3, we can
return to the question of the geometrical limitatione, In order to
rcen the corrections for finite angular resolution small and yet to
m2aintain a i‘easonable counting rate, two interchangeable sets of slit=
vere made, of angular resolution + 0,9° and + 1.8%. The narrow slits
were usel at small angles, where the = unting rates were higher and
the cross section changed rapidly with angle, while the wide slits
vere used at the larger angles (intermediate center of mass angles),
vwhere the counting rates were lower and the cross section was flatter.
Having interchangeable slit systems was valuable for several expexri-
mental checks also, as will be discussed later.

With the minimum angle and the angular resolution chosen, the
position of the front slit on the counter arm is essentially deter-
nined, since the slit must miss the unscattered beam at the lowest
angle. The position of the rear slit requires further consideration.
To obtain wide enough slits and to maximize the solid angle for a
given angular resolution, it is desirable to push the rear slit as
far back on the counter arm as possible, but it was felt necessary to
provide room for three counterz in triple coincidence. in crder to
redace *he accidental coincidence rate and to provide better particle
selection. In order, then, t have simultanecusly a practicai slit
geometry, a small minimum angle;, a good angular resoiution. a large
s0lid angle, 2 triple-coincidence counting system, and a small
chamber, it was necessary to resort to the umsnal expedient of
putting the rear slit between the second and third counters. This
meane that the windows of the first two counters s2rved as anti-
scattering baffles. As will be discussed later, this arrangement
imposed stringent limitations te avoid multiple scatitering losses
between the slits.

A triple-coincidence counter telescope was chosen in place of
the cther alternative of conjugate coincidence courters, which comt
both the scattered and recoil particles, for many reasons, a few of
which are given here, The conjugate counter system is no* gaood for
small angle measurements, becauss of multiple scattering losses and
because the angular resolution gets worse as the angle dscreases.




The accidental coincidence rate is higher for the conjugaie system
becasuse (1) there are two counters instead of three; 22 the con-
jugate counter must be made large (a) to reduce multiple scattering
losses, and (b) because its effective height and width are a function
of sngle, one varying inversely with the other; and (3) the solid
target which must be used will have higher Z constituents. Also, the
nunber of target particles carmot be determined as accurately for a

solid target as for the gas one which can be used with the telescope
systen,

One considers the conjugate counter system in the first place
because with the telescope system one must separate five groups of
particles: scattered protons, reccil doauterons, protons from the
deuteron disintegration. Protons wcattered from hydrogen (an impur-
ity in the deuterium), and protons scattered from heavy contaminants,
such as air. Since all the information desired in this experiment
camnot be obtained with the conjugate counter system, we must
separate the particles by thaeir range (with absorbers) or by their
energy (with a scintillation counter). %hile a scintillation
counter ie not practical in a cahamber of this size, separation by
range is mcre desirable in some respects, in any case. For example,
at a given angle the range ratio for scattered proton to recoil
deuteron is much greater than the corresponding energy ratio.

Another advantage ia that with abscrbers one can ssparate almost com-
pletely (i.e., to 0.1% ) two proton groups which differ in energy by
only 6%, This not only gives a betier separation of the particle
groupe, mt also it makes the corrections for slit-edge penetration
much smallier.

There is a continuous distribution in emergy of the protons
from the break-up of the deuteron, ranging from zero to a maximum
snergy, which occurs for the case of one proton going off in one
direction and the neutron aad other proton going off in the oppo-
gits @rection. This maximum energy is plotted in Fig. 2. To
count deuterons, tiie background proton continuum was discriminated
against by using the difference in the proton and deuteron specific
jomizations as the particles pasased through the first two counters.
In order to provide a separation on ths basis of specific ionisation,
and also to reduce the single-counter counting rates, differential
pulse-height discriminators were used in the first two counting
chamnels. The absorbers were chosen so that the desired particle was
near the end of its range in the third counters the resulting large
pulse was then distinguished with an integral discriminator. In this
way deuterons ware counted to the exclusion of the longer range
protons.

Separating particles by specific ionization at these energles is
made difficult by the high probability that a large energy loss will
occur in a single collision, 9o~ Computations of this effect have
been made on the basis of Symon's 100 rather complete version of the




energy loss theory, and the results are presented in Fig. 4. The
energy loss distribution of protons and deuterons in a counter
filled with one~half atmosphere argon is given. Curves are drawn
for various percentages of a group of monoenergetic particles, and
for each percentage the curve gives the maximum energy loss for
various proton or deuteron energies. The brcadness of this energy
loss distribution (represented at a given energy by the difference
in energy loses for the 0.1% and 99.99, curves), rather than the
rasolution of the proportional counters, determined the extent to
which particies cculd be distinguished by this meana and made
necessary ‘some correction for the background oi dizintegration
orotons when couniting deuterons.

Having a general idea of the methods chosen for this experi-
ment, we can now go on to the details of the apparatus used to
carry it out.
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III. DETAILS OF THE APPARATUS

A. Cyclotron

The scattering asquipment was used with the U.C.L.A. cyclotron,
which has 41" puvle-pleces, is frequency-modulated, and by means of an
electrostatic deflector produces a 21-Msv proton external bemm in 20
microsecond bursts, 1000 times a second. *

The external beam was made approximately parailel in the
vicinity of the scatiering chamber by means of a double-focueing
woedge magnet in the cyclotron field. Coming out between 18* thick
~ater walls through a magnetically shieldsd pipe, the beam passed
intn the scattering chamber collimator, which was attached to the
pipe by a flange and sylphon. The chamber itself was approximately
1C feet from the cyclotron tank. The water walle and some additional
paraffin provided neutron shielding, but it was found that the main
seutron and gamma background came from the external. rather than the
internal, beam. This background was reduced greatly by letting
nearly all the external beam strike only carbon (which has a high
threshold for neutron production), both in the collimator and in
the Faraday cup.

B. écattering chamber

The chamber itself, a brass casting of 10~29/32" inside dia-
neter and 3-1/8" inside height, has been used previously in con-
jugate-counter scattering experiments.1°1’ 102

In order to be more sare of the chamber aJigmment, the exit
(Paraday cup) and entrance (collimator) holes were rebored. This
was done by putting through the central hole in the bottom of the
chamber a tight-fitting plug, which was placed in the jaws of a
rétary table. The bottom inside of the chamber and the top lip of
the chamber were both checked with a dial indicator and found to be
properly level. With the rotary iable at 0°, the entrance hole was
rebored and the face on which the collimator flange rested wee
nilled off perpendicular to the bore. The same procedure was re-
peated at the exit hole with the rotary table turned toc 180°. An
O-ring grocve was put in the central hole in the chamber, but the
same ground brass shaf't, which was previously used just with a
grease seal for vacuum tightness, was again used in this hele to
support the am on widch the slit system and counters turned. Thue
this shaft and the hole into which it was rather tightly fitted pro-
vided the reference for aligning the geometry of the whole system.

To aid in the later final aligmment of the cystem, a steesl
pin was placed in the center of ths shaft, so as to project a



short distance into the chamber. The shaft was held in place on one
end by a ball bearing assembly which bore against the cutside bottom
of the chamber and on the other end by a tight--fitting cap, which
was gcrawad to the top of the shaft., Attached tec the bearing assembly
was a 10% dlameter graduated disc, on which the counter angls could be
read, On the nther end of the shaft, the ccunter arm was bored out to
fit tightly ¢n the cap. The whole counter turning and indicating
system ~~ arm, cap, shaft, bearing assembly, and graduateld disc -~
was put together with steel dowel pins, so that it could be disassemb-
leq and then all its parts returned. quite accurately, to their
previous relative positions.
¢.  Collimat.r

The csilimater construction is best explained bty referring to
Fl, 3. Originally it was made to utilize the supposedly accurate-
1y bsred hole in the chamber for aligmment. Thus the part of the
collimetor extending into the chamber made a tight fit in this hole,
vw: i3 the external tube of the collimator fitted tightly on the
.rmer tabe., However, a slight inaccuracy in the bore made i%
necessary to provide set-screw adjustments on the second defining
hole and the last anti-scattering hole.

The edges of the brass defining diaphragms were 1,/32% thick,
the first hole being .1248" in diameter and the second, .1i2356".
Their defin*ng edges were lit, 22" apart, giving a maximum anguliar
divergence ¢f the beam in the chamber of + 0.50 degree.¥ Tais
geome**y gave a reasonable beam streugth, and yet the czorrection
vo tue o3z senrtion for finite veam size was smail,

Al non-defining diaphragms were made of carbon to reduce both
the sza’*tering and the nautron background, as was axplained previous-
3y. To further reduce scattering, these diaphragm edges were beveled.
Most of the unused external beam was stopped by a carbon insert in
the flange which jJoined the collimator to the cyclotron, and most of
the rest on an insert just ahead of the first defining lhiole. Between
the two defining holes were three non-defining holes spaced by
alumimue sleeves so that the following criteria were fulfilled:

(1) the most divergent incident proton would not see the coilimator
wall; (2) no part of the collimator wall could see the last defy:-
ing hole (except for the section adjacent to that hole)s (3) protons
scattered off the first defining hole would not see the collimator
wall (except for the first section)s and (4) nc part of the colli-
mator wall rould see the Faraday cup entrance. These criteria made
the collimator effectively wali-less. A final anti-scattering hole
¢f ,170" diameter was added 1.790" beyond the second defining hole
to limit the spray of protons off the last defining hole edge to

a cons of half-angle 4.7°.

ow r— e e

% petually. the part of the beam selscted by the collimator was so
nearly parziliel that beam plctures showed essen iaily a1l the beam
Lo be cortoinad within an anguisr divergence of + Go 24,
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The collimatnr extended as far as possible into the chamber
consistent with not entering the scattering volume, the second de-
fining hole being 2..841" from the chamber cexter. This served two
purposes: (1) to keep the beam area small, in ordar toth to make
Jow angle measurements possible and also to permit a smail Faraday
cup openings and {2) to reduce the penetration of the first slit
of the counter slit system by low-angle protons.

Magnetic shislds were provided around both the inner and outer
collimator sections. However, it was found that the iron water walls
made a more than adequate shield against the cyclotron's magnetic
field, and the inner shield was removed.

The foil which separated the cyclotron vacuum from the chamber
was just ahead of the first defining hole. 1In order to keep small
the loss of beam from multiple scattering, .0005" myiar (a DuPont
relveater) Tilm was used, At first,-.001" nylon.was employed, but
it developed leaks under bombardment much more rxapidly than did the
Iy L.

As mentioned previously,; some alignment of the collimator was
necessary to be sure that the vcam {1) passed through ths centrai
axis of the chamber, (Z) was perpendicular to that axis (i.e.,
parallel to the plane of rotation of the counterz), (3) was at the
same height as the midpoint of the counter slit system, and (4) lay
along the 0°-180° direction. In order to locate the chamber center,
a .0l%-diametar steel needle was attached by a set-screw arrange-
ment to the previously described steel pin in the center of the
shaft on which the counters turned. The centering of the steel
needle was checked to better than .CC " by looking at its flat top
with a traveling micrcacope while rotating the counter shaft. The
height of the needle was set to within ,002" by using a dial indi-~
cater and an accurately milled and measured block placed on the
sounter arm in the same position as gauge blocks had previously
been put to set the heights of the counter slite.

Most of the alignment was dzone by locking through the colli-
mator with a transit. %itk the second defining diaphrags removud,
the transit was set sc that. its eross-hairs could be centered on
the first defining hole and the centering needle. The set screws
on the last anti-scattering hole were adjusted to center that hecle
on the cross-hairssy then it was removed, the second defining dia-
phragm inserted, and the anti-scattering hole returned to its
original setting. The second defining hole was centered next.
With the transit thus coincident with the collimator axis, the
difference in heights of the centering neadle and the milled block
on the counter arm was found to be less than .003"., Thie corres-
ponds to a maximum angle between the collimator axis and the plane
nf the counter rotation of QQEEQ giving negligible errors in the
scattering o~rcss section (1077 %) and the counter angle (oooohﬁ),
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Also with the transit @0 aiigned the zero position ¢f the counter-
angle disc was set. The first step was to set the counter arm sc that
the first counter slit was centered on the centering needle. A slight
adjustment was then made to take care of the known %to be diacussed later)
small distance by which the axis of the counter slit system missed the
central axis of the chamber. The total error in the counter angle
measurement introduced by these two adjuetments is .04,

Since an appreciable error could occur in the small-angle scatter-
ing measuremenuvs if the beam did not pass through the center of the
chamber, the final check on the adjustment of the second defining hole
ia the sollimator was made with the proton beam itself, With the
chamber evacuated, photographic paper placed directly behind the center-
ing needle was exposed to the beam. By measuring with a travaling
microsccpe the position of the needle shadow wiih respezt to the beam
circiey; the beam centering could be checked to within 002", This, com-
bined with the err.r in centering the needle, gives an error in the cross
section of less than .0649%/sinBo, where 8o is the counter angle. Thus
th error varies from 0.46% at 8° tc 0.06% at 90°, and is sssentially
zero for an average of two measurements mada at equal 84's on both =idea
of Lue bLeans. a furivher error duc to the beam's shifting will be dis-
cussed later.

D. Analyzing slits

It has aiready been explained that there were twe interchangeable
sets of analyzing, or counter, slits (of % 0.921° and %+ 1.800° angular
resolution), and that the slit system was on the ccunter arm; which
turned on a shaft through a hole in the chamber center., The reasons
fer locating the second analyzing sl:t between the second and third
counters have also been discussed. Here we shall bs more concerned
with tha method of making and measuring the slits and the resuiting
errors in the gecmetry,

The material chosen for the slits was commercial twronza, as a
compromise between workability and high copper content (%%Cu and
10% Zn). Copper 1s a gaod material for slits, since it has a relative-
ly high density with a relatively low Z, desirable features for reduc—
ing siit-edge penetration. To further reduce such penetration, the
region of ceach slit plate around the slit opening was milled down teo
030", a stoepping thickness for 20-Msv prctona.

