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EXPERIMENTS ON ELASTIC SCATTERING OF 190-MEV DEUTERONS BY PROTONS 

Mc:rtin Oo Stern 

Radiation Laborator:v and Department of Physics 
University of Californiaj Berkeley9 California 

August~ 1951 

I SUMMARY 

The: elastic differential scattering cross section of 190-Mev deuterons 

by protons has been measured from 15° to 170° in the center of mass systemo 

The cross sections were obtained by subtracting the carbon counts from those 

received with a polyethylene targeta A scintillation coincidence counting 

technique was used over most of the range of angles measuredo Results are 

shown in Table II and Figso 12 and 13~ and compared with those predicted by 

1 
Chewo 

·(..' 
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II ·INTRODUCTION 

Scattering experiments- constitute one of the most powerful tools for 

investigating nuclear forceso .. We are· int~reste:d in the generai nat'ure of 

these forces.9 ioeo~ their origin~ thei'r connection with ·mesonsll etc;.5l and 

in the interaction between various kinds of nucleons~ Leo~ in the relative 

strenghts of n-p 9 P=P.11 and n=n forces Jl and the phases of the s·cattered· waves 

resulting from themo Presumablyll a complete knowledge of these would enable 

one to predict the outcome of all scattering experiments and to foretell the 

binding energies~ radioactivities and 'energy levels of all nucleio EVidently 

relativistic effects will greatly complicat:e the theory for very high energy 

scatteringo We shall therefore restrict ourselves for the moment to energies 

where relativistic effects are expected to play a minor roleo ·It is symptQ

matic of our state of ignorance of nuclear forces that even withip this re-

. stricted frame it has so far be~n. eXtremely difficult to reconcile the results 

from any two 9 let alone all threell of the sources of information mentioned 

belowo 

Our first source comes from an inspection of the binding energies and 

decay characteristics of light nuclei} Here we 'findll in connection with our 

problem )I first Jl that nuclear forces must lead to saturation, second'; that · 

n~n and p-p forces in light nucl~i. are about· the samejl and neither very' much 

weaker, nor much strongerll than n-p forceso 

The second source of information comes from a consideration of low-

energy nucleon-nucleon scattering. and from our knowledge of the bound state 

of the deuterono If the· energy is low en'ough.ll only the' partial S wave· con

tributes appreciably to the scatteringjl and it is well known that in this 

region scattering experiments give ·only two parameters3 of the' ihter~c·t:ion 

potentialll say its effective range4 'and. scattering length at zero 'energyo 5 
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. 2 6 
From the theory of the deuteron, and from experiments on neutron-proton, 

proton~proton7 and neutron-parahydrogen8 ' 9' 10 scattering at very low energies 

the four parameters of singlet and triplet potentials can be found~. In par

ticular, both potentials are attractive, but have different depths, the 

singlet well being shallower th13.n the triplet wello This shows that spin-
. . 

dependent forces contribute to some extent to the nuclear interaction at low 

. energies. 

At somewhat higher energies,- where partial S=waves are still predominant, 

the shape of the tail of the well begins to be felt, so that the choice of 

radial potentials has to be restricted slightly if the charge independ~mce 
il 

of nuclear forces is to be preserved. It has been shown that under the 

above assumptions a YUkawa type potential yields a good fit with all the 

, s ( ) - As -asr experimental low energy datao The potentials taken are V r - -- e , asr _ 

vt(r) = ~r e-cttr, where Vs(~), Vt(r) are the singlet and triplet potentials, 

respectively, As, "At the well qepths, as, a;t the rangeso For the best fit 

the values adopted11
'
12 for the parameters are a5 = a;t = 0.42~ = 1.18•1o=13cm~\ 

me 

Our third source of information comes from a study. of ~igh energy nucleon-
. . . . 13~17 

.nucleon_ spattering~ It is found that the experimental_ data in this region 

. cannot.be_fitted with the ordinary or Wignertype potentials Vs(r) and vt_(r). 

In particular, the cross section calculated from them is higher than the ob-

served one in the n-,.p case, lower than the observed one in the p=p case, and 

has the wrong shape in both caseso Several remedies suggest themselves. 'The 

simplest is that ~ome of the higher angular momenta do not contribute to the 

scatteringo Indeed it has. been_ shown by Christian and Hart~ 18 working at 

Berkeley with Professor Serber, that if the n-p potential is half ordinary, 

half Majorana exchange, io eo of the fonn A e=ar 1 + P, where P is the 
.ar 2 . , 

,/ 

". 

.; 

,I-' 

u; 
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space exchange operator.\) agree~ent wit'h, the experimental ~ross sect.ion can be 

reachedo The effect of such a "Serber potential" is to eliminate the scat

tering in ;states of odd angula~ mom~rtt~o. Since :~uch -~ po'temtial is to be 

used in both singlet and triplet states~ charge independence demands that in 

the proton~proton interaction o~ly even ·states scatter.\) or~ by the Pauli 

principle.~> only singlet stateso This further lowers the calcUlated ~p cross 

sectiono To raise it and give it a suitable shape1 a tensor interaction
19 

is 

introducedo This will affect the calculated p~p cross section considerably 

without doing violence to that for n-p scattering9 but even now the theo~ 

retical fit to the former is only mediocreo Clearly the foregoing alterations 

do riot·materially affect the low-energy cross sectionso We have not touched 

the S states except for the tensor forces in n~p whose contribution can be 

made negligible for long wavelengthso 

We are now confronted with a serious difficultyo Although we have 

brought low-· and high-energy scattering data into moderately satisfactory 

agreement~ the Serber potential adopted does not lead to saturation~ since 

odd angular momenta do not result in repulsion~. but merely in zero inte~

actiono To overcome this difficulty-P Jastrow
20 

has suggested the introduction 

of a repulsive core in the singlet nucleon-nucleon potentialo The effect of 

such a potential would be 'that the singlet s phase shift would change sign 

somewhere in the high energy regiono One might also adopt partially non-

static forces in which the potentials are functions of the angular momenta 

Of '0 -0 21 ' ' ' ' ' 
A. v It is only after exhausting every aspect of these possi-
~ 

l 9 or 

bilities that one would~. very reluctantly.\) have to give up the basic concept 

of the charge independence of nuclear forces~ 

' ' 
~ridently a solution to these problems can be sought with greater chance 
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of success if more experimental infor~ation_~s obtainedo Here we may mention 

the following~ 

~), , More accurate differenti:al cross. sections for n~p and P=P ' 

scattering_ at well-known low energies are neededo 6~ 7 

,2) , Experiments should be .carried out to test the equality of 

n-n_and p-p forces at intermediate and high energieso 

g 9 
3) Interference experiments of :the parahydrogen type :. should 

be attempted to corre:l;.ate: the signs of ·the phase shifts in n-p~ 

n-n, and p-p scattering at _various energieso 

As to·. 2):., here neutron targets are not available a The next best thing is 

to measure th_e n~d and p-d cross sections; n-d scattering has been carr,ied 

17 
out by Powell using 90 Mev neutrons (with an unavoidably broad_ energy spec-

trum) o A more monochromatic neutron beam would be l:}ighly desirable hereo The 

22 . 23 
theory has been treated by Chew, and Gluckstern anQ Betheo As to 3)~ 

here we use the deuteron in. lieu of parahydrogeno d=p and n-d elastic scat-

t . t 1 . ha .b . · d t 24-2S er1ng a ow energ1es ve een carr1e. ou o If the energy us~d is 

higher11 the deuteron will evidently break Up a good fraction o.f the_ time, but 

sincethe elastic .ef~ect.can easily be separated from the inelastic, .experi

ments in this energy region are useful in giving us a greater knowledge of 

the potentials·involved9 especially in the region where the Born approximation 
• < ; -

becomes valido 

For this reason it is of value to,perform p=p, n-p, n-d and d-p experi-

ments in the high energy regiono Th.e present. experiment is part of a pro-

gram which haS? included p-p experiments in the neighborhood of 1.00 Mev by 

Birge et al, 
13 

and at various high E:lnergies by Ch~ber,lain, Se.gre and 

. 16 
90 Mev by Hadley et al; and n-d scattering at W• d 14 . t 1egan ~ n-p expermen s at 

17 
90 Mev by Powello Inelastic d-p measurements at 190 Mev by Ao Lo Bloom are 

still in progresso 
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m EXPERIMENTAL ARRANGJ!MENT ' 

