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Nuclear internal momentum distributions ot deuterium, carbon, and oxygen 

are interred tram the enero distributions of the protons obtained at varioua 

scattering angles when 340 Mev protons are incident on these nuclei. The 

energy spectra of the protons from deuterium agree with the spectra obtained 

theoretioall7 by using the deuteron nucleon momentum distribution given by 

the Fourier transform of the Hulthen wave function. · tfnfortunatelyj the elli

perimental method is not so good as to distinguish differences in the portion 
q 

ot the .deuteron wave function w1 thin the pote~tial interaction.: Protons ob-

tained from carbon and oxygen have energy spectra that are consistent with 

the use of a gaussian nucleon momentum density distribution having a 1/e value 

corresponding to a nucleon energy of 16 t 3 Mev. 

Proton yieldS from deuterium nearly equal 'those expected trom tree proton

nucleon collisions. Oxygen gives proton yields 1n the spectral regions in

vemtigated that are 16/12 times the corresponding. yields from carbon. 

• Based, in part, on a dissertation submitted to the University ot California 

., 

in partial fultillment ot the requirements tor the degree ot Doctor or Hlllosophy. 
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NUCLEON MOMENTUM DISTRIBUTIONS IN Dl!."UTERIUM AND CARBON 

INFERRED FROM PROTON SCATTERING 

J. B. Cladia, w. N. Hess, and B. J. Moyer 

Radiation Laboratory, Department of Physics 
University of California, Berkelq, California 

February 21, 1952 

I. INTRODUCTION 

UCRL-1621 Rev. 

Effects of nucleon momentum distributions 1n nuclei manifest themselves 

in nearly every experiment that is performed using bombarding nucleons or 

gamma rays of energies greater than about 100 Mev. Therefore, in addition 

to the pure theoretical interest of these distributions, their effective 

values are required before other aspects of experimental results can be in-

terred. 

A momentum distribution• of the protons in carbon nuclei has been used 

by Chew and Goldberger! in conjunction with their "pick-up" process to explain 

the angular and energy distributions of the deuterons to~ b,y Hadl~y and York2 

when 90 Mev neutrons were incident on carbon. This m()lllentum distribution was 

also found to be sui table by tax ~d FeshbackJ 1n interPt-eting the meson 

energy spectra .from carbon at 900 obtained by Steinberger and BishoJ>'t using 

the 330 Mev bremsstrahlung spectrum of the Berkeler synchrotron. However, 

Chew and Goldberger readily acknowledge 1n their paper that the very high 

momentum components in their postulated distribution should not be believed. 

Indeed, Henley and Huddlestone5 find that the meson energy spectra tram car

bon at 900 resulting trom proton bombardmenta6, 7 are not compatible with the 

~gh momentum components of the Chev-Goldberger distribution. These authors 
The Chev-Goldberger momentum density distribution iea 

d.. ' 
1'\'2~2 .,. k2)2 

! N(k)l 2 --
where k ia the nucleon momentum, and tJ.. is a momentum corresponding to a 
nucleon energy of 18 Mev. 
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postulate a gaussian momentum densit7 distribution of the nucleons in carbon 

tbat has ·a 1/e value at a momentum corresponding to an energy of 19.3 MevJ 

this distribution also fi te the low momentum points given cy Chew and Gold-

berger. 

A more direct method ot interring internal nuclear momentum distributions 

suggests itself with the advent of quite mono-energetic, high energy proton 

beams. Since the De Broglie wave lengths of bombarding nucleons having energies 

greater than' about 100 Mev are quite comparable with the dimensions of the 

nucleon volume in nucle~, it is sensible to think of these nucleons ~ collid

ing with individual nucleons of target nuclei. Moreover, since the total 

scattering mean free path of nucleons in nuclear material at these energies is 

of the order of tho dimensions ot light nuclei,s more than one-half of the 
' 

scattered particles originate from eing;Le collisions within nuclei. The special 

name "quasi-elastic scattering" bas been proposed to distinguish this important 

process which prevalls at high energies when scattering angles greater than a... 

bout 20° are vieved. 'Ibis term is chosen to imply that the process is inelas

tic in that a rearrangement of the nucleus.Je brought about, but that it is. ·- . , 
elastic in the sense that a nucleon-nucleon collision occurs tn the ~ucleus 

,. 

that resembles the scattering of nucleons b,y free target nucleons. The.mo-

mentum distribution of the nucleons in a nucleus is related to the momentum 

.distribution of the nucleons that are quasi-elastically scattered. 