Because each of the four slits was made in one piece, each had
to be hand filed after the initial milling, Short periods of filing
were interspersed with long periods of slit measuring, using a travel-
ing mieroscope. This tedious process was continued until each s&lit
cpening had adte uniform edges and both sets of slits were accurately
interchangaable, It was also desirable to make the front and rear
slits of eazt sev of the same width, since this maximizes the solid
angle for & givon angular resolution and also reduces the second-order
geametry corrections.
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The slit dimensions were measured using a Gasrtner#10656 Travel-
ing Microscope, fitted with a Leitz Ultropak illuminating objective,
giving a total magnification of 65x and permitting illumination or the
slit from above and below, to aid in distinguishing the slit edges.
While the microscope read directly to .0001%, with .00001% euslly esti-
mated, it was necessary to calibrate the microscope witn gauge blocks

to ;:hieve this accuracy. This calibration gave a correction of about
0.1

The solid-angle-scattering-length product seen by the third counter
is defined by the height (H) and width (DR) of the rear slit, its dis-
tance fream the scattering center (rs), the width of the front slit (Dp),
and the distance between the slits %rl), and is given by

sing
Jodl = HDgDgain 6, /(ryry) = ——2 5

where O, is the counter angle. In order to measure accurately the area
of Tue Teer alits and the width of the front slits over only that portion
which i= effective in limiting the scattered beam, use was made of the
bidirectional travel of the microscope to provide a grid. As an example,
when finding the narrow rear slit's width, measurements ware made at
intervals of .025" along the slit!s length. Five series of such measure-
rments were made, each series starting .005" from the previous one. Thuse,
the width was measured every .005" along the length, A standard devi-
ation was computed by comparing the averages of each of the five series.
This gave an upper limit to the error of the measurement, sinee some of
the differences among the series were dve to slit non-uniformity. The
results are sumarized in the follewing table, in which the slit hedgnts
and widths and the standard deviations of the measurements are all given
in inches. The number of measurements made of each dimension is given,
and the two ssts of slits are classed as "narrow" (+ 0.9°) and

fwide" “-t 1080)0

Table II
Slit Width td,Dev. NOOf| pesont Std.Dev. No-of
Meas. Meas.

Front Narrow .0‘51‘552*‘- - 000059 " 112
fisar Narrow | .052269 + .0000754 119 | .59234 + .00016" 51

Front Wide .102023 + .000041" 56

Rear ¥ le .101879 + .COO0LL" 60 |.59249 + .00010" 51




Since the two sets of slits slid into their heiders, It was
necesgary to make the distances from each slit center to the edges
of the slit plate accurately the same for both sets., KXncwing these
distances toc about .0001" made possible the accurate alignment of
the slits and their holders by means of dial indicaters. To facili-
tate the alignment procecdure, the entire counter arm was made remov-
able and replaceable. As previously mentioned, the arm was partially
bored out to fit tightly over a cap which in twrrn smugly fit%ed the
shaft through the bottom of the chamber. The rotation position was
fixed by a dowel pin. This urrangement permit,ted the counter amm
to be set up on a dummy shaft, fitted with an azcurately turned
center-indicating pin.

Using this arrangement, the slit aligrment could be =hecked
and the distancss from the scattering center to the last slit (rs)
and hetween the slite {ry) could be measured using both traveling
vicroscopes and indicators with gauge biocks. In all, & different
sets of measurements were made of ro and iIC of ry, Of these, the
meet accurate checks and measuremenic were made in the Standaxds
Laboratory of the U.C.L.A. Engineering Departmenti, ucing a Pratt
and Whitney Electrolimit Gage, which read directly to .00005%, and
Johansson Precision Gage Blocks. A welghted average of the various
determinations, in inches, appears in the following table; along
witis the constant part of the soiid-angle-scattering-length factor.

Table III

H e
Slits| 1  StdDev.| =1,  StdDev.| LofoR _ st _ Per Cent

rry sterad. Std.Dev.

b

8

Wl

LO004T ! 2,B60Lx1F 4 0.19%,

Narrow | 3.2289 £ .0011%" | k4.

% %
Wide 3.228hF € LO0NIM ! L.3885 & L0005% | 1.0S3MBxICTY & 0,047

| |

The accuracy of the slit alignment was checked, arid the effect
of alignment errors on HDpDR/(rirs) were investigated for +hs £ollow-
ing slit characteristics: .height; left-right positioning. ilengthwise
and sidewise tilting, rotation, and slit edge non-uniformity. The
total errors amount to .004°%k for the narrow slits and .GC2% for the
wiie. The lelt-right positioning; rotation, ard sli* non-eniformity
contributed to errors in the scattering angle also. and *hese are
(1350 for the narrow slite and .042° for the wide,

,.
L}
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As has been mentioned when discussing the collimator aligmment,
a line through the slit axis did no% quite passz through the chamber
center, However, the amount of the discrepancy (about .003%) was
accurately measured and could be allowed for in setting the counter
angle zero. Wnen the error for setting the 2ero and that for getting
the counters at any desired angle are added quadrakbically to the siit
geometry errors mentioned above, the resuliing error in the sngle



15 .063° for the narrow slits and .063° for the wide slits. This angu-
lar uncertainiy at most angles contributed the largest error in the
cross section attributable to the geometry. The error arises mainly
fram the appearance of sin9g in the solid angle factor (ef. p. 1k4)

but also from the angle-dependent part of the center of mass transfor-
mation (sse the Appendix). The relative error in the cross section is
AG/0 = 200,/21n26 , for deuterone and

a6/6 = [(eo +0o) + sinB(3.5 + cos0)/(2 + cosd)?] D,

for protons (where ¢ 1s the cross section; O the center of mass angle,

and 8 o the laboratory angle). This error varies from 0.13% to as much
as 0079% at 90 - 8°u

The anti-scattering baffle (B in Fig. 3) attached by dowel pins
to eacn front slit plate wa:s aligned ana cnecasa in the sazs way as the
&lits. One purpose of the baffle was to reduce slit-edge penetration
by preventing particlee which scattered off the gas at a smaller angle
th.r. those teing counted from hitting the front slit. A more important
purpose of the baffle was helping to prevent protons scattered off the
last defining slit of the collimator from getting into the analyzing
slit system. At counter angles of 15° and larger, the last anti-scatter-
ing hcle on the collimator also prevented direct slit-slit scattering,
but between 15© and 10° the baffle alone was effective. At 89 direct
slit~scattered protons could get through the front analyzing slit, but
not past further anti-scattering slits which were placed between the
front analyzing slit and the first -counter window.

As will be discussed later, protons which underwent more than
two scatterings (one of which might he the gas) did get into the first
two counters, but these either did not get through the second analyzing
slit, < they could not get through the absorber in front of the third
countery; because they had lost too much energy in the many scatterings.
Such repeated scatterings from metal were bothersome only at the very
small angles and then only because of the increase in the single-counter
counting rates in the first two counters. These rates wers reduced
- stopping down the first counter window opening with a Lucite insert
when the narrow slits were usec.

The anti-scattering baffle was effective only when the counters
were on one side of the beamg; but the action of the baffle was import~
ant only at small angles, and it was necessary tc take all the amall~
angle data on that side of the beam; anyway. Measurements could not
be nade on both sides of the beam below 59, This unfortunate limit-
ation was another compromise which had to be made in order to get down
to 80 and still achieve all the features considered necessary for a
successful experiment, as has been discussed under "Experimental Method."
Thus the front slit and first two counters were made asymmetrically, so
that they could be moved close to the unscattered beam on one side. For
the same reason, the anti-scattering baffle was placea on the side away
from the main beam.

16
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E. Absorbers

The use of absorbers betwesn the second and third counters %o
provide particle selection by range has already bsen discussed. Here
we shall consider making, mounting, and using the foils; and particu-
larly choosing and determining the foil thicknesses.

Since it was necessary to change foils without distvurbing the
deuterium, the foils were mounted on the rim of a wheel which could
be turned through a Wilson seal in the center of the chamber lid,
The foils, rectangles of aluminum about 2-1/4 x 25/32%; were held by
stripe of neoprene against a curved frame, which was attached to the
wheel rim. The frame and "wheel" actually had an arc length of ornly
1009, since anything bigger would not be useful, becauss of obstruc-
tions such as the collimator. This whole assembly was insulated and
left electrically floating because the foils had to pass through
rather a small gap between the second and third counters; the out~
sides of which were at about -800 volts. Outside the chamber, a
pointer attached to the shaft which turned the absorber wheel indi-
cated on a scaiz the anguiar position of the absorbers. All parte
determining this angular positicn, ineluding the chamber 1lid, were
held in place by dowel pins,

For convenience, the foils were made 10° wide. Thus a foil
load could include up to 10 sets of absorbers; but this mmber was
never used at one time, since it was necessary to leave generous
gaps for the main beam to pass through. This 10° width was about the
same as that of the whole third counter, so there was no chance that
particles could get around the abszrrers and into the counter window,
which was about 50 wide. By making photographie checks with the beam,
it was {ound that the foils were positioned to an accuracy of tetter
than 1,29 Although there is no positioning problem vertically, the
foil overlapped the window by a large amount in that directicn, too.

The foils were made from samples furnished by the Reyrclds
Metals Co. 2nd the Aluminum Company of America and were 99.4% purs
aluminmum. Eighteen thicknesses were used, ranging from .00035% to
.0LO", Two stacks composed of at least two foils of each thickmess
were.clamped tightly and milled to the proper dimensions. Samples
were taken from various parts of both stacks and measured on a travel-
ing microscope. For a given stack; there was no variation in area
with position in the stack, withi: the measurememt accuracy of + 0,15
(standard deviation). Thus an average area was used for all foils in
one suacke.

Each foil was weighed individually, however, on a Christian
Becker Chainomatic Balance. Weighings were reproducible to C.l1 mg.
for the lightest foils and 0.2 mg. for the heaviest. giving errors
of less than .02 mg./cm.2 in the density. Because of the accuracy
of the weighings and the area determinations; and because no varia-
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tien with stack or position in a stack could be found, the variation
in density for foils of the same nominal thickness was takan as a meas-
ure of the variations in foil thickness.

In determining the thickness of ubsorber to be used; a safety

factor of three standard deviations of the foil thickness variation
was ailowed. Much larger allowances had to be made for ihe angular
resolution of the counters (cf., Fig. 2) and for 3tra§8%i Since the
straggling calculations have already beexn published, it is suffi-
cient to mention here that an Lntegral range distribution was cbtained,
permitting one to find the number of mg/cm.2 of Al which have to be

subtracted from the mean range in order that not more than 0.1% of the
varticles of the desired energy are lest by straggling. Since the mean
ranbe used at a given angle was that corresponding to the largest angle
(or lowest energy) the counter slit system could see, the particle loes
.n tha absorbers due to straggling was negligible,

Since the particle energy was determined using the absorbers
th-selves, many possible errors were diminished in finding the pro~-
per absorber thickness, These errors include the uncertainties in
the mean excitation poteniial of Al (IAI) and in the effective thick-
nesses of the deuterium; counter gas; and three counter windows through
which the scattered beam had to pass. The energy determination was
made by counting protons scattered from hydrogen as a function of absor-
ber thickness, each set of counts being normalized to the same beam
current. During the course of data-taking, one determination was made
at 25C and two at 209, In all cases the shape of the range curve shoved
that the absorbers for the p~d scattering were being chosen safely.

Aluminum was used for the abscrter material because its range—
energy relation is better known in this energy region than is that of
any oth-r material. This point and the results of the energy measure-
ments will be diacussed later., Another reason for nusing aluminum is
that its low Z reduced multiple scattering losses.

The loss of particles dus to multiple scattering in the absorber
was negligible mainly because the third counter window wagr quite large
compared wilh the analyzing slits, the absorber was cloae to the window,
snd the windon . made very thick {abcut 50 mg./em.2), so that the
largest part of the multiple scattering took place in the window itself.
Calculations of the miltiple scattering loss were made in two indepen-
dent ways. First, using the results of Rossi and Greisen 1O4for the mean
square projected multiple scattering angles

(92> = (21%E52/2) 1% at/E2

(for particles of ﬂhargo Z going through t radiation lengths of a
material, and for E 0.5 Mev), and inserting for the energy loss
in Al, -4B/dx = 206E'° Mev/{mg./em.€), we get for protons goirg
througk thisk Al,



(o2 =k x 1072 (52 - 37,

where Bin is the proton (or deuteron) energy in Mev before, and Ef
after, passing through the absorber. The particle loss was found by
mmerical integration, and, although the formula derived above gives
an overestimate of (4 2), the loss was found to be negligible. As a
check, a second calculation was kindly performed by Dr. W. C. Dickin-
son, using the method of Dickinson and Dodder, 105 He alsc concluded
the loss to be negligible. There were small losses due Yo micisar
interactions and single scatterings, but these are considered latar,
among corrections to the data.

F. Counters

A8 has been mentioned previously, the multiple scattering loss
between the two analyzing siits had to be consldered carefully. The
loss at the second slit was due mainly to the first counter window and
to a lesser extent to the counter gas; the contributions of the deuter-
iur an tihe second counter window, which was right next to the slit,
were quite small, Multiple scattering calculations were made using sev-
eral theories, as abgheck, but the most accurate are those based on the
formulas of Scott.l It was found that the miltiple scattering loss
apparently could be made negligible if (1) the first counter window
vas made of .00025" quralwainum, (2) the coumter gas (95% A + 5% COp)
was at 1/2 atmosphere, (3) the narrow slits were not used for particles
of energy less than about 1 Msv, {4) ihe wide slits were not used for
particles of less than about 7 Mev energy, and (%) the beam at the
second slit was much larger than the slit, to provide compensating
scattering into the s1it opening. Reliable quantitative values for
rarticle loss caniiot be obtained for ithis complicated case, since the
incident particles were not traveling parallel paths and since the
amount I compensating scattering in is hard to estimate accurately.
Thus it was advisable to perform experimental checks to be sure that
particle loss was not important. Thege checks are discussed in another
section.