A plan of the cyclotron is shown in Figo lo We used the full energy (about 

192 Mev) deuteron beamo The ions were scatter~d>' acEording t~ a method first 

·proposed by Leith, 
29 

by multiple scattering in an internal target~ a:n~ mag

netically deflected out of the main tanko They passed through the field of a 
. . 

bending-focusing magnet~ then through the concrete shielding by ~ay of a ' 

collimator hole~ and into the 11 cave11 , where the scattering. apparatus was lo-

catedo In all our runs a 4 foot brass collimator of circular cross section was 

used~ with diameter 1/2 inch th~ough most of its l~ngth~ and 3/4 inch diameter 

through the last 15 incheso The cyclotron was 'pulsed ·6o times. a second, ·and 

during each pulse the particles were observed to emerge for from 30 to 60 ~so 

The beam provided by the operating crew was~ in general~ very steady over 

periods of hours at any -intensity level at which we wished to oj:H3rateo 

The scattering apparatus was placed in the 11 cave11 (see Figo lL on an 

adjustable platform which could be moved by remote controlo This apparatus 9 

designed by Dro Clyde Wiegandj was previously used·in high energy n~p and p-p 

experiments~ 16.1>14 and will be described only brieflyo It Wa.s proVided with a 

remote control device for putting any of three targets in the beamo Two arms 

carrying the counters could be rotated about the target position as pivoto ~ 
The angles of one arm with respect to a fixed li~e through the pivot and With 

respect to the other arm were calibrated in degreeso 

By means of two quadrant ionization chambers located'fore and a:ft the 0° 

line on the table could be brought in-coincidence with the beaino· These chambers 

had four quadrants facing the collection plateo Two adjacent quadrants were 

at high positive potential, the other two at high ~egative pote~tialo · It was 

possibl~ by means of a switching device~ to make the diameter separating the 

two semicircles of opposite high potential either'vertical or horizontal on 



both chambers at once. Thus a null current reading indicated.perfect hori-

zontal.? or perfect veryical, centering on the beam» respectively. 

An ar~on filled ionization. chamber whose collection electrode lead to a 

current integrator circuit
30 

was used to monitor the beamand was placedjl f~r 

aft of the target, on the 0° lihe. in the, beam. The counters consisted of trans

~tilbene crystals (grown by Dr. R. F. Leininger to our specifications) followed 

by magnetically shielded 1P21 photomultipliers and distributed amplifiers.3l 

. Fast amplifier and coincidence equipment enabled us to keep the accidental 

coincidence rate low. Of the three target positions one was left blank~ the 

qther two }leld polyethylene (CH2) and graphite ta;rgets of the desired thick

nesses. These were taken over from the p-p experiments Jl l4 where they were so 

chosen as to have equal stopping power for 345 Mev protons~ C~lo2 CH2• The 

result for 190 Mev deuterons was that the carbon target in general had a stop= 

ping power somewhat~ but less than 10 percentll higher than had the polyethylene 

target. 

The remaining equipment was located outside the 11 cave. 11 A block diagram 

is shown in Fig. 2. The output from a pre=amplifier was passed through a dis= 

tributed amplifier, which put out pulses of about 2 x 10=8 sec.width. These 

went to a discriminator pulse shaper circuit designed by Mr. Arnold L. Bloom~ 

the purpo~e of which was to eliminate low level noise and stabilize the pu~se 

" form to a fairly square shape of apout o. 7 x lo-7 sec. width at half height • 

. The pulses from the two 11 chaMels" were then taken directly to scalers as well 

as to a coincidence circuit of approximate dead time 10-7 seco This output 

ag~in went to a scaler. Thus it was possible to count single events as well 
.;.6 

as coincidences. The scalers had a resolving time of around 10 ~· Most 

of the electronics, where not otherwise specified, were of conventional design. 

Four methods of operation were used. In method I the pulses from the 

.. 
. ., 

..,. 
i? 
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distributed amplifiers went directly to a fast coincidence circuit
32 

whose 

output fed into a scalero Methods II~ III, and IV made use of the pulse shaper 

dis crimina tor.; In Method II two crystals were usedll and their single counts 

and coincidences were scaledo Method III, depicted in Figo 2, was of value 

whenever one arm had to be placed close to the beam9 where many stray particles 

were to be expectedo Two crystals were placed one behind the other along this 

arm 9 and the coincidence counts from these two and those from all three~ as 

well as the single counts could be scaledo In method IV a single crystal was 

usedo This method was helpful in the region of. scattering involving large 

momentum transferso All methods agreed within statistical errors in the re

gion in which their results overlappedo 
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IV KIN»IATICS AND· GEOMEI'RY 

L Kinematics . 

. Let M be the mass. of a particle incident with kinetic. energy E in the · 

laboratory system on another particle· of mass m~. irdtially at resto The two 

particles collide; that of mass M is d~flected to ~ direction @, that o'f 

mass mj to a direction !~ with respect to. the incident be~.m i~ the labor:atory 

system. Let e be the. angle of deflect;i.on of either 'partiCle in the center 'of 

mass system. The event .is illustrat~d in Figso 3a 9 ·3bj as seEm from both. 

systems. 

'lrle define 
m· 

f=Jr' f- ·E 
- Mc2 j 

€ + 1 +J 
A 

= [Y2 + + ~1/2 2f(E + 1) 

1 +t ' ~-. 

A 
E+ 

0 

E+ 1 + f 

and ~ 11/2 B ::-
2 

~ 1 + A . 

We can then derive the following relativistic relations~ 

e 1 ~ tan'- =-cot 
2 A ' 

tan~= 1 ±[1 + tan2 ® (1 -D)} 1/2 
2 tan ® (B = A) 

or 

e 
2 tan2 

tan ® = -------_,....-:.---
B + A+( B - A) tan2 ~. 

. 2 ' 

by conservation of energy. 

= 

(i) 

(2) 

(3) 

(~i) 

(4) 

($) 
•.; 

~ 

:.c: 
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The·energy available in the c~nter of mass is: 

( 6) 

and the. momenta in the center of mass are: 

[. 2 . ]1/2 A "') 
~ ~ me A _~ 1 - ~, 0! ., ~A2 Jl/2 ·("" f'l "'\ ..•. n)· (· 7) !;f = mel.: · --:! > :.' !, ~os 1:1 5 y sJ.n 1:1 $ 

where EM' Em are the energies of incident and struck particle in the laboratory 

after the collision, and E
0

, ,Eo' Rf the available er• -rgy>J_ initial momentum and 
1\ 1\ 

fing.l momentum in the center of mass respectivelyo x and y are 1.mit vectors 
.. 

in the scattering plane along and perpendicular to the beamo 

In our case the deuteron ~s to be identified with M9 ·®, the proton with 
. \ 

m, ~' and f = l/2o Then A = E ~~ f · , .. B = E.+ 3 o In presenting our 

[E + -~11/2 . [E + ill/2 

results we used Eqs. (1) to (5) throughout. For purposes of discussion it is, 

however, sufficient to consider these relations in their non-relativistic limits, 
' .1.. 

inasmuch as all corrections are slighto As t.--;;. 0, we have A = 1 and B = y , 

and Eqso (2) to (4) become: 

tan ~ = cot -" 
2 ':i' ' 

(8) 

tan!= 1 :!: [i - ch - 1) tan2 ®] 1/2 
2 -----,-=--;..l.:--:.1-;___~-----=:::;...:...-- ' 

Cy- 1) tan ® 
(9) 

or 2 tan! (10)" 

and (11) 

The following are now apparent • 

1) The center of mass angle is a double=valued function of the laboratory 

angle of deflection of the deuteron, and so, therefore, is the laboratory 
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angle of deflection of .the proto~~ io eo :for each .. value. of ®.there are 

two possible values of e or ~o Thus when ® = 0° ~ 6 = 0° or 1S0° and 

T "' 90° or 0° o 
' ' ~ .' 