The thicknesses of the first and third counter windows were fixed
ty multiple scattering considerations; as discussed above. Since the
scattered beam =ize increased rapidly in the vertical direction, and
since ample allowancs in beam size in both directions had to be made to
ensure compensating scattering in at the second slit, the second counter
exi? window was quite large, and ,001" Al was needed. There was no
window between the first and second counters, since they were bored cut
of the same brass blocks.

Because of this arrangement, it was necessary tc be sura that one
counter did not affect the other. A poloniim alpha sovrces was placed
so that the alphas traversed nearly all of the first counter but did
not quite enter the second, and it was found that the counting rate in
the second counter was just background, while that in the fiist was
several thousand a second. Furthermore, the few counts firom the second
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counter were not in coincidence with those from the first. On the
other hand; when the source was moved closer so that the alphas could
get into the second counter, all the counts above background from the
second counter were in coincidence with those from the first.

Returning to the limitations placed on the counter system by
multiple scattering considerations, we have seen that ths pressure of
the A-CO2 filling was limited to about 1/2 atmosphere. This preszure,
measured on a Bourdon gauge, was used thrcughowi the experimsmt.' The
actual gas mixture used, 95% A + 5% COp, was chosen on the basis of
empirical curves,iC/ which show that for this mixture the ion drift
veloeity 18 2 constant for values of X/P (where X is the field strength
weasared 11 volis/:m. and P is the gas pressure in mm. Hg) ranging from
.5 to at least 3.0, Since the counters were operated at an X/P value
of' about 2,9, ~hanges of counter voltage or pressure did not change the
avift vedonity, a desirable feature for fast coincidence work.

The gas mixture was prepared by methods assuring high purity,
and the counter system was thoroughly cleaned, When not in use, the
counter systam was contimuously pumped, and a fresh filling was used
for each night's run, To further ensure that no electronegative im-
purities interfered with the counters' operation, no organic materials
were present in the counter system when the counters had been filled,
The window gaskets were cut from a sheet of indium, .0iO"™ thick. This
thickness was found to be necessary to obtain a vacuum-tight seal, be-
cause of the difficulties of having rectangular windows and having
too 1little roam in the small counters to have :any screws and heavy
frames to hold the windows on. To further eliminate organic materials,
joints in the 1/8" cepper gas line, which fed all three counters, were
made with lead gaskets and revised am:ll cemmercial compression fittings.
The two parts of the fitting squeezed the tiny lead "doughmut™ into a

seat mai: up of the copper tubing and a small disc soldered to the
tubing,

The filled counters were shut off from a Lucite and O-ring rotary
joint by a small valv 1located close to where the gas line emerged from
the chamber through 4 kovar-glase vacuum sealy, which was at the bottom
of the rotatabie shaft hoviding the counter arm. The insulated rotary
joint served the double purpose of allowing the part of the gas line
which passed through the counter-supporting shaft to rotate while the
rest of the gas system remained stationary, and of separating the
counter high veltagey; whish was fed in on the rotatable part of the gas
ilne, from the rest of the gas system. The outside of the counters,
+her, had the high voltage, which was usually around -840 volts.
Reasons for putting the high voltage on the counter shell rather than
on the central wire sre9s 108 (1) no coupling condenser is required
between the central wire and the preamplifier, reducing the noise and
chance of breakdowng (2) the effective capacitance of the counter is
lower, resulting in bigger and faster risiang pulses; (3) the require—
ments on the high voltage supply as to cnrona; A.C. pick-up, and
regulation are reducedy (4) the biasing conditions of the first pre-
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amplifier tube will not be rchanged by a coupling condenser's resis-
tagce becoming comparable to that cf the grid leak resistance (here
10° otme)¢ and (5) disturbances produced by high voltage leakage in
cables and decoupling condensers are minimized.

In usual cperation, with the outside of the counte.'s at somewhat
over eight hundred volts, a gas amplification of around a hundred was
employed, Cas ampliification vs. counter voltage curves were run with
alpha particles, and the results wer: sbout the zame for ail thres
counters and about what one would predict. Although the first two
counters were made from one brass block and the third was separate, all
three were the ccaxial cylinder type with inside diameters of .590" and
central wires of 003" diameter. The particles traversed the counters
verpendicular to the wires. The first two counters were made with the
windows placed asymmetrically for the double purpose of allowing the
counter system to get down to low angles on one slide, as mentioned pre—
viously, and preventing the loss of particles which would occur if the
scattered beam could strike the counter wires, The third counter; in
which the particles stopped, was placed symmetrically with respect to
il . scattered beam, enabling its window to be made quite large.

As to supporting the central. wire, one has to consider holding
the wire straight and concentric (to ensure uniform gas amplification),
decreasing end effects (for the same purpose), and limiting the active
volume (toc decrease unwanted counts). The last two requirements con-
flict, but the reduction of end effects was aided by using supports
having a gradually increasing diameter, The .003" tungsten wire was
held on each end by an .018" (0.D.) stainless steel hypodermic needle,
most of which was inside an..032%" (0.D.) needle, which in turn was
mostly inside a tapered brass cylinder, The wire and needles were
crimped togather and force-fitted into the brass, which was then
soldered into a kovar-glass seal which had been turned on a lathe
to ensure concentricity. The kovar seal fitted snugly into a recess
in the counter, made concentric with the main counter bore., Since
both ends of the center electrode were connected to the outside; the
wire could be glowed to remove any irregularities or dust on the wire.

The signal lead was .,01" wire, which was brought out from the
bottom kovar seal on each counter and passed alternately through glass
tubing (vhen passing through metal) and coaxial cable having 6.3
puf, /foot (from Transradio, Ltd., London). Care was taken tc have the
wires well shielded and to avoid multiple grounds. The capacitance of
each counter, its cable, and the connector by which its preamplifier
was attached at the bottom of the chamber amounted to only 18 suf,

The lcakage resistance from the center wire to ground or to the out~
side of each counter was greater than 1013 ohms.

G, Klectronics

%We shall follow the electronics block diagramg Fig. 5, in des-
cribing the electronic equipment used, starting at the couaters. The
electronically regulated variable high voltage supply was the conven-
tional type developed for photomvliipliers. Over a 24-hour period it



maintained a voltage constant to within Ool%9 even while connected to
the regular A.C. lines. Actually, the supply and all the other equip-
ment were operated from Sorerisen line-voltage regulators.

The reampl%fiers were 3 slightly modified version of the Los
Alamos Model 150, which features two k17-A low-noise, high galn triodes
(plus a 6AKS5) in a cascade circuit which was especially designed for
driving a 90-ohm line. To reduce noise;, the tube filanents wers supplied
by a battery, kept charged by a selenium rectifier trickle-charger. The
Bt supply was a Los Alamos Model 41 electronically regulated supply wita
gome added filtering. All grounds were made ai the uscattering chamber
only.

Fach preamplifier was connected to the rest of the electronmic equip-
ment, which was in the cyclotron control room, by nearly 100 feet of
P(-62/T7, 93-ohm coaxial cable. The cable was properly terminated at the
linear amplifier, which was the well-known Bell-JordanlO? type. Because
¢y the Yumpereture sensitivity of the overload diodes, these amplifiers
had to be altered somewhat. Despite the changes, temperature instability
in this and other equipment made it necessary to collect data at might
only. Thermometers were installed near the electronic equipment, and an
effort was made to keep the temperature constant within a couple of
degrees.

The Bzll-Jordan amplifiers provided the main limitation on the
speed of the counting system; since tliese amplifiers gave a rise time
of slightly iess than 0.4 A sec. The preamplifiers showed a rise time
of less than 0.2 usec. ; and the counters were faster than that. To
be safe, the pulse length nsed in the pulse~former of the lower level
discriminators was made slightly longer than 0.6 usec. This uniform
pulse determined the resolving time of the system. Of course, a variety
of pulse iengths were tried to be sure that no coincidences were being
Lost by aaving too short a resolving time, The different pulse lergths
were cbtained by switching shorted delay lines in the discriminators,
which were the Los Alamos version of the Harwell type. A pulse from
the lower-level discriminator went into an anticoincidence unit where
it could be blanked by a pulse from the upper-level discriminator, if
the signal from the amplifier was higher than the upper-level setting.
Complete blanking was assurad by delgying the lower-level pulse and
making the upper-level pulse twice as long as the lower one., Usually
this differential pulse height discrimination was used only on the
first two channels, since the large range of pulse heights which had
to be accepted in the third counter made integral (lower level only)
discrimination more practical.

Those pulses not blanked in the anticoincidence circult were fed
inte three different units., First, the single-channel counting rate
was monitored by feeding the pulses into a gating unit and thence into

# The authors wish to thank C, Wilkin Johnstone and Richard J. Watts
of the Los Alamos Scientific Laboratery.for generously supplying
¢iscuits, information, and advice,
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scalers. Second, the pulses were fed into a coincidence circuit (de-

signed by C. Wilkin Johnstone) used to determine triple coincidencea.

Third, the pulses also went into a duplicate coincidence circuit which
gave a measure of the asceidental coincidences.

The two diode-type coinciderce circuits could record coincidences
among any of the imputs. This was frequently convenient for checking
that the 1-3 or 2-3 doubles rate was the same as the 1-2-3 triples rate.
The resolving time of either coincidence unit was determined Jjust by the
length of the pulses put in. In usual overation, this was within the
limits of 0.71 + .04 Msec. for either unit. The accidental coincidences
wers determined by requiring a coincidence between counters 1 and 2 and
a delsyed coincidencs with 3. A 1.5 usec. delay line delayed the
pulses from the third counter so that a real triple coincidence could
not be recorded as an accidental one. The reasons for choosing this

arrangement for registering accidental coincidences will be discussed in
a later section.

The outputs from the real and accidental coincidence circuits and
fron each of the three channels (as previously mentioned) went through
gating units to scaiers. The gating uvnits determined whether the scalers
were allowed to count the various pulses. Except for the accidental
coincidence channel, the first scaling down was done in each counting
channel by a decade scalerll0 of 5 usec. resolving time, This scaler
proved extremely reliable;, a fewtube failures being the only trouble
experiencad in a period of over half a year. The remaining scaling was
done for the singles by Berkeley Scientific Co. (Richmond, Calif.) decade
scalers, for the triple coincidence by an Atomic Inatrument Co. (Boston,
Mass. ) scale of 64, and for the whole accidental rate by a slightly modi-
fied Tracerlab, Inc. (Boston, Mass.) scale of L4096.

The gating units were controlled by the Master Switch, which in
turn we: controlled by the Master Pulser and the Brown Recording Poten-
tiometer, which recorded the build-up of charge on the beamintegrating
condenser at the input of the electrometer. Two types of control could
be obtained: (1) all the scalers could be turned on at the beginning
of a selected condenser charging cycle and turned off at the end of the
same or another charging cycle, and (2) the scalers could be made to
count only during cyclotron beam omr-times. Usually both controls were
used. The first was achieved by having a mercury tumble switch on the
Brown Recorder fall when the voltage acrosas the condenser reached a
certain value (usually 94.7 mv. )s this tripped a relay in the Master
Switch which momentarily shorted out the integrating condenser (by means
of a solenoid-activated plunger), recorded a condenser dump, turned the
timer on or off, and provided a_gate to allow or not allew pulses to .
reach the scalers. The second control was provided by the Master Pulser,‘

% We are indebted to Louis K. Jensen for designing, building, and main-
taining this unit, as well as an excellent pulse generator that received
continual use.
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vhich was triggered at & selected peint in the cyclotron frequency-
modulation cycle and provided a pulse which could be varied nct only in
helght and width, but also in its time relation to the cyclotron berm
pulse. This gating pulse, which was chosen to be 60 usec. long, could
be adjusted so that the 20 psec. beam pulse appeared at its center.
This latter gzate reduced the chances of getting spurious counts not
initiated by the beam by a factor of roughly 60/1000.

Such spurious counts did have to be guarded against, because of
the very high gain of the amplifying system. For example, normal cyclo-
tron operation produced no false counts, but parasitics in the R.F.
system or bad sparking in the Dee did cause trouble. Reducing other
count-giving disturbances, such as turning on fluorescent lights, was
aacther reason for making runs only at night.

The usual checks were made on the linearity of the electronie
system and to be sure that there were not unequal time delays in the
“hroe counti:.; channels. The nightly checke on the gair, discrimina-

tor 2inearity, gating pulse setting, and scaler operation will be des-
crived later.

H. Current integration

We shall consider here the collection of the beam; its integration,
and the calibration of the integrator. As can be seen from Fig. 3, after
Lviie beam traversed the chamber it passed through a ,002" duraluminum foil
(which meparated the deuterium gas at atmospheric pressure from thehigh
vacuum of the Faraday cup), then went through a magnetic field for sup-
pressing secondary electrons, a grounded guard ring, and finally into
the partially enclosed end of the long Faraday cup. The beam was stopped
in a carbon disc at the far end of the cup; where another magnetic field
feurled vp" secondary electrons. With this picture in mind, let us die-
cuss the errors that can occur in the beam collection. Such errors can
be caused by (1) ionization in the cup region, (2) leakage in the cup or
cahla, (3) acquisition or (4) loss of secondary electrons, (5) pick-up
and rectification of A.C., (6) collection of ions by the electrical
leads outside of the cup, (7) lose of electrons from the exterior of the
cup by gamma-ejecticn, (8) loss of part of the beam, and (9) having a
low-energy component of the beam (due to collimator slit penetration)
which does not produce countable scattering evente.

First, let us determine the amount of ionization which could have
occurred within the 9" long cup, which was usually kept at a pressure of
iess than 1 x 1¢-5 mm. Hg. Since a 20-Mev proton passing through one
centimeter of air at atmospheric pressure will form about 103 ion pairs,
the probability of a proton’s forming an ion pair whet passing through
or of air at 1 x 10“5/760 of an atmosphere is 3 x 0™, Therefore, the
upper limit on the erro:x that could have been caused by ionization is
.03% - This is an upper limit because it requires that only one member
cf the pair be zcllected; whereas it 1s quite likely that both or none
world itave been onllected and the charge not affected at all.



BEuntering into a discussion of the possible effects of leakage is
the fagt that the el ectrometer used to integrate the beam was of the 100
feedback typey, which maintained the Faraday cup near ground potential.
This desirable feature was achieved by putting the output of the electro-
meter, with reversed polarity, in series with the integrating condenser
across the Faraday cup. Thus as vcltage began bullding up across the
condenser, an equal and opposite voltage bucked it out, reducing the
voltage across the cup essentially to zero. Since the gain ef the
electrometer was quite high and its zero drift quite emall; the cup
voltage never got far from zero, and leakage problems were greatly re-
duced. Actually, for most runs (using a 0.1 pf condenser; the voltage
across the cup due to the feedback action varied from zero to .0002
volt, while for a few runs (using a .0l pf condenser) the maximum volt~
age was .002 volt. Electrometer zero drift was rarely as high .s .00l
volt. Since the leakage resistance of the cup systun was found te be
3 x 103k ohms, even at the highest voltage ever found across the cup
the leskage current was completely negligible.

Since the integrating system was calibrated by putting into it a
kno«u current and determining the time it took for the condenszer to
charge up to its "dumping" value, leakage losses necd be conzidered only
for those parts of the integrating system used when measuring beam
current, but not when calibrating. With the cup leakage negligible, we
have to ccnsider only the leakage of the cable connecting the cup to
the electrcmeter, Actually, some calibrations were made using this
cable, and they agreed with others made without it. This is to te
axpected because the leakage resistance of the cable was found to be
about 2 x 1013 ohms, so the maximum possible leakage current was still
less than 16-16 amp. The lowest charging current used was always larger
than 1012 amp, and was usually abeout 10~10 amp,

Az to the effect of acquiring secondary electrons, a great deal
of woriv has been done by various experimenters on this question; and
when reasonable precautions have been taken, it always turns out that
the effect is umimportant. Let us look at the results of some recent
careful work by Yntema and White,>ll and see how the present system,
while similar to theirs; should have been even less affected by
secondary electrons knocked out of the ,002% Al foil which aeparated
the Faraday cup vacuum from the deuterium. In both - rstems, the Al
foil was about the same thickness, theirs being .0015". By verying a
potential applied to the cup and finding the amount of charge needed
to give a certain number of counts in a counter measuring protons
scattered at a fixed angle, they found (for a total of 300,000 counts)
that the amount of charge was independent of the cu» potential over at
least the range +6 to -6 volts, provided (1) a magnetic field of at
least 500 gauss was present to make the electron paths approximately
circular, and (2) that a grounded guaid ring was vetween the foil and
the cup. Despite their nearly cdicuiar trajectories, a rew of the
elestrone sculd still have migrated toward the cup if it were positive
with respect to the surroundings, hut the grounded guard ring prevented
the electrorz from being influenced by the field of the zup.

X
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In the present experiment the guard ring was made to fit tightly
against the Faraday cup housing, which had an inside diameter oi i-5/8".
The opening of the ring was made 0,720", whereas the cup orening was
0.875" (although the cup .iteelf had ai inside diameter of 1.250%), The
front of the 1/16" thick ring was 9/16" from the Al foil and %/8* from
tre cup entrance. Thus the cup was well hidden, mechanically and elec-
trically, from the secondary electrons by the guard ring, The maximum
diameter which a secondary electron trajectory could have had in the
1250 gauss fleld; which was supplied by a magnetron magnet just ocutside
the Faraday cup housing, was only C.24", 80 considerable migration
would have ba2en necessary before even the guard ring could have been
struck. Actually, the guard ring was probably more of a2 refinement
than a neceasity in the present experiment, since the cup was held so
near ground potential, whereas in the Yntema-White experiment the
guard ring was needed, since a mechanical sliie-back system was used

and the cup vltage could reach 0.5 volt, or roughly three hundred
times our maximum voltage.

The charge could be in error not only because foil secondary
electrons might be added to the cup, but also because secondaries
produced when the proton beam was stopped in the cup could escape.
This source of error usually receives far less attention, the con-
ventional remedy being to let the magnetic field for suppressing
foil secondaries also try to keep the stopping secondaries from
leaving the cup entrance. Indeed, in some axperiments the cup is
maintained at a high negative potential te repel foil secondaries,
but this also provides a good way to lose stopping secondaries, In
the present experiment, not only was one magnetic field present at
the cup entrance; but also another, of 1900 gauss (provided by another
magnetron magnet cutside the cup housing), was placed at the far end
of the cup, wherc the beam stopped. 'n addition; the cup was made
much longer (9") than is usual, and its entrance was partially en-
closed. By the geometry, then, the escape of secondaries was made
more difficult in two ways: (1) there was a very small solid angle
for escape, and (2) the secondaries could not be influenced by any
potantial difference between the cup and the regiorn outside it. Of
sourse, having the cup kept so near the potential of the outside
r2gion helped in this regard, also.

That pick-up and rectificaticn of A.C. was not a source of
error in the current measurement was horne out by the agreement be—
tween calibrations made with and without the cyclotron R.,F. on. To
achieve this result, however, it was necessary to use filters at
beth ende of the cable ronnecting the Faraday cup to the electro—
meter,

Similarly, calibrations made using the cable and with and with-
cub the cyclotron beam on showed that ion collection in the cable was
not a source of errcr. However, a more likely place for ion collection
would have been at the connectiocn “estween the Faraday cup a2nd the elec-
trometer cabie. To minimize the air space around this junction, the
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electrometer cable connector was soldered directly to the kovar vacuum
seal which was connected with the cup, and the shield put around this
connection was mads as small as possible. The amount of ionizing
radiation in this area was greatly reduced by having the beam stop in
carbon, in which relatively few reactions could be produced. Since in
addition the lead was kept near ground potential, the collection of
ioneg there could not have been a source of error.

An opposite error could have arisen from the ejection of elec-
trons from the outside rear of the cup by the gamma rays resulting from
the stopping of the protons. This logs was, however, unimportant be-
cause (1§ relatively few gammas were produced in the carbon and (2) most
such eiectrons would have bzen raturned. to the cup by the magnetic field.

In considsring whether a part of the proton beam could have missed
the Ffaraday cup, itwas important firs:c to be sure the Faradsy cup s stem
was properly centered with respect to the beam. The accurately bored
beam exit hole in the chamber wall provided the basis for this centering.
The accuracy of this bore was checked both optically with a transit when
~the collimator was being aligned, and photographically with the beam it~
self. With the foil and guard ring removed, the cup was positioned by
means of a cylinder turned so that one end fitted the chamber bore and
the other end fitted the cup entrance. The cup nousing was then screwed
onto the chamber and aligmment markings made, the use of dowelpins here
being impracticable. The cup was held in the housing, or outer cylinder,
by its electrical connection on one end (a 0,1" brass rod which was
soldered into a kovar-glass seal in the housing) and by three teflon
spacers at the other, or entrance; end,

Ye can consider the question of loss calculations, having baen
assured of the centering of the collecting system, Losses have been
calculated for both multiple and single scattering; the latter becoming
more 3-.urtant than seems to be realized generally when considering
logses smaller than one per cent. Although the effect of ithe deuterium
was also included, most of the scattering took place in the Al exit
foil. The aperture which determined the loss was the cup entrance,
gince the guard ring, although having a smaller opening, was made to
subtend a larger angle at the foil. The result of the calculations is
that, even assuming the beam to be uniformly dense out to the limit of
the penumbra determined by the collimator; the losses were completely
negligible. It turned out that on all sides of this beam at the cup
entrance there wac a space equivalent to about &0 Yrmss where ¥, is
the root mean square spatial displacement dus to multiple scattering.
Actually the situation was even better than thia, sincs the beam enter-
ing the chamber was nearly parallel. Pictures showed that nearly all
of the beam at the exit foil was contained within a circle of diameter
0.18%, whereas the geometrical penumbra would have extended to 0.27%.

The last of the nine errors in beam collection to be corisidered
is that of having a part of the beam penetrate a portion of the
collimating diaphragms and lose so much energy that the scattering
events it produces are not cowited. This unwanted part of the beam,
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which undergoes more multiple scattering because of its lower energy,
was partly eliminated by the last anti-~scattering hole on the colli-
mator and partly by having the chamber exit hole as small as possible,
commensurate with not losing desired beam. The extent of slit pene-
tration was decreased by using brass (cf. p. 13) slits of just a stop-
ping thickness and by decreasing the number of protons striking the
slits by using pre-collimating anti-scattering holes. A good measure
of the amount of such low energy protons in the collected beam is gi-en
by the integral range curves obtained for the scattered beam (ef: p. 18).
Within the 1% statistical error in the determination of each point on
the ourves, the integral range curve was flat for ranges smaller than
the absorber thickness used at that angle. Despite there being no evi-
dence for a low energy beam component, the total error assigned to the
beam collection, 0.39,, i8 mainly to allow for such an effect. An

even larger arror, 0.5% ¢ has been assigned for measurements made when
the beam had shifted, an occurrence which will be discussed later.

Since the current-integrating electrometer had to be located in
.the cyclotron control room, about seventy feet of cable was needed to
cor:lect to the Faraday cup. Like the cables from the preamplifiers,
the electrometer cable went through a conduit, but unlike the other
cables it had a double shield and was mada especially for this pur-
pose by Amphenol (#£21-406). Such a length of cable would present
many problems with the low beam currents used were it not that the
electrometer kept the voltage across the cable essentially at zero.
The electrometer was the University of California (Berkelqy) Radiation
Laboratory's Model II, with a few modifications to improve stability.
The action.of the circuit has already been described, but perhaps a
clearer ides of the function of the various parts of the feed-back,
slide-back system can be obtained from the following simplified
diagram. e

e s L Brown
::;fu:::; 'c:?: == :"'_:“_:EI i s Elec::gmter é Record ing]
=T L o=z rT =1 e Amplifier Potenti-
. -_.E£¢J - cmeter
- Lc o
Faraday RF 76 fv. of RF “T' r
Cup Filter Amphenol Choke

#21-4L06
100% Feedback Electromeber

The filtering was found to be necessary to eliminate all effects
of cyclotron RF pickup, as has been previously discussed. The choke at
the cup end was 7 mh and at the electrometer end; 10 mh,; while the fil-
ter condenser was .00l pf. The capacitance of this condenser, as well
as the 80 puf of the cup and the .0008 |f of the cable were made com~
pletely: negligible compared to the integrating capacitor, C (usually



0.1 pf, but .0lf for a few runs), by the feed back action of the electro—
meter. Since the gain of ths electrometer was about 550, the effective
capacitance of the cable, filter, and cup was only adbout .000003 pf, ex-
clusive of the small effect of electrometer zero drift.

The filter condenser and the integrating condensers were all Fast
polystyrene capacitors, which were found to have quite small leakage and
soakage. The electrometir tube was a Victoreen 5803, having a grid
current of about 2 x 10~13 amp. The function of the condenser dumping
switch, D, which shorted out the capacitor after its voltage had reached
a pre-set value (as determined by the Brown ElectronikK Recording Potentio-
meter), has already been described in detail, The potentiometer was
frequently made to check itself against a standard ceil.

Having discussed the method of beam collection and integratiocn, we
shall next consider the calibration of the integration system. The prigu
lem of making an accurate calibration for currents of the order of 10~
W 107 amp, i= rather a:difficult one, The easiest way out is to
determine the integrating condenser capacitance, but this frequently
used method is not very reliable, both because tne effective capacity
value frequently depends on the procedure used in the detsrmination, and
also becauee the capacity of even polystyrene condensers often can change
by as mach as 3/4% within a few months.lll On the other hand, if one can
use a current-time method, employing currents of the same size as the
beam currents measured, then many sources of error -- such as additional
capacitances, leakage, soakage, electrometer tube grid curreni, and
condenser discharge time —- are taken care of, While the current=time
method 1s not new, it is belleved that it has never before beesn used to
obtain accurate calibrations with such low currents.

The form of calibration circuit which was finally used is given
here:

900 L1WW
1.3-volt 98.070 x 1060
M-Cd -~ \ -
Battery I o K2 Potentiometer
1
| | 1

It was necessary tc use the K2 potentiometer acrouss a low impedance to
achieve large enough galvanometer deflections when obtaining balance
conditions, The large precision resistance was made up of 98 one-
megohm "Evenohm" resistors, having a temperature coefficient of

+ ,000025/°C, Each resistor was measured to about .01% at 25°C by
the mamfacturer (Cinema Engineering Co., Burbank, Calif.), using a
Leeds and Northrup Anthony-Pattern Bridge. The resictors were
assembled in groups between steatite posts projecting from Lucite

-

sheets, which in turn were positioned inside a double box. Glass
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wool, for thermmsl insulation, was placed between the inner Lucite box
and the outer zluminum box, The humidity inside the double box was
kept low with silica-gel, Extensive tests ware made to be sure that
all poasible electrical leakage paiiis gave & negligible sffsct,. An
over-all check on the value of the assembled resistors was made to an
accuracy of about C.1% by bridging the resistance box against two
resistors calibrated by the National Bureau of Standards.

Neither i1he value of the 108 ohm resistance, nor the value of the
voltage, as measured by the K2, limited the accuracy of the calibration
method. Since the timer (see Fig. 5) was turned on and off by the same
relay which controlled the condenser shorting switch, measuring the
time required for a condenser charging cycle also did not limit the
accuracy., Once all sources of pick-up had been eliminated, the limit~
ation on the calibration accuracy was imposed by the zero drift of the
electrometer and by *he build-vp of voltage across the integrating
condenser during the chargirr, cyclea.

The electrometer zero could be set before each run, but any
rezalting zero drift could be measured only after the run. Such zero
drift had two effects. One effect; the voltage as measured by the
Brown Recording Potentiometer being not quite the same as the voltage
across the condenser, was small and could be accurately corrected for,
since it involved knowing only the final value of the zero drift. This
first effect also had to be corrected for vwhen making beam current inte-
grations. The second and much more serious effect, however, was present
only when using the calibrating circuit, for then the zero drift acted
iike a battery appearing at the grid of the elsctrometer tube. To
correct for this added voltage, one had only the average value of the
zero drift to use, whereas the drift of the electrometer zero usually
occurred in an erratic, ratner than « linear, fashion. The inaccuracy
of this correction provided the main variation, from one run to
another, in the value obtained fer the charge per dump calibration
constant (Qgq)- Because this effezt of zero drift increasad as the
clrcuit voltage was made lower and the cdumping time becswme longer,
reliable calibrations for the (.1 pf condenser could not be obtained
for currents smaller than 16~4t amp. However, only the 8° protsn runs
rere made with currents any smailer than that.