® 2e_l+f 
2) Tan . may reach a maximumo This occurs w~en tan 2 - 1 -f , ~ 

Thus for f > 1 no maximum occurso For f = 1 it oc~urs at e = n~ when 

® = ~o For f< 1 we ~btain that tan ® ~~2 = ~.~ -l/2 ~ For otrr problem 

this yield~ ® ~ J0° ~. At ® = J0° !I p "" 30° and e = l20° ~ 

3) The energy of the struck.particle.is a maximum when S =no It 

reaches E only when f "" lo ' In 'our case the maximum. energy is.~ E or about 

171 1-fevo It· is :n0w .-:lear that iri Fqo ( 9 ) the p~sitive sign must 1"old in 

the region 120° ~ e ~ 1S0° and th~ negative sign in the region 0° ~ 9~ 120° o 

In the former region 0 ~ §i.E . 1/3~ inthe latter 1/3~ EM·~·l·o 
. . E 

2o Targetso 

At intermediate angles 9 say 25° ~ p ~ 5 5°.9 both the deuteron and the 

elastically s~attered proton have 'sufficient energy so the targets can be mod

erately thicko CH2 Oo290 g/c'.ffi2 and C Oo336 g/cm2 were usually chosen he;e~ • 

For larger f~ the proton energy approaches Oo Ther~ the, target 9 whichwas~ in 

the intermediate region 9 oriented so as to make the crystal geometry suitable, 

had to face the proton counter and be as thin as possibleo CH2 Oo072 g/cm2 and 

C Oo 080 gJ cm2 were available for this regiono The protons at 70° ha,re 19 Mev 

energy and a range of Oo5 g Alo 70° was the highest angle that could ·be reached 

with this methode Toward small 1j the deuteron energy b,ec~mes quite low, ap

proaching 21 Mev or about 1/3 g Al range as j-teo Here again the same criteria 

applyo All the above applies to methods I-IIIo In method IV thicker target's 

had to be usedo 

3o Crystals o . 

Here two cri teria.l' independent of one another, had to be usedo, · Call £, .£,, 

,, 
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the distances of proton crystal at angle i and deuteron crystal at angle ®.~~, 

from the point· -at which···the center of the beam hits a thin target. The first 

,criterion determines the ratio 'EJ £, the secondll £• 

a) · Determination of 'EJ£• We assume that the distance £is fixed, ioeo 

that the proton crystal defines the solid angle. We require that the 

dimensions of the crystal at qD . enable it to count all elas_tic deuterons 

whose partners have entered the proton crystal. 

l) The required height of the deuteron crystal is shown by the con= 

struction of Fig. 3c, in which the positions of both crystals and of 

the -beam have been projected onto a plane perpendicular to the beam~ 

The latter is taken to be 2.0 em in diameterll for this area has been 

shown, by microphotometer analysis of films, to contain better than 

99 percent of the beam at a distance of about 100 em from the cave 

end of the l/2 inch - 3/1~ inch collimator. We require that the part= 

ners of protons from extreme points of the beam and just barely counted.· 

in the crystal at ~ be received, with some margin of safety, by the 

deuteron crystal. 

2) The width of the deuteron crystal is determined by three factors~ 

the aperture 6~ of the proton crystalll the beam width as projected 

on the target whose plane makes a given angle 6 with the deuteron arm, 

and the thickness of the target. Since in methods I-II! only thin 

targets were used, the third factor is never more than a few mm, and 

so can be neglected. 

Let ~ be the width of the beam at the target, equal to 2 em with a good 

>margin of safety. Let !! be the width required of the crystal at ®, x its 

'contribution from the beam diameter .~ i_ that from the width W' of the crystal 

iat ~· 



We have:· 

y 

w 

=15= 

c'. t,' ® + a t: 
a sin ( 6 + @ )sin u 

= c. dd~ 6~a + a ·@' .. sin 6i 
l' sin (6 + 1 

= ®{ ~ Sin ( @ + p + (8 + 

·.a 

sin 

c d® t,@ =- W--l: c 
b d p w 

c d®f· a , =- ( 8 + '{RJ) s1n . ·b ~ . sin 

a sinS + 
sin (S + ®) 

I 

<® 
·: . 

+ ~· + s1 
_j 

where for :lfwe ufe the non-relativistic appro~ationg 

d ® ..; 4 cos 2 -m = 2 0 

d ~ ~ 5 = 4 cos 2 p 
b) The distance b. is determined by two. factors~ 

.' ... 1 '. •.•. <. 

(13) 

. 1) The resolutiono Except at .smal.l angles? 2° to 5° was .. hE:~re judged 

sufficiento 

2) The ratio of elastic counts to accidental coincidences,\) which was 

to be kept as high as possibleo , This <;iemanded a. lm'f beam c~rrent ~ and 

therefore~ with the finite time available.\) a poorerresolutiono An 
.. i 

optimum £was determined empirica.lly for whi~h. the accidental counts 

per unit .be?lffi charge, w~re reasonably low,. and. the. charge per second 

still. reasonably higho . 

The problems involved are illustrated in the sample, calculation of Seco VIo 

To summarize:. thin targets were us.ed with methods .I~III at small and large §~ 

intermediate targets in .the middle~ regiono .. Thicker targets were req~red in 

method IV where· the background came largely from 1;-he .cpllimatoro It was found 

geometrically convenient to make the proton crystal.ll at angle ~, the defining 

... 

.. 
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one throughout in methods' I-IIIo The solid. angle subtended by the other crystal 

had to be made correspondingly largeo Suitable checl<;s, described below, were 

~ade to give us confidence in the criteria here developed. 

' 

' 
l 
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V. · EXPERIMENTAL PROCEDURE 
. ' ,t. 

:'' ~ .. · 

We shall ·now describe chronolog:lcally' th~ ekperirr1enta1···routine hsed: d~ing 

any particular day's: run· at th'e cyclbtro~. 11~~ n'eed her~' only distingui."sh ·-t)e~ 

tween the coincidence methods (I~ II~ III) and the single counting method (IV)o 

Ao COINCIDENCE METHODS 

"Setting up. 11 

The variables of cyclotron operation (main magnetic fields> rotating con-

denser frequency~ filament currents> pulsed arc voltage and timings> steering 

and focusing magnet field~ pre-magnet collimators> etc.) were adjusted to give 

maxim'Uill beam at the tank end of the external· collimatoro The latter was then 

adjusted in position to provide maximum current at the cave endo Photographic 

film was exposed to check that the collimation axis was parallel to the beamo 

As soon as this process was completeds> the operating crew was asked to keep 

constant all variables that might affect the duty cycle of the cyclotron~ and 

to vary the beam only by varying the filament current and pulsed arc voltageo 

The table was next aligned by moving the platform supportinr: it until 

the beam ,pa1?sed through the centers of the two quadrant ionization chambers. 

These vrere then removed and the beam integration chamber inserted" 

Checks. 

Several checks were carried out to make sure that the equipment was func-

tioning properly and that we were operating with suitable geometrys> etco 

1)' After aligning the table with quadrant chambersJJ films were exposed 

to the beam fore and aft on the table in order to check the 0° position. 

2) The crystals were set at some ~ and ® corresponding to elastic 

scattering. The photomultiplier potentials were adjusted to some reasonable 

valueo The table was then raised or lowered and the coincidence counting rate 

was plotted as a function of height. A typical curve is shown in Fig. 4o The 

·' 
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flat portion was usually of the order of,l or 2 em wide~ and since the abscissa 

of its center was always within 1/4 em of the height obtained with the quadrant 

ionization chamber alignment, this check was only performed periodically. 

3) The angle between the two counters was varied~ keepi~g ~ fixed. The 

hydrogen coincidence counting rate was then plotted as a function of QD o The 

correct angle setting was taken as the center of the flat portion of the curve. 

A typical curve is shown in Fig. 5, This method provided a third check on our 

+ine-up, or could, conversely, be taken as a check on the kinematics and hence 

as an identification of the scattering process. This check was almost always 

performed at least once, and sometimes t•~ce at two widely separated settings. 

4) For further checks it was now necess~ry to vary the voltage on each 

photomultiplier in turn, keeping that on the other one or two photomultipliers 

constant at a reasonable value, and plot the hydrogen coincidence rate as a 

·function of voltageo A typical curve is shown in Fig. 6. The hydrogen effect, 

obtained by subtraction of carbon from CH2, had to be used inasmuch as the 

accidental coincidences from carbon, probably including charged particles of 

various energies, gamma rays, electrons, neutrons, etc., could not be expected 

to give a counting plateau. 

5) Various thicknesses of aluminum absorbers were placed in front of one 

or the other crystal and the hydrogen effect was observed as a function of ab

sorber thickness. A plot of such a test is shown in Fig. 7. This test was 

carried out only a few times inasmuch as the amount of absorber required to 

make the effect disappear was always in agreement with the energy calcuJ ated 

for the elastic process. 