Because of the high gain of the electrometer; even at 10_11 amp.
the effect of voltage build-up on the condenser required only an 8%
correction when calibraling ithe G.i Wi condenser, OSince the slactro-
meter gain could be measured (using a low-impedance voltage source,
calibrated with a K2) to 1% jus“ pricr to calibrating, and the conden-
ser's capacitance was known to aoout 1/2% , the correction,
1 = (tg/ZRCA) + 2(ty/2RCA)2/S = ..... (vhere R = 98,070 x 10 onms,

A = electrometer gain. t3 = dumping time, and ¢ = condenser capacitanee),

could be made with sufficient accuracy for ths C.l pf condenser. How-

ever, for very long dumping times with the .0l uf condenser, this sscond
1imitation was more important thzn zero drift. However; with the excep-
tion of a few &% deutsron runs, the .0l pf condenser was noi used with
~urrents# which were smalier than those which gave reliable calibrations.
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The shape of the Q3 (chargs per Adump) vs. tg curves for both
condensers were such that quite good axtrapolations could be made to
lower current {i.e., larger tg) values. For the ,01 pf condenser,
Qg was found to be constant for dumping times ¢f 150 to 700 seconds,
while for the O.1 pf condenser, Q3 decreased slightly with t4, indi-
cating some sozkage. For both condensers Qq became larger for very
short dumping times because the response of the Brown Recording
Potentiometer was not rapid enough.

The absolute value of Q2 for the 0.1 puf condenser at a parti-
cular currcnt was checked in three ways. A duplicate calibration
circuit using a 108 ohm VWictoreen resistor calibrated by the Bureau
of Standards gave a Q4 value 005% lower, which is within the accu-
racy of the resistor calibration. On the other hand, a Qg value
0.5%, higher wae obtained by letting the integrating condenser dis-
charge through a ballistic galvanometer and then calibrating the
zaivunometer using the constant current (resistance box) source and
measuremenvs of the galvanometer's period and logarithmic decrement.
This agreement is also well within the expected error of the measure-
menv.  The final check on Qg was obtained using a value for the con-
denser capacitance, found by both bridge and RC-time methods and known
to about 0.5% , snd the voltage at which the condenser was dumped.

The latter was determined by checking the Brown potentiometer's reading
vith a low~impedance voltage source, calibrated by a K2 potentiometer,
applied by breaking the electrometer's feedback loop. Using these
values gave agreement to within 002%V with the equivalent Qg value
cbtained from the charge-time calibration,

In general, it is believed that the Qq values have standard
errors varying from 0.29 (for currents high encugh so that the zero
.drift or condenser voliage effecte were small) to 1% (for currents
so low that an extrapolation of the Qq curve was necessary). The
error - cignment is based on the absolute value checks and on the re-
predu:.ibility of over three hundred calibrations made during the
courcse of the sxperiment.

I. Vacuum system

“ince the vacuum system was fairly conventional, it will not be
descrivea in any detail. The single system could be used to pump on
both the scattering chamber and the Faraday cup, or either one sepa-
rately., A Distillation Products, Inc. VMF-20A diffusion pump (with
Octoil-S) was used with a Welch Duo~Seal mechanical pump for backing
and roughing., Separate mechanical pwmpe were veed for both the
deuterium and counter filling systems. The mechanical pumps were kept
on a cart separate from the one carrying the scattering chamber, the
vnly connsction between being made by rubber vacuum hoses. In this
way, both mechanical vibrations and electrical disturbances could be
preatly reduced,

While a liquid nitrogen trap was available, it was usually used
cnly when it was necessary to pump down rapidly, for the whole system
{ including the chamber) could reach 3 x 105 and the Faraday cup alone,
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9 x 10'6 mm. Hg without liquid nitrogego With the trap filled, thg
whole system could get down to 9 x 10™° and the cup alone, 2 x 1077,
Iiquid nitrogen was rarely needed to gat the Faraday cup dewn to a
good enough vacuum, for within a few minutes of shutting off the
chamber the cup pressure was always about 1 x 1072 mm. Hg.

To help determine the extent of contamination scattering and
of changes in the vartial pressure of deuterium, the rate of rise of
the chamber was checred several times, In general, for the first few
houre after shutting off the chamber from the pumps, the pressure in-
creaced about 0.3 micron/minute (or 3 x 1 mm, Hg /min. ). For lomger
periods, the rate of rise was slower. The main contributor to this
leak rate was probably the chamber itself, since this brass casting was
found to be quite porous, Making the chamber reasonably tight provided
the chief vacuum problem,

J. Deuterium system

To measure the differential scattering cross section it 1is
necessary to know the number of scattering etoms present, and hence
the pressure and temperature of the scattering gas and the percentage
of deuterium in that gas. To eliminate all impurities initially ex-
cept normal hydrogen; the deuterium gas was forced to diffuse through
the walls of a heated tube of palladium. By using 15C 1b/in.2 deuter-
ium pressure and 150 amp. through the P2 tube, the five-liter chamber
could be filled in about twenty minutes. Because oxygen can diffuse
through hot ccppery; the deuterium coming out of the hot Pd was passed
through only stainless steel tubing to a liquid nitrogen trap.
Besides cooling the het gas, the liquid nitrogen served as a vacuum
pump. Since the deuterium iiiling section was not opened to the air,
except for rare repairs, it was sufficlent to evacuate it prior to

putting in a new filling to the pressure achieved by a mechanical pump
and th- liquid nitrogen trap.

The deuterium for the final runs was obfained suortly before it
wzs used from the Stuart Oxygen Co., San Francisco. The two tanks used
for nearly all of the data were later analyzed mass—spectrographically
Uy the Consolidated Engineering Corp., Pasadena. The more impure of
the two was found to contain only OM% air and .02% water, 30 the Pd
tube was almost superfluous. The H,D analysis, which had a limit of
error of less than .05 mol 9% , showed one tank contained 99.20 mol% D
and the other 99025740 The presence of H made necessary a small
correction (C.45 + .06%,jxnthe worst case) for those protons scattered
from H which had an energy at the lowest angles such that they were
counted along with protons scattered from D. This correction will be
discussed in a later secticn,

Knowing the percentage cf deuterium present; we next need to know
the pressure of the entire gas, The chamber was filied until a Bourdon
gauge indicated that the pressure was approximately equal to that of
the atmosphiere, whereupon the rhamber was opened to the evacuated arms
of a small glass U-tube mancmeter, half-filled with Octoil--S diffusion
pmp 0il. After closing a stop-cuck between the arms, the arm nct



connected to the chamber was opened tc the atmosphere. The resulting
difference in the neights of the two 0il columns gave the pressure
differertisl between the chamber and the atmosphere., ¥hile this height
difference was usually read with a cathetometer, such accuracy was not
really needed, since a millimeter erro: in measurement would have given
only »01% error in the pressure.

Octoil-S was chosen as the manometer oil because (1) it has an
extremely low vapor pressure (5 x 10~8 mm, at 259C.), (2) it is a satu-
rated hydrocarbon and hence dissolves much less gas than if it contained
any double bonde, and (3) its density and variation of density with
temperature are well known, Using the average of density determinations
made by the manufacturer (Distilla tion Products; Inc.) and by two other
g.':oups,ss LZa31 of which agree within .01% s plus the local value of
gravity (known vo + 0002‘1 ), we get that the pressure differential in
miliibars is 0.8918 (1 -'.00073 (T - 259C,)] M, vhere M is the difference
in the manomeber arm heights in ¢m. and T is the temperature in ¢C.

The atmospheric pressure near the chamber was measured with a Friez
Aneroid Barometer® +to 0.1 mb. While the aneroid was checked quite fre-
quently against the U.C.L.A. Meteorology Department's standard mercury
barometer (which in turn had been checked against local Weather Bureau
and Air Force standards), 3t was found that the readings of the two,
when properly corrected, agreed to within about + 0.2 mb. over a period
of nearly nine months, The over-all error in the absolute measurement of
the gas pressure in the chember is estimated at + O.4 mb., or + .O04Y%,.

It is believed that the measurement of the gas temperature was even
more accurate, being about % .03% . An 18-359C. thermometer, made by the
Parr Instrument Co. (Mcline, Il1l.,) and graduated in .02° intervals, was
used, While a calibration curve supplied by the manufacturer makes
possible obtaining differential temperature errors of only .002°9, the
absolvt- values are good to .02%, and so readings were made to just .01°,
An error of ,02° ie an error of only .007% in the absolute temperature,
but the larg' » error given above results from the uncertainty as to
whether temverature equilibrium between the gas and its surroundings had
been =stablished before simultaneously reading the temperatu-~s and pressure.
Errors resuliing from a lack of temperature equilibrium could not have
teen very large, however. The chamber filling time was fairly slow, and
the gas had to pass through. a long copper coll after leaving the liquid
nitrogen trap and before entering the chamber, Furthermore, the Parr
thermometer passed through an O-ring seal in the 1id of the chamber, so
that its bulb wass immersed in the gas close to the scattering volume.

A temperature reading was made only when the Parr thermometer and one
outside the chamber agreed to within 0,1°.

#* We wish to thank Dr. James Edinger of the U.C.lL.A. Meteorology

Den rtment for the loan of the aneroid and the use cf both the standard
mercury barometer and the Gaertner traveling miecroscope, previously
mentioned.
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Readings of the temperature and pressure were made both at the
beginning and end of the period during which the gas was used, and the
resuliing difference in T/P values was compared with the expected leak
rate of the chamber, tzken from rate-of-rise measurements. Usually,
T/P changed by about .0061 per hour, and T/P values were assigned to
each run according to the time elapsed since the chamber was filied.
Usually fillings were used for one and scmetimes two nights, so that
this correction for the change in T/P was always quite mmell,

In general, the error in T/P for most runs was taken to be 0.1%
although in a few cases a somewhat larger error was assigned. '
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IV. PROCEDURE AND EXPERIMENTAL CHECKS

We have discussed the various parts of the equipment separately,
now we snall consider the operation and checking of the apparatus &as a
whoie. We have, for example, examired the aligning of the collimator,
Faraday cup; atec., but we should also mention the alignment of the entirs
scattering chambezx.

A diaphragm with a small heole in it was placed cver the end sf the
external beam exit pipe so that the -thoie was at the position of the most
intense baom, as determinzd by beam pictures and beam current measure-
MNeNT 8o Auothnx evacuated section, about five feet long end having a glass
end, was add#d to the axds pipe. beyond ths diaphragm. By bombarding the
tlass for a few minutes with iha proton beamg a darkened image of the
hole in the diaphragm appeared on the glass, After aligning a transit
alcng the line formed by the centers of the diaphragm hole and its image
on the giass, the scattering chamber was moved in so that the axis of
the collimator was also along this line. This was determined by sight~
ing the transit on the collimator defining holes through the chamber
axit holey with the Faraday cup removed. Minor adjustments were then
made in the chamber's position, in accordance with beam pictures taken
inside the evacuated chamber,

With the chamber in place and the cyclotron's magnetic field on,
a flux-meter survey was made to determine whether the magnetic field in-
side the scattering chamber could ca:se any scattered protons to fail to
properly pass through the counter anslyzing slits. Whils the cyclotron's
field, as previously mentioned, turned out tc be negligible, the stray
field from the magnet at the Faraday cup entrance could have produced a
small effect at the lowest angles, As can be seen from Fig. 3, three
shims were placed around this magnet to achieve the double purpose of
reducing the field inside the chamber and of providing a strong field in
the region of the chamter exit foil,

Having considered the procedure for getting the chamber ready to
use, we shall now briefly discuss the procedure fcllowed in a typical
night of data taking. First, the vacuums of the chamber and deuterium
f£i1ling systems were checked to be sure that no leaks had developed,
Wnile the chamber was being filied through the heated Pd tube, the elec-
tronic system was checked. Pulses from a mercury-relay palse generator
were applied simultanecusly te¢ all three counting channels, By switching
+he accidental csincidence circuit so that it counted real double coinci-
dences, the performance of all five scalers could be checked at once.

The operation and linearity of the upper and lower level pulse-height
discriminators were checked by using two sizes of pulses from the accu~
rately caiibrated puwise generatsr. It was important to be sure that
=achh discriminator "slope' was sel so that the desired range of pulse
helghts couid te includad,
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The pressure and temperature of the filled chamber were measured
in a manner that has aiready been described (p. 32). A fresh filling
vas put in the counters and the high voltage measured and applied,
Neither the counter bigh voltage supply nor any of the rest of the
electronic equipment was ever turned off, exczpt to make repairs.
After setting the counter angle, the Faraday cup vacuum was measured,
anc then the cyclotron beam was maximized,

With beam into the chamber, the singles counting rate of the
first counter was displaycd on an c¢scilloscope. Most of the pulses
were confined to a recurring group of about 20 peec. duration, which
demarcated the cyclotron beam pulse. By making the output of the
Master Pulser blank the osciliiomcupe urace, tie OU psec. scaler gating
pulse could be eget in proper time relationg i.e.; so that the cyclo-
tron beam pulse was at iis center, It was then certain that the scalers
were missing none of the desired counts while excluding some noise counts.

Befora starting to collect data, the amplifier gains and discrimi-
nator levels had to be set. The usual procedure is just to try to set a
lower discriminator leveli sufficiently low so that none of the desired
counts are missed. In the present experiment such a procedure was un-
desirable because better particle selection iias necessary, particularly
when counting recoil deuterons. In addition, the usual method would
have been far too time consuming; since counting rate plateaus would have
to have been established for 811 three counting channels and for both
upper and lower lievel discriminator settings in the first two channels.
Instead, a quicker; more accuratiomethod was developed, based on the cal-
culated energy loss distribution: C in the first iwo counters (as dis-
cussed on p.8 and plotted in Fig. 4) and, for the third counter, also on
the straggling calculationsi93 ment’oned on p, 18, The latter provided
a means ¢f determining the maximum energy which a particle could have
after vassing throvgh a given thickness of absorber. Then, with the aid
of the energy loss distribution curve, the minimum possible energy loss
which a desired particis could have in the third counter was determined.
Plots of this minimum energy losa vs. counter angle for protons and
deuterons provided an accurate and easy way to get the initial approxi-
mate setting of the third counter discriminator, based on a previous run.

Approximate settings from any prior run could also be obtained for
the firat two counting crannels. using a curve like Fig. k. These
settings were made quite generousiy and were not crucial, it not being a
requirement of the method that the energy loss equivalent of a discrimi-
nator setting be constant over a long period. A run was then made to get
the approximate counting rate at that angie. Next, the lower level first
channel discriminator was set at some arbitrary higher level and another
run made, From the difference in the counting rates of the two runs, the
percentage loss <aused by raising the first channel bias level was deter-
mined. Suppose we Were counting 1AMev protons and raising the first
¢hannel discriminator to a setiing of 200 had decressged the counting rate
by 30%. Fig. 4 shows that this discriminator setting of 200 must have
nsorresponded te a 2C kev energy loss in the counter. Since the eaergy
Yoss distribution essentially hegins (Oal% curve) at 14 kev and ends
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(99.9% curve) at 52 kev, the lower level discriminatcr had to be set
below 200(14/20) = 140 and the upper level had to be set above
200(52/20) = 520.

The second channel was set in the same way, but the third channel,
because of the large range of energies in the third counter which resul-
ted from straggling, had to be set by taking a conventional bias curve
and finding a counting rate plateau. dHowever, because the approximate
setting was already known,usually just a few properly chosen se’tings
sufficed to establish the plateau. Because the initial settings were
usually fairly close Lo the final values; it was not often necessary to
repeat the first and second channel setting det.rminations after finding
the correct setting for the third channel. However, to guard against
emplifier gain changes, these settings were usually checked during the
coursge of data taking.

This method of discriminator setting had an additional use when
counting recoil deuterons. Because of the broadness of the energy loss
di stribution, not all the protons from deuteron breakup having a range
equal to or longer than that for the deuterons could be excluded. Hence
it was necessary to make a background subtraction by using absorbers
just thick enough to stop the deuterons. Since the group of inelastic
protons being counted had a slightly higher energy than the group which
actually constituted the backgrourd, it was necessary to reset the
discririnators a little. These new settings were obtained easily using

the energy loss distribution and third counter minimum energy loss
curves,

The accuracy of this method of setting discriminators depends upcn
the linearity of the amplifier-discriminator system and on the correct-
ness of Symon's energy loss calculations, 100 The first requirement was,
of coursey; satisfied by the previously described nightly pulse generator
chiecs. The second was verified by the work of Igo, Clark and Eisberg,l1l3
who used a propertional countar similar to those employed in the present
experiment, and who found quite clese agreement with a curve calculated
from Symon's theory at their energy of 31.5 Mev. Both requirements were
actually checked nightly, once the discriminators were set; by predicting
a discriminator setting for a certain percentage particle loss and then
making & run to see if that loss was obtained. The empirical loss always
agreed with the theoretical one within the statistical errors in the
number of counts, which ranged from 3 to éz;

With the discriminators set, data taking could begin. Short runs
were made, uzually lasting ten minutes or less, depending upon the beam
current and the electrometer zero drift. Triple coincidences, acciden—
t2l coincidences, the singles counting rate in all three counters, the
ramber of condenser charging cycles (or dumps); *the time, the run du-
-stion, and the electrometer zerc drift were recorded for each run,

The five scalers, timer, and condenser dump register all ware simul-
taneously turaed on by the Master Switch at the start of cne condenser
charging ¢ycle and «ff at the end of the zame or another cycle. During
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periods when the cyclotron magnet had to be cocled; the electrometer was
calibrated. At the end of using the chamber filling, the temperature
and pressure of the gas were again determined.

Of the many experimental checks whish were made and which willi now
be briefly described, perhaps the most important was that cn the repro—
ducibility of the data afforded both by having taken a mumber of short
rurns at each angle. and alsc, for the majoriiy of angles, by having
taken data at the same angle nn different nights, sometimes weeks apart.
For zach angley theng iwo statistical errors in the data could be com-
puied; a poisscrian one based ¢n the total mumber of counts, and a
paussian one based on the reproducibility of the data. These two errors
were compar21 by a chi--sguare ‘est, and wiin a very few exceptions it was
tound that the data reprcducitility depended only upon the number of
courts. Thet 1+ to say. for nearly all the runs the internal consistency
~¥r e date showed nr sxrocs outside the polssonian uncertainty in the

rtal number of counts. Thz few exceptions were mainly runs for which it
was found that a faulty relay had been erratically throwing extra counts
ir' s the scalers, While a gnod averasge background was found whierb
corrected for this, the individual runs showed too much wvariatiocn. An
appropriately larger error has been assigned to these runs.

Ancther useful check on the reproducibility of the data was pro-
vided by counting both scattered protons and recoil deuterons at nearly
the same center of mass angle. Among other things, this served as a
good check on the deutercn hackground measurement, mentioned above.
Because the two deutercn check points 1lie near the main minimue in the
differential cress section curve, the inelastic background is relatively
much larger compared to the elastic scattering at these two points than
it is at lower laboratory (¢r higher entsr of mass) angles. Indeed, the
main group /yf deuteron pcints { 6 130°) 2oins smoothly on to the proton
peints 10 { 120°) right in ine minimum, and the point at O = 1300 had a
mush isrger background than did any other deuteron measarement. The
Jeuteron check point &t © = §9,9¢ which is close to a proton point at
O = 91,90, lies on a mmooth curve drawn through the proton data.

This agreement of the denteron data at 909 and 130¢ witn the proton
data has an added significance, since in one case the proton had a con-
siderably higher energy tharn the correspondirz deuteron, and in the other
case the dsuteron had over twice as much energy as the corresponding
proton. Since the root mean square multiple scattering angle varies
approximately inversely as the particle energy, if there were any
appreciable miltiple scattering loss (cf. p. 18) at amy angle, it should
shoew up in these two cases, This conclusion is made even stronger by
the fact that the deuteron energy in one case and the proton energy in
the other case were the “owest deuteron and proton energiass used in the
experimert. and therefsre should have giver multiple scattering losses if
any were to be found,

Since at a fixed energy the muitiple szattering ioss wotld have
heen greater with the narrcw slits tnan with the wide, both the proton
cnd dentercn measurement=z b 4 laboratory angle of 20° were made with
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narrow and wide slits as a further check. For the deuteron case the
statistical errors were rather high, being 1.6% for the wide slits and
h.7‘{, for the narrow, but ths disagreement, L?‘L is in the opposite
direction to that axpected from multiple scattering. For the proton
check the statistical errors were only 00631Lfbr the wide slits and
l&h% for the narrow, and the narrow slit cross section was 0.87% lower
than the wide. The agreement of the wide and narrow slit data, then,
shows again that multliple scattering losses were unimportant.

Sti11 another check on multiple scattering loss was provided by
making a 209 (labcratory) narraw slit proton run with the chamber
filled with half an atmosphere of Jeuterium, instead of the usual
atmcsphere. Because this angle was the highest (and the proton energy
the lowerl) at which narrow si’ts were used, it affcrded some test of
miltiple scattering losses in She gas. Howaver, tecause calculations
u10w that the loss in the gas ought to be quite small, and because the
anglie is fairly low, this served as a better check that scattering from
the collimating slits to the analyzing slits was not affecting the
resv.ts, Since the slit-slit scattering and the multiple scattering
ef{ect would both cause the cross section found with a half-atmosphere
filling to be higher, an upper limit on both effects iz determined by
the fact that the half-atmosphere data (1.0% statistical error) was
0,229 lower than that obtained with a full atmosphere filling (L.4%
statistical errer).

Another good check on slit-slit scattering effects was acciden-
+ally provided by a shift in the direction at which the beam entered
the collimator, This direction shift caused a large insrease in the
number of protonz striking the edges of the last defining hole in the
collimator. Some of these protons; scattering off various metal sur-
faces, found their way intc the first and second counters. However,
these protons must have lost toe much energy in the many scatterings
to hsw: been able to get through the sbsorber in front of the third
counter, for measurements made after the chamber was realigned ‘v tha
new beam direction agreed within statistical error with those made be-
fore realigmment. For example, the deuteron measurements at 12.5°
(laboratory) show that despite the fact the firsi and second counter
counting rates decreased by a factor of over two after realigning, the
cross sections obtzined before and after realigmment agreed within 1.4
for statistical errors of 1,3%,and 101%9 respectively. Similarly, while
the singles rates went down by a factor of two after realigning, the
srose section for protons measured at a laboratory angle of 10° went up
0.82f, for ststistical errors in the two measurements of 2.9% and 1.4%.

Thus slit-slit scattering was not a source of error in the cross
section measurements, with one exception, At 8° neither the last anti-
snrattering hole in the collimator nor the anti-scattering baffie was
effective in keeping protons scattered off the second collimator
defining hole from getting through the first analyzing slit., The only
importance of this when counting preotons at this angle was that it in-
creased the singles rates in the first two counters; and consequently
vecessitated running at smaller cyzlotron beam currents. However,
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wnega counting denterons the avsorbsr used was thia sncugh te admit same
of these slit-scattered pro*ons. Thus the ratio of backgrsund to teotal
counts wus about gix times ax liarge at 8C as it was at 109 Not only
did this high background mazks ‘he 89 runs sgatistically more inaccurate,
vt alse it was faund that the slit—scatiered proton background decreased
rapldly with energy. A correction for this had to be made by filling +he
chamter with oydinary hydrogen and making runs with the same abscroers
and diseriminator setitings as wers used when taking deutaron and back-
ground counts, A rather large error in the backgrounds was assigned for
this correstion

Wr.il: Lazkground measuremenhs were made for &1l dsuteron rans, only a

T=w were raien Ioc proton runs, since probton backgrounas were neariy
~iwsys feund 1o e pegligivie, - Tnese few were dons in the same manner
a8 for *he denteron ronss i.e. . Just encuga axtra absorber was used to
shot &l *he p-3 elastically scattered protors. This lack of background
ﬁ“;-ec t sbsence ¢f a namber f undesirable effects: (1) slit-glit

hezing. 2, scettering from heavy contaminants, (3) false triple
cﬁ‘nn‘ieu:ss %3 a result of peu*ron recoll background, and (4) noise
vovate duoe to elsctrical disturbances, The only backgroundes found
gxcaeding accidental coincidences were due to ele.trical disturbances
(6.g-. bad Dez sparking), since the met background was zerc when the
source uf the disturbance was fixed,

Tr2se preton packground measurements served alse as & check on
the methcd <7 determining accidental colncidences; since with a stopping,

or background, atscrber in placs the triple soincidente and accidental
¢>incidenne zounts were essertlaliy <as same.

Hewever. the average acciden*al ccinciderce correcticn for anmy
angie was aever as iarge as 2%; ma. .oy because at the smaZlest angles
the beam current had to De reduced (5y reducing the hydrogen gupply for
the », ;iotron are) +o prevenl counting icsres., Runa were made of svoss
sect.cn versus Yeam cuyrent, tr delermine the maximum singles counting
rate which could be tolerated befcre losses occurred. When petting data
at small angles, the scaiers recording the singles rates were consgtantiy
watched tc be sure that the rate was staying well helew the wzfe Iimit,

Runs at any angle which were made with guite d* fferent team
surrents served as s goid test «f the current integrater calibration,
since each run wus assigned its ealibration constant on the basis of
the run dura~ion (loe., the charging time of the integrating condenser).
A further check was provided by making runc with two differem®t {G,1 [The
and .0} pt) integrating condsnsers. Regardless ol having differert
beam currents or differenl condensers, the e¢rosg seciion values always
agreed well within statlig*ical ecors.

Tew sress >o..ion at a given angle was measured 2s s functien not
enly of ceam vrrert. tal alse of odineidsnce resolving time {as
desiribed ¢z m . sad elapsed (ims. A decrease in the cruss sestion
with Lime rcovle have been as.ribed Yo ampiifier paln changes or counter

ag convamina*ticn,  The Tormer hLzd Lo be carefully watched during sach



night's data taking, while the latter was checked by making runs with
gas which had been left in the ctunters three times as long as it nor-
nally was.

An increase in cross section with time could have been attri-
buted to an increase of scattering from air, due to the leak rate of
the chamber. As mentioned above, any such increase cculd be checked
by making background measurements on the proton runs. Still another
check was made by using an appropriate absorber, to measwre the
scattering from air at 25© periodically during a night of data-taking.
By measuring also the cross section for scattering at that angle with
only air in the cnamber, the increase in the alr ccncemiration could
be determined directly and chacked with the leak rate of the chamber.
The effscts of contamination scattering were found 2lways to be very
small, and it turned out that a sufficiently accurate correction to
tho data at the lowest angles for such scattering could be made simply
ty using the measured chamber leak rate, as checked or slightly modi-
fied by the change in the temperature/pressure readings made at the
?eginning ?nd end of the period during which a gas filling was used

fc po 314' °

One conventional check is to measure a cross section at the same
angle on both sides of the beam, This test of the aligmmert is best
made at a small angle; but with the present equipment the smallest
angle at which counting could be done on both sides of the beam was 45°,
The agreement in the two cross section determinations at that angle was
within 0..54\ which is much better than the statistical accuracy of
the measurements.