6) The energy of the beam was measured by measuring the ratios of ~he 

currents of two ionization chambers placed in the beam with a variable amount 

of aluminum absorber between them. A typical plot of current rat1o versus 
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absorber is shown ·in Figo 8o This test was carri· (..ut ''~verc-·1 times,~~ and the 
.,. ' . 

beam energy was always the same within the accuracy of the experiment 9 ioeo 9 

+· ' : ' ' 
192 _ 2 Mev.~ while the straggling seemed to vary somewha.to 

7) The distance .£ of the non=defining deuteron crystal at angle ® was 
'!. 

varied 9 and the hydrogen effect was observed as a function of .£o This test was 
' ' . . . . . 

performed several times at various angles and the result convinced us that our 

geometry contained a sufficient safety factoro 

8) \ihenever we had to go to large or small ·~ whe~e thinner targets had 
. ; 

to be used9 the target change was made at such an angle that the hydrogen 

effect was the same with thick and thinner targeto We thus convinced ourselves 
' . . 

that .9 except possibly at ~· ,. ?C} ,~~ all of the low energy particles were able 

to reach their crystal and be countedo 

Carbon subtractiono 

At a given set of angles p and ® corresponding to elastic hydrogen 

scattering from CH2 we counted not only the elastic hydrogen event·s ,~~ but also~ 

1) A background of accidental coincidences o 

2) Accidental coincidences from carbono 

3) Systematic coincidences from carbono 

4) Systemati'c inelastic coincidences from hydrogeno 

5) Accidental nmi:Xed11 coincidences f;om (inela~tic or.elastic) hydrogen 

events arriving in one counter and carbon events in the othero 
'. 

Th~ coincidences from CH
2 

were counted for unitintegrated.beam ( 11 inte~. 

grater volt") o The carbon target was then inserted,~~ and coincidences from it 

were recorded for an integrator volto The same was finally done with no tar= 

get in the beam ("blank11 )o If.we call H the number of coincidence counts due 

to hydrogen per integrator volt 9 we have~ 

H = CH2 = zC = (1 = z)blo (14· 
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It is clear that ! is a function of the ratio of the surfape density of the 

carbon target to that of the carbon in the CH2 target~ of the duty cycle of 

the deuteron beam, of the photomultiplier voltages and discriminator settings, 

and of the angles 9 and ® involvedo 

Three methods were used to obtain Zo 

1) From Fig~ 5 we see that the flat portion of the angle variation curve 

falls off quite sharply, so that there exists a region to either side of the 

flat portion where !i should go to Oo By taking ! somewhat greater than unity 

it was possible to make li go to zero there within statistical accuracyo The 

disadvantages of this method are that it is s],ow, lacks accuracy, and has to 

be applied in every region of angles covered during a particular dayo 

2) Counts were taken with both CH2 and C targets as a function of beam 

currento Systematic coincidences are proportional to the current, accidental 

ones proportional to the current squared, or if counted for unit charge.s> in= 

dependent of and linear in the current, respectivelyo In Figo 9 is shown a 

sample plot of C and CH2 coincidences as a function of beam intensityo The 

points were assumed to lie on two straight lines, and the factor ~ was defined 

as one that, when multiplying the carbon ordinates, would yield a straight 

line parallel to that passing through the CH2 points o · Thus~ with proper .[, 

!i could be made independent of the beam currento Strictly speaking the blank 

count should have been included, but the·change in! due to it was found 

negligibleo This method, although potentially more accurate than the first, 

again suffered from the fa.ct that it had to be applied in several regions of 

angleo 

3) The single counting rates were used to find the carbon subtraction !o 

The problem could be treated algebraically to sufficient approximation if one 

assumed that the coincidence counting rates were small compared to the single 
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counting rates.o It is shown in the appendix th'""t g · 

· . · . 2r[v1 v· · . . l .. 
z~R +__ . ~ = Ru1u2 ·:., . . . . p X .. J ,. (15) 

.· ' ... ~ : 

' ·.; i 

where Yp y2 are the single counting rat'es of channels ·i and 2 from CH2 ~ · l!v· 
. . • : ' J . ~·- \ 

.!!2 are the single counting rates of channels 1 arid 2 from c»· R is the ratio 

of the surface density of the ·carbon in the cEi
2 

target (close to 6/7 tpat of 

the CH2 ) to that of the carbon target-9 E, is the coincidence couriting rate with 

carbon target, X is the rati'~ of the averag~ bea~ current that ·obtained wit'!l 

the CH2 target in the beam to that with th~ C ·target in the 'beam9 and TIs the 

"effective" resolving time of the coincidence circuit a .2: is defined b·y· the; 

equationg 

(16) 
i. 

where ~ and !!p !!.2 are the coincidence,\) and single counting rates~ respectively,\) 

with no targeto It is a resolving time characteristic of the speed o.f the 

coincidence circuits and of the duty cycle of the beamo since~was usually of 
' . -5 . ·• . ' . 

the order of 5 x 10 seco and the duty cycle of the beam of the order of 1/500~ 

the resolving time of the coincidence was of the order of 10..,7 seco • 
.... r,-.. 

Two methods for measuring~ were usedo One method was the direct evalua= 

tion of the quantities in F..qo. (16) o The other consisted of plotting carbon 
'. 

coincidences per integrator volt as a function of beam currento A sample plot 

is shown in Figo lOo The resolving time was then given by dividing the !,'!lope 
. :·. 

of the curve by twice the .product ·of the true single counts per integrator 

volto 

It should be pointed out that to obtain true single counts and true 'single 

counting rates slight corrections had often to be made due to counting losses 

attributable to the finite resolving time of the scalerso Usually the counting 
. '· 

rate was kept below 120/seco, where the corrections amounted to less than 

3 percento 

· .. 
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Method 3) was the most desirable on~ for determining ~o . Apart from.z ~ 

which was measured perhaps twice during a run to .check that the cyclotron 

beam duty cycle had not changedj no special variation curves at various angles 

had to be takeno Besides being speedy~ the. met,hod was also fairly accurate 

since it amounted, by FJ:io (l5) ~ to finding a correction t.erm to ~ = !io 

Usually it was found that R~ z~ lo2~ in agreement with the. other methods. 

Bo SINGLE COUNT M.EI'HOD. 

As ~~ :)~ the proton acquires enough energy to have a greater range than 

the deuterons from the beam and from carbona A single crystal and a variable 

amount of Al absorber much larger: in area than the crystal were therefore 

used in this region. l-ie give as an .illustration the energies and ranges of 

some of the particles seen by the crystal at small angleso 

==============-======--=~--
TABLE L 

Angles and energies of deuterons and prot.ons resulting from elastic scat-

tering of 192 Mev deuterons on hydrogenj in which bne of the particles. scatters 

to near 0° in the 1:lboratory; calculated with the relativist-ic relations of 
:j 

Sec. IVo I and ®are angles of deflection of proton and deuteronj respectively$ 

. . 

. . . 

in the laboratory system; e is the angle of deflection in the center of mass 

systemo Energies are in Mev j ranges in g cm=2 of Alo 

~ 
I PRO'PON DEUTERON ld cos ~I ld co~ ®) 

® I •Jl Energy 1 Range Energy · Range d cos _._,g cos_ft._ 

00 00 I 1S0° 172 25o4 20 Oo33 Oo229 . 1,,046 I 
50 .l0o3° 169o5°' 170 25o0 22 Oo39 Oo230 Oo913 

10° lSoS0 159o2° 166 24o0 26 Oo52 Oo234 Oo625 

15° 24o7°' 14So 7° 159 22o4 33 OoSl Oo240 Oo356 
' 

65o5° 15° I 47ol0 2S lo04 164 l4o5 Oo639 Ool07 

73o8° 10° I 31o1° 13 Oo26 179 l6oS Oo966 Ool07 

82o0° 50 I 15o4° 3 Oo02 189 1So3 1o956 Ool06 
'90° oo 

' 
oo 0 .. OoO 192 18o9 00 Ool06 -------- ----L-------- .-L---~--- --------~---__ _. ______ 



Here again proper precautions were taken. 

1)' Film was exposed to check on the a.lignme'nt of our table. 

2) A crystal plateau was taken by using the coincidence method·for ' 

elastic scattering at angles appropriate for such scattering. . ; 

3) The validity of the beam integration with thick targets was checked 

by placing the ionization chamber at several distances from the target. 

No problem arose from the carbon subtraction.~> since' now ! ::.B.~ Account 

had to be taken of the fact that with a given amount of absorber in front of 

the single crystal the particles were stopped a different amount for the CH2 

and C ·targets and the blanko Thicker targets~ of the order of a gram~ were· 

needed here to separate the hydrogen effect from a large background .coming 

directly -from the collimator. Since the inherent b:eam straggling (see Fig. 8) 

amounted to about 1 g of aluminum, the use of targets of this thickness was 

not expected to increase the straggling of the elastic protons and high energy 
•' 

deuterons by more than 15 percent. A plot of li~ true hydrogen counts .per 

IoV., versus absorbing material at ~ = 10°~ is shown in Fig. 11. The various 

particles could be id~ntified by their ranges. A comparison of Fig. 11 with 

a similar plot of carbon vs. absorber and background vs. absorber showed that 

the elastic protons were clearly resolved from a long range background .and 

lower energy particles. Furthermore the deuterons from carbon and from the 

beam caused sharp drops in the Q and £1 c.urves with the expected amount of ab= 

sorber. Finally., as seen from Fig. 11, the ,elastic deuterons of 181 Mev were 

also clearly identified. It was therefore possible, by this method,· to ob

tain the cross sections for small and large 9 fo~ which the coincidence tech= 

nique was unsuited. The relatively large background, which did not decrease 

appreciably with increasing absorber, was believed to be due to high energy 
\ . 

··:· .. :._ !· 

.. 
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deuterons which strip in the aluminum before stoppipgo The proton is stopped~ 

but the neutron may go on to make a knock-on proton in the region of absorber 

close to the crystalo 
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VI SAMPLE CALCULATION 

Ao Cross Sectiono 

Once z has been found, l! = CH2 - ~Q - (1 .:. ~~)bl is computedo The dif

ferential cross section is then given by: 

where 6!1 is the solid angle subtended by the proton crystal at angle ~' N 
2 is the number,<;:>,f hydrogen atoms per: em in the CH2 target measured in the 

direction of the incident beam9 

2oOl6 . t N = N ----,,..,.._._,...-=-..,.. 
0 l4o 03 'sin (S + @) ~ 

where N
0 

is Avogadro's number~ 6o02 x 1023, and !:_is the target thickness in 

g/cm2; with!! measured for one integrator ·volt, £is the number of incident 

deuterons required. to charge a condenser of capacitance Q. connected to the 

collecting grid of the monitoring chamber to one volto Q. was usually 0o99 

or Oo0102 ~f including capacitance of cables and chambero Thus n = _Q_ 
e ~ 

where ~ is the electronic charge in Coulombs~ ~ is the. multiplication of the 

argon filled ion chambero ~ was determined by calibrating the chamber 

against a Faraday cup for 345 Mev protons (cfo CSW) and using the range

energy relations of Aron, et. al.33 to convert to deuteronso The standard 

value obtained was ~ = 1776 at 20° C and a pressure of 76o5 em Hgo 

Finally, Fqo (17 was converted to the center of mass by using 

a-(e) = .d cos~ (j (ifi · 
d cos e ! ( lS) 
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--- ~ A2 ~)2 a cos ~·[--~ 2 ( 19) where = cos 
d cos e 4:cos :~ . A2 · .• ··· .· 

B.. Coincidence Method .. 
'. ·, 

Here we shall pick out a set of data applying to p = 45° ~ taken on the 
I , 

same day as Figo 10.. We had, for one of several cycles of alternating CH2, 

Q and bl sequences~ 

ul = 9lo4 counts/sec. 
' + 

CH2 = 61.0 .~ 4· 5 

u2 = 3o60 counts/sec ... ..Q., = ?oO :!: ;lo 5 

vl i:: 103o0 counts/ s.eco bl = i:!: 1 

v2 = 4o9l counts/sec .. 

X - lo02S 

p = Oo049 :!: OoOlO counts/sec. 

Targets used were: . CH2 0.290 g cm-2, C Oo33S g cm-2, so ~ =Do 735o 

From &}.o ( 15 J, 

z = OoS9 :!: OoOI+o 

Therefore !i = 61 .. 0:!: 4•5-.. {OoS9 ± Oo04)(7o0! 1~5).- (Ooll! Oo04)(1:!: 1) 

= 55 .. :!: 5o 

. r At .~ = 45°,.@ = 26oS0 and B was 25°o Thus 

N = 6o02 0 1023 2o016 Oo290 
l4o03 sin 5l .. SO 

I ' if\ Furthermore, £ = 64o2 em and the area of the crystal at angle r was 

9.SS(.:!: OolO)cm:-2., so 

llll = 2.40 x 10-3 sterado 

Ioh chamber pressure·was 7So4 em at 23° C, so 1-L. = lSOl, C = 1.021 x 10-7 f, 

hence n = 3. 54 x lOS deuterons per integrator volt. From &}.o (1?) we then 

obtain: 
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From Eq. ( 19), 

Hence we finally have: 

•27 '. 2 . . 1 10 em sterad.-

·c. Sirigl~ Count Methode · · 

Here we shall choose ~ "' 10° (or ® = 10°) for illustrB.tion. 

1. General.· 

Targets used were CH2 0.991 g 3 C lo2S4 g. The latter was equivalent in 

stopping power·t? 1. 67 g/ cm2 Al 3 the former to L. 53 g/cm2 Al, so a. slight. 
-:,'.• 

extrapolation had to be made. The results' are given in Fig. 11, where the 

relation (1.4·) was used, with z = 0.661. Here the ·targets were oriented 

perpendicular to the beam. A thih Al wedge was centered over the crystal to 

make the energy of the particles entering the ~rystal equal over its ;surface. 

2. ~ = 10°. From Fig. 12, the average background, for absorber 

> 24.0 g em - 2 , was 440 :t 50. 

To find· the proton effect we· took t·he difference betw~ert the last 

point for which all the elastic protons seemed to come ·in, and the background •. 

The error assigned was the statistical error of the point compounded With that, 

of the background. 

Again from Fig. 11, H at 22.9 g cni-2 Al 'equivalent of absorber was: 

1830 ± 110 count.s/I. V. 

Net proton effect: !:!. = 1S30 ± 110 - h40 .!: 50 = 139-0 :!: 120. 

Now .R = 8. 58 x 1022 atoms/cm2 wi·th sin (8 + ® ) "' 1; 

.£ = 100 em· and the crystal area = 9. 55 cm2 •. ··· · · 

So Ml = 9.55 x lo-3 sterad. 

The ion chamber pressure was 77.4 em Hg at 22° C, so 1J. = 17S4; 

Q. = 0.99 x 10-6 f, hence n = 3.43 xlo9 deuterons/volt 3 and 

& ( ~ = 10°) = 4• 95 :! 0.43 mb sterad. -1 
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From Table I d cos i = 0.234 at ~ = 10°, 9 = 159a2°. , . d cos ~ .. . . 

Hence we finally have, in the center of mass, using Eq<, ( 18)., 

a- (e ;., 159.2°) = (lol6 ~ OalO) • lo-27 cm2 sterad.-1 

3o @ = 10° 

We take the last ~point for which all tpe elastic <;leuterons seemed t.o come 

in, .. and subtract a backgr<)Und averaged ov:13r the first point with good stat= 

istics for which no such deuterons seemed to reach the crys~alo This givrs 

for the net deuteron effect: 

H = (21200 :!: 700) - (2800 ± 200) = 18400 ! 750. 