A desirable over—all check 1s to msasure a cross section which
someone else hasg already measured accurately. No such check is yet
available at this energy, but Herbert iil. Royden of this laboratory
is measuring p-p scattering at low angles. Since his results are not
yet available9 the p-p check run, which was made at a laboratory
angle of 20°9 can be cg§£ared with a 1/E interr)lation between the
18,2-Masvlll and 32-Mev p-p measuramenis, as fitted by Martin and?3
Verlet with a Levy potential. The agreemeni between the measured
value, 24.0 mb./sterad. in the center of mass system, and the value

obtained by interpolation, 23,9, is much better than the uncertainty
in the interpolated value.

%
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Vs RESULTS

As Corrections to the data

In the course of the foregoing discussion of the equipment and its
use, mention has been made of various corrections which had to be spp—
lied to the data. Hore wa summarize these, giving references to the
pages on which any correction 12 more fully discussed,

Bazkground (pp. 37, 38, 4C) was measured by putting just enough
absorber in front of the third counter to exclude the particles having
the previously desired energy. Because of the inslastic proton con-
timium, bLackgrounda had to te subtracted for all deuteron runs, For
protonsy; on the other hand. measured backgrounds were generally negli-
gitle, In a few cases (p. 38), however, electrical disturbances
nczessitated a background subtraction,

All the data have been corrected for accidental coincidences
(pp. 23, L) by means =i a ccincidence circuit just like that used
four registering triple voincidences, but connected so as to register
vhenever pulses from each of tne first two coanters occurred sinui-
taneonely with a delayed pulse from the third counter, This method
was necessary becanse = iarge part (1/5 to 1/2, depending on the
angle) of the puises ({rom the firs% ‘wo counters were in double coin-
cidence, This large propertzon of non vandom counts was due, first,
to the firs itwo counber-® having a much larger solid angle than that
of the second analyzing s1lii (which selected real itriple coincidenzes),
and secondlyg at small angies, tc protons which scattered from many
metal ~rfaces and gotv intc the firsi, two counters.e The correctness
ol v.iae method for obtaining accidentals was checked experimentally
(pe &) and theoretlcally, using a formula (given in the Apoendix) for
th= accidental counte in a system of n counters operating with a
squdrevpu48ed source, This fermmla, derived following the method used
" -- Feather—¥ for twe countere, was used with n = 2 and 3 and the
measured values of single and double coincidence counting rates. The
u = 3 contribution was much smaller than that for n = 2, which was
tbtased on the 1~2 doubles and the 3 singles rates, and which gave good
agreement with the electronic determination, The electronic method
did require a correction of aboub lvi,for the probability that counts
were missed becauss the delay line kept the accidental coincidence
system dead for the first part of the beam pulse. The formmila for
this is also given in the Appendix,

A1l the data also were corrected for electrometer zero drift
{(p. 30), the final viius of %tne dvift being read on the Brown Racord-
ing Potentiometer immedistely af%sr each run. Because the runs were
kept7quite short, the drift correction only wvery rarely was as large
asg 100



The temperaturs/pressure ratio (p. 34) had to be adjusted for
each run on the basis of the rate of rise of the chamber and the
neasurements of T/P #iich were made at the beginning and end of using
a gas filling. The correction to the T/P reading was very =small,
changing by about .006% per hour.,

The same rate cf change of T/P was used to deteriinc ihe rate
of increase in scattering from air contamination. Experimental checks
{p. 41) eonfirmed that this effect was small, and cocrrections were
made only for proton runs at angles of 17.5° or less. The only correc-
tions exceeding 0.1% were those at 8° (DOBQ%) and 10°(0018?D. The
smaliness of this effect was due, at small angles, to using deuterium
£illings for only a short time, and at larger angles, to discriminating
against the higher energy air-scattered protons.

Another' source of addiiional counts for which a correction was
necessary was the presence of ordinary hydrogen in the gas. The amount
of hydrogen was small (about 0,8%) and accurately known from mass
spectroscopic analysis (p. 22). To obtain a good correction, it was
necessary to know also the p-p scattering cross section and the percen-
tage of p-p protons at each angle excluded by the absorbers. The cross
sections were obtained from an interpolation hetween the curves given
by Martin and Verlet?> (cf. p. k1), The energy resolution of the absor—
berg was determined by folding the nearly gaussian distribution in
range due to stragglinglO3 with the trapezoidal distritution due to the
angular resolution of the analyzing slit system. The accuracy of the
latter calculation was confirmed by the shape of integral range curves
obtained experimentally. In general, theny the correction for hydrogen
contamination was small and accurately known., Because of the energy
resolution of the absurbers, only proton angles of 200 or less had to
be corrected, and the largest ccrrection was O.45 + 206% o

A larger correction was that for the loss of particles in the
absorbers. While ‘he loss due tc multiple scattering was negligible
(p. 18)s losses due to single scattering and absorption had to be con-
sidered. Cross sections for proton and deuteron absorption in Al as a
Punction of energy were zomputed from the work cf Shapirog11 and were
mumerically integrated with respect to range. The resulting curves
are proportional to the fractional team loss due to absorption, as a
function of absorber thickness. A similar procedure was followed for
single scattering, with added :complicatigns. Expeiimental differential
cross sections for p-Al at 229117 189ll and 9,619 Mev and d-Al at
hyA Mevt20 yere used along with calculated Rutherford cross sections to
determine the er ergy dependence orf the scattering cross sections. All
of the diflerential cross sections had to be multiplied by a cut~off
factor which was a measuare of the probability a particle scattering at
a certain angle in the Al absorber had of missing the third counter.
This probability facter was dstermined by a quadruple numerical inte-
gration over the areas of the beam in the absorber and of the third
counter opening. The cut cff differential cross sections were inte-
grated with respect to solid angle and then plotted as a function of
range, from which point the scattering and absorption corrections

L3
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proeceeded in the same way. Only at the lcwest energieg (and consequent~
ly thinnest absorbers) did the scattering oss approach that for absorp-
tion. Where the correction is large, only the absorption is important.

Cerrections varied from 1.02% for protons at 8° to 0.08% for protons at
§39,

An opposite correction had te be applied for the extra particles
obtained because the analyzing slits could not be perfectly abscrbing.
For the second slit, the equations of Courantl¢l could be used directly,
but a correction fz2r the first slit required in addition nmumerical
integrations over the team inwident on the slit edges and over the two~
dimensional gaussian distribution of particles which penetrated the
slit edges. The fire! integration determined the number of protons
striking the slit edges relative to the number guing through the slit
openings, and the second dstermined the fraction of particles pene-
trating the first siit with small energy loss which could get through
the second slit., Ths resulting correction changed little with angle,
varying from 0.41% for 8% protzns to 0.17% for 45° deuterons, because
ol the method of choosing absorbers, The corre.tion wag small because,
11 aoproximate order of importance, (i) the discrimination of the
counting system against lower enargies was so good {(p. 8), (2) the slits
were made as wide a3 prssible by making the distance between them as
large as possiole (p. 7)s; [3) the slits were made cf high Cu bronze
{(p 1), (4) the slit edges were just a stopping thizkness for 20~Mev
protons (p. 13), and (5) the wembaer of pariicles striking the slit
edges which 2ould sratier from the gas at a smalier angle thaa the
particles being counted were reduced both by the anti-scattering
baffle (p. 16}, and by having the collimatcr project as far as possible
into the chamber (z. 1J)

A Iarge sorrection which alsc nad to be applied to all the data
was for tne finite widin and treight of the incident and scatiered beams.
A ze La-erder ge.meily analysis was kindly suppiied by Prof. C. L.
Critvehfield, and scme fourih-ordsr terms in the rear slit height were
added to 1t for this parti--dar gevmetry (cf. Appendix). The resulting
cerrections ranged in magumitade Irom 5083% for 89 pretens to 0.037%, for
&0 protons, '

o

‘. Summary of errors

Like the corrections to ithe datay errors have been discussed in
the preceding pages. Tre latiesr will be summarized hare in relation
to determing the crose. section. Urless otherwise specified, all errcrs
throughout this report are expressed either as standard deviations or
relative standard deviztiovns.

Incking at the differentizl laboratory cross section,
5.1 ) = TesinB,/KGPFIQg, we can first dispose of K, the universal
physical constants. The ccenstants used, obtained from DuMond axd
Cohen,122 and consisting of the gas constant, Avegadro’s nmumber, znd
the eiectronlic charge. are Xnswe st accurately that they introducs no
erIoT N8
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To determine the number of scattering t-igets, we need to knww
the temperaiure, T, and pressure, P. cf the gas, and the fraction, F,
of the gas which i: deuterium. ¥ was found mass spectroscopically
(3. 32) with a limit of error of .05 mol¥. FErrors were designated
for the ratio T/P, since the error had to include uncertainties in
the measurement of T and P and in the change of T/P with time (p. 34),
an individual T/P being assigned to esach run, Since the changes in
T/P were small (p. 34) and the measurements (p. 33} were quite accu-
rate, an error in T/P of OOI% was assgigned for most of the runs, with
a somewhst larger error for a few.

A small (,07%) Van der Waal's correction was made in the cross
section formula for deuterium's deviation from perfect gas behavior,
but of course, no error need be 2ssigned to this.

The numter of incident particles was determined by the beam
cu.rent coilected, which was measured by the number of condenser
dumps, I, and the charge per dump, Q4. Individual Qg values and
e. ~“org were assigned to each run on the basis ¢f the beam current
as measured by the time required for a dump. These errors (p. 313
varied from 0.2% for high currents to 1% for very low ones. In
addition, nearly all runs have been assigned an error of U.3% {and
the rest, O,S%D for possible errors in beam collection (p. 28).

The portion of th2 scattered beam seen by the counting system
is determined approximately by sin 0,/G, where 8,1is the angle the
counter makes with the incident beam and G includes the constant geo~
metrical factors. The combined errors in the measurement of the
constants of which G i5 comprised and in the alignment of the counter
s1it system amount to only .O47% r:. the wide slits and 0.19% for the
narrow (p. 15). However, the uncertainties in ©,, while only .063°
for the narrow slits and .066° for the wide. give an error in the
cross section which varies from 0.13% at 90° to 0.799 at 8°(p.16).

A similar large error, which a2lsc varics with angle, arises from the
uncertainty in the centering of the incident beam. This latter error
(p- 13), with a few exceptions, is given by .064%/sin&. The ex-
ceptions, for which the error has been doubled, are those runs made
when the cyclotron beam direction had shifted (p. 39). This zhift
skewed the incident beam;, and the added error is considered %o repre-
sent the shift in the beam's effective center at the chamber center.

The largest error in the cross section arose from the determi-
nation of the number, C, of properly scattered particles counted.
There were several small contributors to this error, among which was
the background correction (p. 42) made for all deuteron and a few
proton runs. Besides the additional statistical uncertainty which
the background introduced and which will be discussed later, an error
of about 5% of the deuteron background correction has been included
as an allowance for the fact that the part of the inelastic proton
distribution measured as a background was of & slightly higher energy
than the part which actualily constituted the background. It has been
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found experimentally (p. 38) that this effect is small. The background
subtraction for the few proton runs {p. 38) requiring it was much wore
uncertain, however, and an error of about one-third of the correction
hat been assigned. Similarly, a large error has beer included for the
umisual deuteron background at 8° (p. 4O).

As was the case with background, the presence of accidental counts
added to the siatistical uncertainty in C. In addition, however, errors
in the number of accidentals have been assigned as 10% for angles less
than or equal to 25° and 20% for angles greater than 259 to take care of
{1) the cyclotron beam pulses’ net being strictly a square-wave time
function, (2) the increased probability of getting an accidental because
Jf ‘he presence of real triples, and (3) the decrease in accidentals due
0 not recording entirely random accidental triples. These error assign-
ments do not have much effect on the total cross section errors, since
.ne correction for accidentals was usually much less than 1%» and only at
~re ungle 4id it approach 29

The error in € due to a correction for electrometer zero drift was
sousidered negligivle, since the corrections were always quite small and
could be made rather accurately. No error has been assigned for count~
ing losses., either, since the beam current was always kept low enough
to make these negligible (p. 40). In view of the theoretical calcu-
lations (p. 19) and the many experimental checks (pp. 38-39), multiple
scattering losses can alss be considered insignificant,

The main source of errovr in C and in the whole cross section
determination was the poissonian nature of the nmumber of counts. This
relative statistical error in tha most complicated case is given by

[(eg + #)/18 + (y + Ay) ki
(Cq = Agi/Ig = (Cy = Ay)/ Ty,

9

wliere the subscript g refers to the measurement of the gross counta

and L to the measurement of background alone, and C designates total
sounts (of which A were atcidentals) in I condenser Gumps. It must be
reiterated (p. 38) that a gaussian statistical error, which measured
the reproducibility of the data at each angle, was also camputed and
compared with the poisscnian one, with the result that almost all the
data showed no significant variation outside that expected on the basis
of the number of counts invoived,

After computing a cross section by the formula given, five
additional corrections were applied; the errors of which must be con~
sidered. The error in the correction for scatterirng from air contami-
nation (p. 43) was taken to be ene-third of the correctiom, but in the
worst case (8° protons) this errcr amounts to only 0.11%. The largest
eiror des to the correction fur scattering from ordinary hydrogen (p.43)
was even less, 0067£° The errer in the third of these corrections,
that for particle lass in the absorbers (p. 43), depends mai.ly wupon



the accuracy of the theoretical absorpticn cross sections. While the
energy deifgdence of these cross sections has been well checked experi-
mentally, there is more doubt about their absolute values. Conse~
quently, an error of 30% of the correction has been assumed, This gives
an error of C.3% in the cross section in the worst case.