With the . same values as above for £, !'i and 6.fl ~· 

6" ( ® = 100) = 66.5 :.!: 2. 7mb sterad.~l 

From Table I 

®= '' · d cos 0.107 at'®·= 10°i e = 31.1° 
d cos e 

so that, from Eq. (18), in the center of ~ass 
/ 

(j (e = 31.1°) = (7.0 ± Q.3) • lo-27 cm2 sterad.-1 

It is clear that, apart from systematic errors discussed in the next 

section, the cross section at ! = 10o is an upper limit, inasmuch as some in= 

elastic protons may be included. For if one assumed a. .Just inelastic d-p 

collision with one proton going forward at high energy and the other proton 

and neutron remaining close neighbors 9 the energetic proton would have only_ of 
/ 

the order of 3.. Mev le,ss energy than an elastically scattered one in the fo~ard 

direction. The cross section for elastic deuterons at . ® . = 10°., on the 

other hand, is likely to be too low because of stripping losses. If we take34 

the stripping cross section as 150 mb for. Al.ll we expect to lose 5 percent of 

the deuterons. Thus. cr (e = 31.1°) should be. raised 5 percent to give 

7~4 ± 0.3 mb sterad.-1 
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VII PRESENTATION OF DATA AND DISCUSSION OF ERRORS 

The data are suminarized- in Table IIo. They have been averaged for· a· given 

angle over a given day's run, but results for the same angle obtained on a 

different day have been included separately. Cross sections for angles less 

than :1° different from those for a given·listed angle have been included among 

the lattero · Values marked with asterisks have qeen done with the single count 

method;, all others with methods I-III. 

·TABLE_ II 

Differe~tial. scattering cross section, .o-~e), i~:·the center. of mass. 

system, in cm2 st·era~. - 1 ,. as. a function of e, angle of cieviation in the 

center of mass. Columns 2 and 3 give all experimental values together 

with their statistical errors; columns 4 and 5 list average values for 

given angles, together with their total (statistical+ systematic) errors. 

Data marked* were taken by means of· method· IV~ .. · 

e, degrees 

48ol 

a{ e) 

· .. :. 25.4*· 

6.6 

4o9 

4·8 

4o4 

·: 4o6 

3ol~ 

2.75 

2.18 

r.m.s. Stat. Error r.m.s. Total Error 
·---- ·-....,....."'--~-- ·~-,----------~~--·-

, 3o0 . 

0.3 

0 •. 4 

0.6 

O.J 

Oo) 

·. Oc.) 

0.13 

0.12 . 

0.12 

25o4 

•; . 7o4 loO 

0.5 

.0.4 

·. -r-:--
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TABLE II (continued) 

e~ degrees a{ e) romoSo Stato Error o{e) romoSo Total Error 

57oS 2ol4 Oo07 

2o54 Ooll 2o33 Oo2l 
\ 

67o6 lo22 Oo05 lo22 OolO 

77o5 lol6 Oo06 lol6 OolO 
.. 

Slo5 OoS9 Oo05 OoS9 OoOS 

S7o5 Oo?O OoO) 

Oo 77 OoOS Oo 71 Oo06 

97o5 Oo59 Oo04 

Oo73 Oo05 Oo64 Oo05 

107o6 Oo6l Oo03 Oo6l Oo05 

ll?oS Oo 52 OoOS Oo52 Oo09 

12So0 Oo55 Ool7 

Oo67 Oo06 

Oo67 OolS 

. Oi-'55 Ool3 

Oo73 OolO 

Oo57 Oo06 

Oo 54 Oo05 

0;,45' . Oo04 Oo55 .. 'Oo04 

13So4 Oo72 Oo24 

Oo27· CYo09. 

Oo42 Oo06 

0.;42 OoOS 0~40 Oo05 
.. 

·-· ..._.,....,_. __ ~_,._.,......:.........--· ... .: .... ,.,:.,.,;.,.,.,.. ... _~..,.._._.,;,.....,.-..,...,..,.;;_. -·''"-"""",.,...,.,.....,,._n,.,., 



9, degrees 

148o7 

0\ e) 

0.27 

0.51 

0.67 

0.62 

0.24 

0.52* 

0.47* 

1-45 

1.161t 
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TABLE II (continued) 

·r.m.s. -Stat. Error 

0.23 

Oo25 

0.07 

0.12 

0.14 

0.06 

0.07 

o.so 

0.10 

a(9) r.m.s. Total Error 
·------

Oo54 0.07 

1.20 0.20 

169.5 1-3~ 1.30 0.29 0.23 ·=:::::.::=======::::::::================= __ :::::_ ======· -~.--= -
~~ 

Fig.· 12 shows a plot of the results listed in Table II, center ·of mass cross 

sections along the ordinate, center of mass angle along the abscissa. Fig. 13 

~bows the weighted mean cross sections together with the curve used to find a 

total cross section from 100 to 180° in the center of mass of 29 ± 3 mb. The 

errors quoted in Fig. 12 and Table II are r.m. s. deviations due to statistics 

alone Those of Fig. 13 include systematic uncertainites. 

Among the most imp()rtant systanatic (r.m.s.) errors we should list:· 

1. Geometg. 

a) The ealibra,tion ot the scattering table was believed to be good to 

better than l/2o., 

b) The table alignment was accurate to about 1°; the alignment was 

checked by an angle variation curve of somewhat greater accuracy. 



c) The distance b was measured from the cent8r of the targetJ pre~ 
;· '. . . 

sumably coincident with the center of the beam~ to .. the face of the crystaL 
• ' ' ' ' ' ;. .',·,I ,' - I 

Due to oblique orientation of the target~ the error in £ due to poor align-
. . ' . . . . ~ . ; . 

m~nt could amount to 1/2 cm. Another uncertainty of the order of mm arose 
. . . .. ~:.:/) i ; :. 

in the fact t~at tJ::te distance to which a particle had to enter a crystal 

before producing scintillation sufficient to give rise to a count was not 

known. £was usually between.50 and 100 em. 

d) The orientation ~f the targets with respect to, th~ heam could be 

measured to better than 1° with a result~ng r.m.s. error of lo5 percent in 

the.cross sectiono 

e) The crystal area was kpown in all cases to be better than 2 percent. 

f) The sensitivity of the crystals may not have been uniform over their 

surfaceso Although photomultiplier.voltage plateaus and the use of different 

crystals at the same angles convinced us that within the counting statistics . . .. ; '. 

the crystals were uniformly sensitive»: an uncertainty of .3 percent should be 

a~signed to this factor. 

g) Choice of solid angles~ the non""'"defining crystal. was always, close 

enough to satisfy. the geometric requirements and allow for a safety mar gino 
. . l . 

The loss of coincidences ?ue to this factor could not have amotu1ted tQ mo~~ 

than 2 percento 

2o Beam Current Measurement. 

a) Calibrationo The calibrat.ion of the argon-filled ion chamber a= 

gainst a Fara~ay cup built by Dr. V. Zo Peterson has been described by CSW. 
) ~ ~ : 

This calibration was thought accurate to 1 percento 
' ' I 'J 

.b) Saturation. The chamber .was run.at 1000 V~ high enough.to measure 

better than 99 per~ent of the saturation current at any beam strength we usedo 
-.::·~· 



3o Multiple Scatterin~. 

a) In methods I-III, multiple scattering in the targets could have re

sulted in a loss of 2 percent of the elastic events, except at ~ = 60°- 70°, 

where the loss may have amounted. to as much as 5 percento In addition, in 

method III multiple scattering in the first of two crystals of a telescope 

could have caused some loss in the second, except that the latter was always 

chosen large enough to make. such losses negligibleo 

b) In method IV the Al absorbers were large enough to result in "badtt 

geometryo Since, however, the cross section was not linear but had curvature 

in both regions investigated by this method, anuncertainty.of 5 percent must 

be assigned to it due to multiple scattering in the absorberso 

4o Targetsb 

The polyethylene targets were analyzed (CSW) and shown to be of composi-. . 

tion (CH2)n to within 1 percento The dimensions and weight, hence surface 

densities of the targets were known to 1 percento 

5o In methods I-III, losses due to finite resolving time of the coin-

cidence circuit amounted to no more than 2 percent with .the highest single 

counting rates usedo In method IV similar losses due to finite scaler re

solving times virtually cancelled since the counting rates were almost the 

same from GH2» C, and bl, or else ver,y lowo 

6o The method of finding ~by measuring the single counting rates and 

the coincidence resqlving time 7 resulted in an uncertainty in thP. cross 

section of no more than 2 percent due to possible small variations in the 

cyclotron resolving time that might have passed unnoticedo 

7o In all methods the possible inclusion of some inelastic d-p scat-

tering caused some uncertainty.. In methods I-III this may have amounted 

to 3 percento In method IV, it may have been as high as 10 percento 



• 

=34= 

We summarize the systematic errorso 

Ao Methods I-III. 

lo c~d~e,~~f9 g 

2o a~b.llc 

3o a 

4o 

5o 

6o 

7o 

5% 

2% 

2% (5%) 

~ lo5% 

2% 

~ 2% 

3% 

Totalg -7% ( 9% at 60= 70°) 
Resol~tiong . about 3° aveo 
Angles certain to 2° in 
center. of masso 

Bo Method IVa 

• lo c~e~f 3o5% 

2o a~b,~~c 5o5% 

3o b 5% 

4o lo5% 

7o 10% 

Totalg 13% 
Resolutiom 2° ·or better 
Angles certain to 2° in 
center of mass o 
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VIII CONCLUSIONS 

Fig. 12 compares our results with those predicted by the theory of Chew. 1 

Before discussing this comparison, we wish to say a few words about the theor.y. 

Chew asstmted charge-independent, static central forces, with singlet and tri-

plet "Serber potentials" representing the n-p interactiono ·. The ranges and 

depths of the potential wells were those given in Sec. II. With such poten

tials the high energy n-'p differential scattering cross section is quite well 

reproduced; lS the high energy p-p differential scattering cross section pre

dicted from the theory will have qualitatively the same· shape19 as the, n-p 

cross sectiono This is, of course, not in agreement with experiment (CSW)ll 

but no experimental results were available in 194S<> The first order Born 

approximation was. thought to be sufficient; this was .rendered quite con-
• 

vincing by the fact that the higher order irnpu~se approximation22 reduces to 

the Born approximation in the case of elastic d-p scattering. The identity 

of two of the nucleons involved, as well as the spin state restrictions due 

to the bound triplet state of the deuteron which must appear in both the 

initial and the final wave functions, were, or course, taken properly into 

account. 

The final differential scattering cross section was then obtained in ·• 

terms of the sum of the squares of the doublet and quartet interaction 

matrices with proper statistical weightso Each of the two matrices could be 

written as a linear combination of three terms Il r2, r3o · Their coefficients 

in the matrices, as well as their numerical ~alues, depended on the detailed 

description of the interaction, but their character was quite general. Thus 

11 , the most important term, was the product of two probability amplitudeso 

One was the collision probability amplitude, its modulus square being the 

chance that either particle in the incident deuteron would strike the target 



-36-

proton and thus impart to the struck particle a given moment.um in a given 

directiono The second factor was the "sticking probability'! amplitude» its 

modulus square being the chance that the two deuteron particles were still 
' • . I ~ : ' ' . , ' ' , . '," .;· • 

in their ground state after the collisiono Both factors contributed a strong 

maximum in the forward direction near e = 0°o I 2 had a very weak ~aximum at 

9 = 180°, and a moderately strong one at .e = 0° o It was the hardest to in= 

t~rpret; it reduced36 to. I 1 if one assumed that the range .of the forces was 

. negligible compared to the separation of the nucleons inside the deuterono 

I 3 had a rather weak maximum at 9 = 180° ~ and was the main contributor t.o 

the theoretical peak of Figo 12 in that regiono Its. origin could be ascribed 

to a 11pick-up" process in which the neutro.n of the incident deuteron collided 

with the target proton and formed a deuteron with it~ while the proton ini~ 

.tially in the de~eron proceeded forward with most of the kinetic energyo 

I3 could be interpreted in .terms of the product of three probability ampli= 

t~des; 3? one factor was the prol;>ability amplitude of the neutron of the in= 

cident. deuteron having a certain internal momentum; the second factor was the 

probability amplitude of a collision between this neutron and the target pro= 

ton~ resulting in a certain final relative momentum and final momentum of the 

center of mass of the two _particles involved in the collision~ the third 

factor was the probability amplitude for ~his final relative momentum to be 

found in a bound deuterono The last two factors were to be integrated over 

this final relative momentum,~~ not' an observable11 and I
3 

was the product of 

the resulting integral and the first factoro 
i 

We shall now compare our results with those predicted by Chew9 and for 

this purpose (cf,o Figo 12) ·we shall subdivide the range of angles' measured 

into three regions: 

· ·15°~ e< 50°.; 



lo . 0 < 0 15 , e~ 50 • Here the agreement is moderately goodo Our points 

fall somewhat below the predict~d ones. This may be due to the fact that Chew 

took·a p-p interaction which gives a cross section higher than the observed 

, one in this region. 

o< · o 50 .... e ~ 130 • Here the agreement is excellent, in spite of the· 

theoretically assumed p-p interaction, which 11\TOUld giVe too loW a CrOSS 

section in this region. The exact agreement is· undoubtedly fortuitous~ but 

both the theoretically assumed and the eXperimentally found cross sections 

vary slowly over these angles, so that the. shape of the curve is dominated by 

the "sticking probability." The latter is critically ?ependent on the deuteron 

wave function chosen. In this region, where the internal:mome~ta involved are 

' 
moderate to fairly high, i.e., where the particles in the deuteron are fairly 

close tbgether at the time of tHe collision, the wave function is probably not 
. . 

well enough known to give the sticking probability very accurately. 

3· 130° ~ e ~ , 170° o Here the departure from Chew' s predictions is quite 

markeq. Our values near 170° are a factor of 4 to 5 lower than the theoretical 

ones. The disagreement may in part be due to our ignorance of the deuteron 

wave function in the region of .zero separation of the two constituent· nucleons .. 

Indeed it can be ~hown37 that the potential interaction between nucleons can 

be completely eliminated from I
3 

in terms of the bound deuteron wave function 
. . ' ' ' . 

by making use of Schroedinger's equation for the bound deuteron. Chew's 

choice for the wave function is 

1.11 _ A ( · -a.r -~r) 
l --· e - e o r . 

where ! is a normalization factor, ~ the separation of the two nucleons, and 

a. and ~ are parameters adjusted by variation to give the binding energy when 

ro is substituted in the Schroedinger equation for.1 = 0 together with the 

triplet potential Vt(r) of Sec. Ilo Since the maximum depth of the potential 



is -q7 o8 Mev~. <Ul. exact .. eigenfunction capnpt, yie.ld Four.ier.: .compo):lents of 
• :· ' : . • • • ••• • • • !. •' • ., • • ' • 

,i.nt;erqal,moment~. ,qpr;respcnding. ~.o _a kiqetic .erergy greater; than, ?5o6 Mev~ 
~ • • ••• •. ~ . ' •• ,; . • ' f ,, .:.. • '·.. • ' ' •• .• . •· ._ • 

_wh~reas our approximate ei~enfun9tions ~eld fl spec):, rum without cut-off. and 
·. • -~-. ·: . . • . . ~ ' . .' . l . : •... ' . .. . . .• .· . . . : 

varying as thE;J .i!!;V:erse: ?P~ po~er of :):,he, ~()rnenturno . Thus a more corree~ eigen-

,function may giv~ a lqwer. cros,s .s~ction .[or larg_e, Go Conversely~- experirne!lt s 
' . 

on.p-d elastic scattering near e = 180° at various high energies (where the 
,,.; ··. .. .· ' . . .. : . ' . 

Born approximation is valid) may possibly tell us more about the deuteron 

wave function as £~0~ and hence about the potential Vt(r)o 

It should also be mentioned that part of the discrepancy near S = 180° 

could be due to neglect of tensor forces~38 which may~ with suitable choice 

of potential~ reduce the cross section in this region~ 

A comparison with Powell1 s17 results reveals that our cross section is 

somewhat lower than.his for both small and large eo Part of the discrepancy 

may be due to systematic errors and normalizationo It should~ however~ be 

pointed out that in the 11pick-up11 region even Powellu s values are a factor 

of 3 lower than those predicted by Chewo In the region of intermediate e~ 

Powell1 s results and ours agree quite well~ thus lending some support to the 

claim that nuclear forces are charge-independent~ althougQ considerably more 

workll both theoretical and experirnental.ll is necessary before this hypothesis 
I 

can become a facto Our cross section between e = 10° and 9 = 180° is 

29! 3 mbo.ll as compared to Powellus total cross section of 46 mbo .The discre= 

pancy must not be taken too seriously.~) inasmuch as we have neglected contri

butions from 9< 10°~ and Powell1 s normalization of all his elastic plus 

inelastic events to the n-d attenuation cross section of Co0k et alo39 may 

be subject to revision (cfo refo 40)o 

The possibility of a repulsive core20 in the singlet states should finally 

be mentionedo At high enough energies~ the result of such a core would be 

/ 
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to reverse the sign of the singlet S-wave phase shift, at still higher energies 

that of the D-wave phase shift, etc. Thus the cross section in the central 
' 

region of angles woUld be considerably lower than that calculated with a purelY 

attractive potential, due to destructive interference between singlet and 

. triplet sc~ttering. :EXperiments on p-d scattering lising 340 Mev prot6ns are 

in preparation to explore these possibilities. 