An error is not usually assigned to the ccrrection for finite
beam size (p.44), but since derivatives of the imperfectly known cross
section are involved in terms which tend to cancel, errors can result
which are actually larger than the correction. An error of 6 of the
correction has also been assigned to include the effects of neglected
higher order terms and of the approximate treatment of the incident
team, The resulting errors in the cross section vary from 0.36%,for
80 orotons to .0039, for 17.tPprotons

Two =rrorc must be considered in the fifth correction, that for
glit—edge venetration. The error assigned to the correction made for
ihe analyzing slits (p. 44) is taken to be half of the correction,
tecause of the lack of better experimental verification of the theore-
tical treatment. The largest error this introduces in the cross
section is O.??% for 8% protons. The second error to be considered iz
that fer neglecting collimator slit-edge penetration. First, it should
be recalled that an error has already been assigned for the possibi-
lity that a small portion of the incident beam collected in the Faraday
cup could have teen of such a low energy, due to collimatcr slit-edge
penetration, that it would not have given countable scattering events
(ef. p. 27). However, it is also necessary to determine that fraction
of the incident beam whizh could produce recordable scattering events
of degraded energy. By a calculation similar to that for the analyz~
ing slits, it was found that only 0.lid) of the scatterings counted could
have been of low energy, giving a maximum error in the cross section of

00060/0 *

The various errors considered above have been combined quadrati-
cally, and the resulting relative standard deviation in the cross
section for each angle, along with the cross section values, may be
found in Table IV. It must be emphasized that these errors apply to
the absolute values of the cross sections, since each determination
was an absolute measurement. The error in relative values of the cross
sections iz not well defined, vecause the size of such an error would
depend upon which two differential cross sectior values are being com-
pared.

C. Beam energy determinatien

Without an accurate determination of the energy of the beam at
the centor of the chamber, the cross sactions would bte of little value.
In order to check the use and calibration of the absorbers as well as
to determine the beam energy, ine energy measurement was made by taking
air integrol range curve with the absorbers in front of the third counter,
while counting protons from p~p scattering at 20° or 259, Three such
determinations were made during the conrse of the experiment.
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There are three uncertainties in the energy: (1) the error in the
mean energy determination, (2) the energy spread ir the beam at any
particular time, and (3) changes in the mean energy with time. Consider-
ing the first of these, there arc three errors in the determination cf
the mean energy, uncertainties in (a) the absorber thickness, {b) thas
mean range determination, and (¢) the range-energy relation. The main
part of the 1.5 mg./cm.? uncertainty in the absorber thickness came from
assigning the equivalent stopping power of the counter gas and hydrogen,
since the counter windows and the absorbers themselves were all weighed
and measured accurately. The value of the mean range, as found both
from the midpoint of the integral range curve and from the peak of a
derived differential curve; also had an uncertainty of 1.5 mgq/cmo2
Adding these two contributions quadratically to the uncertainty iu the
rangs~energy relation of 2,3 mgo/cm.2 gives an error in each mean
energy dstermination of .C8 Mev,

The range-energy relation used was computed for a mean ionization
povential, I, of 164 & 3 ev, as given by Caldwell and Richardson,12
b2.ed on the energy-loss measurements of Sachs and Richardsonl?t at 18
Mev. The range values were obtained by wsing the values of Smjthl®
for Iz1 = 150, corrected with the relation given by Simmons,12
AR/R = {2 - [E/(-dB/dx)]} AIpi/Isz. and further corrected for rultiple
scattering. The resultigg curve passes close to the point determined
by Hubbard and MacKenziel<7 at 18 Mev, which is not surprising, since
thoir range determination, when corrected for multiple scattering,
yields I3 ~ 165, if Simmons formaia is used, Further confirmation
of the curve is obtained by the recent work of Bichsel and Mozley9128
whose range point at 17.85 Mev gives Ipy » 162 from Simmons formula.
Additional support is giver. by the work of Bloembergen and Van
Heerden,129 who get I,~ = 161 and 15, at higher energiles. It seems
that perhaps the besht 2stablished range-energy relation is that for
18-Mev ,rotons in Al. and since the p-p protons at 20° had an energy
of 1€ llevy, 1t seems safe to take the error of +3ev in Ijy of reference
123 as the error in the range-energy relation.

As to the second uncertainty in the energy, the extent of energy
roread in the beamy cnly an upper limit can be given. The integral
range curves could b: fitted quite well by considering just range
stragglingln3 and angular resolution (cf. p. 43), plus a amall low
energy tail, due to siit penetration. Similarly, measurements by
arother method on the beam itself showed no spread other than that
expected from straggling. It ix believed that an energy spread
larger than 0.1 Mev ccuid have been detected.

Ar vpper 1imit can a2ls> be placed on the third uncertainty in
the energy. *that due to changes in mean energy with time. To mini-
mize such changes, the curv=u® regulation of the cyclotron magnet was
contimualily monitored during a ron with a Le=sds and Nerthrup Potentio—
meter. An indication of the constancy of the beam energy under normal
sonditions is given by the agreement of the energy measurement taken
(for 26© p-p) prior to the period of gathering p-d scattering data with
that obtained (at 20°) toward the end of that period. The two values



are 20.56 and 20,57 Mev. The upper limit on the change can be set by
the third energy measursment, which was made after the direction of the
external beam had shifted {cf. p. 39). This shift caused the collimator
to select a diffarent part of the beam, making the mean energy 0.J1 Mev
higher. Since none of the data taken Just before this energy measure-
ment were used, the maximum change in mean energy which could have
occurred for any accepted data can be taken as sbout .08 Mev.

The uncertainty in the mean energy for-all the cross sscticn data
can be consldered as the quadratic addition of the error in the mean
energy determination (.08 Mev) and the maximum uncertainty in the change
of the mean energy with time (also .08 Mev), giving .11 Mev as the stan-
dard deviation in the value of the mean energy. Furthermore;, the energy
sproad in the beam at any time; considared as the standard deviation of
the beam energy distribution, is believed not to have excecded that value
of .11 Mev. We then have as the beam energy, 20.57 & .11 Mev.

D. Conclusions

The results of this experiment, which are given in Table IV and
Fig. 6, seem a reasonable interpolation between the experimental work
at 9.712 and 3113 Iev, except fcr the appearance of the coulomb-nuclear
interference minimmm, While it should soon be possibtle to compare this
experiment with the theoretical worki30 of Massey and of Gammel, at the
woment. the only comparison that can be made is with the 20-Mev n-d cal-
culation of Verde.’% Although a phase shift analysis ought to be made,
the phase shifts converted to equivalent n-d ones {(cf. p. 2), and these
compared with Verde's phase shifts for each angulsr meomentum, by Jjust
comparing cross section curves it is hard tc see how the present data
could yield phase shifts havirg any igreement with those of Verds. Fer
either hie symmetric or neutiral theory, the main cross section minirmum
comes st too small an angle (about $0°, instead of 130°) and is not deep
snoy’ Oy an order of magnitude. Also the backward peakes are four to
gix itimes too high. The forward peak at about 300, where coulomb
effects are not important; is a factor of two too low for the symmetric
theory and a factor of one and a half too high for the neutral theory.

Exeept for checking various theoretical approaches, the data prob-
ably eannot yet be used for achieving some of the aims outlined in the
Introduction. It can only be hoped that the experiment may provide some
spur for the necessary theoretisal work, The data can perhaps give an
answer to the long-standing question as to which set of micleon-deuteron
scattering lengths is the correct one (cf. p. 2), because of the clear
appearance for the first time of a coulomb~nuclear interference minimum.
This minimum should give the added condition needed to make unique the
phase shifts used to fit the data. In general; this experiment should
provide a more stringent tes’ for present or future theories than do
previous low or intermediate energy nucleon-deuteron scatterings.
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Table IV, Experiment-1 Data

The following data for the angular distribution of protons elasti-
cally scattered from deuterors is for a proton laboratory emergy of
20.57 ¢ .11 Mev. The errore, as well as the differential cross section
values, are absolute; and are expressed as percentage standard deviations.

Lab. Angle C.M. Angle C.M. Cross Per cent Std. Error
Section Statistica
(degrees) (degrees) (mb/sterad.) (per cent)
8.0-p 12.07 93,92 2.7 3.1
10.0~-p 15.03 72,93 1.2% 1.8
12.5-p 18. 80 69,56 1.4 1.7
15.0~p 22,53 72,37 93% 1.2
17.5~p 26,26 75. 22 .83% L1
20.0~p 29.97 77. 27 253 .83
35.0-p 51.87 52.19 90 1.0
145 . O=p 65.95 36,11 .83% .96
55.0~p 7904y 23. 27 1.3 L.k
45.0-d 89.86 16.70 1.4 1.7
65.0~p 92. 20 15,49 1.8 - 1.9
75.0~p 104.17 9.66 L8 1.9
85.0-p 115.16 5.62 2.8 2.9
90, 0~p 120. 20 4.51 2.1 2.2
5.0-d 129,90 2. &y 2.8 3.1
20.0-4 139.91 6,62 1.5 1.9
l?os_d Mo 92 no w{- lo 2 104
15.0-4 149.93 16.97 1.5 1.9
12,5-4 154, 9L 24,28 .84 1.3
100 O"’d 1590 95 330 9’*- 19 9 205
8.0~d 16%.96 38,65 bho1* 4.3

Proton—proton scattering check run:

20 0 40,20 24.00 075 1.1

# An additional errcr dus to the background had to be included
in the statistical error because of the method of combining sets
of data,

-
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APPERDIX

A. Counter angle relations

Defirdtions:
e o = scattered proton laboratory angle
<o = recoil deuteron laboratory angle (see Fig. 1)

8 = center of mass angle for either ithe proton or tie deuteron
(again, see Fig. 1)

m = mass of the incident particle

m, = mass of the target particle

U =m/m

E = energy of the incident particle in the laboratory system
'- c velocity of light

B (B2 + 2mlezE)%/(E + m102 + mzez)

M o= {E + me2(1 + U)] /(E + mc2 + mpc?)

Classgical equations:
tanB, = (sin0)/{U + cos O) = gin 20, /(0 ~ cos 2X )
Xo = (x-8)/2
Relativistic equations:
tanB, = (\/]T—-;érz sinG)/(,M-l- cos0)
tane =41 =42 cot O/2

B. Variation of particle energy with laboratory angle

N ' Definitions as above, with the addition of
Eg = energy of the scattered particle

BEp = energy of the recoil particle

E? E/(mlc'z)

Vv =1/U = my/m
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Classical equations:
K = [B/(ml + 1112)2][1122 + 11112 (2 c\'lzeo - 1)

+ Zrnlcosgo'\/ mo? = m2edn?6,]

Ep = lp&nlmzcosQO(O/(ml + mz)2

Helativistic equations: —2——
. o ((E13V41) Tl-W(E'-#-l)] +E'(E'+2)cosd Vz—sin e
ES = mlch{ v 0 o _1}

(E'4V41)2-E' (E142)cos?0

2 E' (E' + 2) cos?o(o

) ‘ 28
L‘.:R =0l G

(E' + V + 1)2 = E' (E' + 2) cos?do

To find, classically, the maximum energy at a given laboratory
angle which a proton from the disintegration of the deuteron,
D(p,2p)N, can have, we consider the case in which a proton and
a neutron go off in one direction and the high energy proton
goes off in the opposite direction (in the center of mess system).
If the binding energy of the deuteron is W (= -2,226 Mev), then
_thia maximum energy is

Ey = (E/9)[200829°+2cose‘}./ c03290+3+6W/E +3+6W /E

C. Transformation of laboratory to center of mass cross sections

f)ei‘initions as above, with the addition of
0,(0 o) = differential cross section in tne laboratory system

0(O) = differential cross section in the center of mass

gystem
B = G8(B) fn% d0, (with Bg for the scattered particle
Jo (O, sin®d 9

and By for the recoil particle)

Classical equations:
Bg = [1+ U cosOt /(1 + U2 + 2U cosB)3/2

Bp = 1/{& cos{,)



Relativiztis aquations:
Bg = (1-4 2) (1 +meos® )12 & 2pcesO+ 1 -p 251n%g] 3/2
Bp=Q1-p 200820(0)2/[#(1' B2 cosat ]

D. Accidental coincidences with a pulsed source

The mean sccidental counting rate for n counters of resolving
time T and with individual mean counting rates Ry, Ro 4 eeceey
R, when used with a square-pulsed beam of Eeriod P and on-time
8p was found to be A% = n R1R2....RpT '“—(n—l)’r/(nfbsn)]

If we deal with the tolal number of counts in a time t, then
Np = Ryt, and the total mmumber of accidental counts is

Ay = nNqNy ..o N0 /)P (8170 (n-1)T/ (nps™)].

If Ag is found experimentally by introducing delays into each
counting chunnel but one and recording the resulting coinci-
dences. the number found will be too asmall if the longest
delay, d, is an appreciable fraction of &p. The correct
A(=Ay or AR) for a square beam pulse 1s A = AgSp/(8p-d).

|« 5p—|

fee— p g

E. Finite beam size correction

Definitions:

0 o\B,) = differential cross section in the laboratory system
as determined assuming incident and scattered beams
of infinitesimal thickness.

O §6,) andG8(0,) = tne first and second derivatives with
3 respect to angle of 0 ,(6,).

"

width of the first (front) analyzing slit

width of the second (rear) analyzing slit

= 9 g

height of the rear ax:lalyzing siit

distance between the slits

4
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ro = distance from the scattering center to the rear slit

w = half-width of the incident beam at the scattering
center

L -

- distance from the apex of the cone to the scattering
center, if the incident. beam is assumed tc be comnical.

The corrected crcss section was obtained by dividing 04(6,) by

2 2 2 2
D>+ Dy 3w +H uz “ug 7 m¥
— - 5 .* .- = 1= 5 5 + 5 cot‘e + — T
8ry 8r'2' 4rosin 60 ler, A AN rg
' PR
(e ~ + H~ D2 9 HY
Sgr-e = = +§)cot9°
G,(6,) * 24z° iZrqrp, 640 rot 3
~(8,) 2 Hz’cc-‘l' A >
0(6o) \24ri? 61@!‘2“’
o 2 2
vhereﬁ-__i__m(r22UF+DR_r2 :5\) w2 .
L281n29° 121‘12 12 LTxpcor 8 9

The correction without the ¥ term is for a cylirdrical incident
beam, while that with a full # term is for a conical incident

beam. Using 1/3 of the small 7 term was considered to repre-
aent the actual beam best.

This correction, except f‘or the choice of the ¥ coefficient and
for the terms in rI-r/Lz'r which had to be included because of the

relatively large size of H in thlis experiment, was derived by
Prof. C. L. Critenfield.
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