... 
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X APPENDIX 
' ' 

Derivation of formula (l5) of text. 
' . ' ; 

We define-the following symbols: 

ul' 

. vl, 

'Wl:, 

al, 

bv 

u2 

v2 

w2 

p 

q 

s 

R 

I c 

single counting rates from carbon target. 

single counting rates from polyethylene target. 

single counting ,rates from blank •. 

coincidence counting rate from carbon target 

_ coincidence counting rate from CH2 target. 

coinciden,ce counting rate from blanko 

ratio of carbon surface density of CH2 target to surface 

density of carbon target. 

integrator volts per second (beam current.)-during carbon 

measuremento 

IH integrator volts per second (beam current) during CH2 

measurement. 

Ibl integrator volts per second (beam current) during bl 

measurement. 

X 
IH 

::: 

~ 

y = IH 
Ibl 

r measured coincidence resolVing time. 

a2 accidental single counting rates due to carbon. 

b2 accidental single counting rates due to hydrogen. 

X systematic coincidence counting rate due to carbon. 

y systematic coincidence counting rate due to hydrogen. 

. ' 
·-



The last six quantities are not directly measurable and must not appear 

in the final expression for ~· 

If the beam currents for the GH2 , C and bl measurements are ~he same, 

we can write the retatio.ns ~ 

(~) Ul = al + wl + x, 

(!?_) u2 = a2 + w2 + x, 

(£) v1 = R(a1 + x) + bl + Y + wl, 

(£) v2 = R(a2 + x) +'b + 2 y + w2, 

(~) p = x + 27'(a1 + wl)(a2 + w2), 

(.£) q = Rx + y + 27(Ra1 + b1 + w1)(Ra2 + b2 + w2), 

(g) S = 27 Wl W2o 

If the beam currents are not the same, the counting rates have to be 
t 

normalized to the same value, and we have, 

v1 ~ R(a1 + x) 

IH IC 

+ b1 + y + w1 v2 = R( a 2 4- x). + b2 + y 

IH Ibl~ IH. IC IH 

w2 0 + _J __ , 

·Ibl 

p 

rc 
q 

= 
y 

I . I H H 

. x (R a1 w1 b,) (R a 2. +.w .. .., + b. 2)o + R ~ + 27IH --. + -- +.--L.... _..... 
Ic . . Ic ·Ibl 1H IC ·· 1bl 1H 

Multiplying out, we finally obtain: 

(h) ul ~ al + + y u =a + x + fw2; X. XWl>' 2 2 

(!) vl = XR(a1 + x) + b + 1 y + y wl, 

v2 = XR(a2 + x) + b2 + y + y w2; 



(j) p = x + 2y (al + i wl) (a2 + i w2); 

(!£) q = y + RXx + 2 'j"(RXa1 + Yw
1 

+ b1) (RXa2 + Yw2 + b2). 

Now, from Eqo (14), we define z = q - zp - (1 - !)~ 

or, in case the beam current varie~, 

so that 

.X = q 'p s 
I r.: - _z -I - (1 - z) -

H H C - Ibl 

z = q- y- Ys 
Xp- Ys 

= l . r RXx + 2Y (ruta1 + Yw1 + b1) (RXa2 + Yw2 +. b2) - Ysl. 
Xp- Ys L j 

Eliminate~ by using (j), 

rrr (RXa1 + Yw1 + b1 ) (RXa2 + Yw2 .+ b2) + RXp - Ys 

- y J 
- _2YRX(a1 +X w1)(a2 + i, w2~ o 

1 z = 
Xp - Ys 

We now make the '(for us always valid) assuinption that' 1, .2£ < ~,'£,};!:;· so_ 

that: 

Hence 

C!) . z "'R + x! ~ Ys [lv2 - RXulu2 - (1 - R)Ywlw~. 
Usually we had Xp)P Ys; and (1 ~,g) Yw1w2 negligi~le compared to the 

difference of the other two terms in [ ] o 

\ 

In that approximation Eq. (15) 

result so 
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.· :X:I;I: ,;FIGURE :CApTIONS 
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' '"' ~ 1 ' '' l ~ '~ ' ' I I • • - l ' 

Figo 'l , Schema~ic:! .9J.a~q.m, ol t.h<:; cyclotron9 def],.ecting ·~gnet ~ and collimatoro 
~ . :· : . • .· /. ~,. . ' .. - • ·!. l-: .... 

- ~ . • ,. , ' . ' f' ~ . - "• . :. . • ~ . ~ . . . 

'Block diagram ()f the el~'c'troriic ~ircuits of the experiment (method 
III of text) together 1-rith a top view 'of the coincidence apparatus. 

: ···~')·. velo~~ty .diagr{l.m b{a. deuteron and a' proton colliding in the'ir 
,. cent'er pf ma'ss; showing the definition of angle e of the texto ··. 

;• ' '" ~ ~-

'.h) The ~arne d'oilisiori~· ~s viewed from' the laboratory system; the 
. , . dist,?nces :!?, and £ of the proton crystal and deuteron crystal from 

.. · . ):.he tar~~tar,E\ shown~ and. the angles P~ ® and. & of the text are ·. 
, ; . defined., ' · 

Figo 5 

:Fig. 6 

. Fig. 7 

,Fig. 8 

!Fig. 9 

c) Criterion for the height of the larger, non-defining crystal, 
shown by projection of the arrangement of Figo 3b onto a plane 
perpendicular to the beam. Orders of magnitude are typical of 
the operation at ~ = 40°o 

Coincidence counts per unit beam charge incident on the target 
( 11 integrator volt 11 ) at ~ = 25° as a function of the height of the 
scattering tableo CH2 coincidences are circles, C coincidences 
are crosses. Operating height was taken as Ool em, 0 '~m being 
the height determined from use of the quadrant ion chambers. 

Coincidence counts per unit beam charge as a function of angle 
®' ~ being held constant to 450o CH2~· ; c~ Xo Operating 

angle chosen was 26°. Relativistic kinematics gives 25.8° 9 non~ 
relativistic kinematics, 26o5°o 

Plateau of coincidence counts per unit beam charge versus photo= 
multiplier voltageo CH2 ®~ C x~ blank eo Operating potential 
chosen: 750 V • 

Coincidences per unit beam as a function of Al absorber in front 
of the proton crystal at ~ = 40°. Expected range: 9a4 g cm-2. 
CH2 8 9 C x. 

"Bragg curve" of the deuteron beam measured by taking the ratio of 
the integrated current of two argon=filled ion chambers as a 
functi?.n of a~umi~grrt. g,bsorber pl~~ed t>etween t~emo. Range at Oa8 
ofma.XJ..mum:helght lS l8o8 g.cm 11 co:;-respond1ng to an en~rgy ·.· 
of 192 Mevo Straggling amounts to approximately Oo 7 g cm.=2 • 

Coincidence counts per unit beam charge of CH2 .1l ·«~ 9 and Cj x~ as 
a function of beam currento The ratio of CH2 slope to C slope 
determines the carbon subtraction ratio ~2 here about lo lo 

Wig. 10 Carbon coincidences per unit beam charge at ~ = 45° as a funetion 
of beam current Io The finite intercept at I = 0 is due to 
systematic coincidences from carbona · 

... 



Fig. 11 

Fig. 12 

Fig .. 13 
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Hydrogen counts per unit beam charge, obtained by subtraction, as 
a .function of Al absorber in front of the c:3sta.l. (M~thod IV~. 
Arrows! and£ give the absorber, 16.7 gem- and 24.2 gam-, 
at which half the elastic deuterons (corresponding to I • ~3.8°) 
and protons are counted. Calculated ranges are 16.S g em- and 
24.0 g cm-2, respectively. · ·. 

Differential elastic scattering cross section, in the center.ot 
mass,as a function of center of mass angle e, showing ~lmost all 
experimental points. Note folded scale to tbe lett. For co~ 
parison the cross section calculated by Ch~ is included. 

Averaged differential elastic cross sections in the center ot maaa. 
with their total (statistical and systematic) errors. The curve 
was used to find the total cross section between 10° and lSQ?, 
29 ! 3 mb. 
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