Woltf9 has developed an equation that gives the energy spectrum of the 

nucleons scattered at a given angle as an integral over the nucleon momentum 

distribution. He deduced this equation by using the Born approximation and 

' suitably averaging over the possible collisions of incident nucleons with 

nucleons possessing momentum that can contribute to the scattering of the 

't 

nucleons into particular solid angles in the laboratory system. His result is a 

.. 
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n 
l:. 
i•l 

I N(k~ 2 : the momentum density distribution of the nucleons in the 

nucleus. 

p ; momentum of incident nucleon 

q .; momentum of scattered nucleon observed 

k ; momentum of nucleon in mucleus 

o··= laboratocy scattering angle 

6-" i -. ditferential cross section for scattering by i th nucleon ot 

nucleus containing n nucleons. 

M. ·= r;tucleon mass. 
A ... 

The approximation made in obtaining the reeul. t in such a simple closed_ form 

iS l!l1Dal.l in comparison vi th the error inherent in the use of the Born approxi

mation. Wolff also shoved that protons that encounter two collisions with 

nucleons before emerging from nuclei do not appreciably alter the shapes of 
. . 
the spectra at energies greater than those at the maxima of the distributions. 

The nucleon-nucleon nature of collisions involving high energy nucleons 

on nuclei is well illustrated b,y an experiment performed bf Cbamberlatn.lO, 

He obtained the angular correlations of the two protons arising from collisione 

involving 340 Mev incident protons and pro tone in light nuclei. One counter 

was fixed to view protons scattered at 450; the colliSion partners were viewed 

simultaneously by another counter that was varied in angle about the vicinity 

.'9 

., 

of the angular correlation obtained when protons are incident on free protons 

(90° non-relativistically). The distribution of the proton angular correlations 

obtained by using a Li target compared to that obtained from an H target was 

.. 
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found to have a greater width and to be peaked at an angle that waa smaller 

b,y about 60, The greater width is attributed to the momentum distribution 

or the target protons. The displacement of the peak by 60 can be explained 

by energy losses of the two protons after the collision sufficient to ac

count for the )inding energy or a proton in L17 and a small amount of ex

citation energy of the residual nucleus, 

This report concerns tho energy spectra of protons scattered by H, D, 

and C at angles or 30° and 40°. These angles were chosen so that the n~clear 

. diffraction scatteringll would be negligible in comparison with the scattering 

due to quasi-elastic collisions. Wolff's theoretical spectra are used to infer 

nucleon momentum distributions in deuterium and carbon. The forms of the 

curves certainly reveal the prevalence of quasi-elastic scattering. The peaks 

of the Bpectra i'r0111 carbon fall at slightly lower energies than those of the 

corresponding spectra from hydrogen, the differences being qualitatively ex

plained b,y nuclear well and excitation effects. 

II. EXPERIMENTAL METHOD 

A, &lergy Spectrg, . 

The spectra of the protons scattered by target nuclei are obtained b;y 

means ot a magnetic deflection device, a so-called 35-channel magnetic parti

cle spectrometer. 'l'he layout of the spectrometer as set up in the experimental 

area (eave) is shown in .Fig. 2. In this figure the dimensions of some of the 
" 

components are exaggerated to emphasize their effects on the resolving power 

of the spectrometer. These effects will be discussed in the next section, 

1. Proton Bee 

The external 340 Mev protOn beam of the Berkeley 184-inch synchro-cyclotron 

is used, This beam is pulsed at a repetition rate of about 66 per second. In 



UCRL-1621 Rev. 
-7-

order to reduce the number of accidentale in the detection counters for a 

given counting rate it is necessary to use a large beam pulse width. A 

maximum width of about 15 to 20 microseconds is obtained by seatteringl2 

the protons out or the circulating orbits of the cyclotron (see Fig. 1). 

The energy spectrum of this beam, which is calculated as indicated in Section 

III to have a width at half height of about :\,:1 Mev, must be taken into con-

aideration in the interpretation of the experimental spectra. The cross 

section of. the beam in the cave is limited to be rectangular, 1-3/8 inches 

wide and 3/4 inches high, by a brass collimator located at the exit end of 

the evacuated tube (see Fig. 1). 

2, Targets 

Ae show in Fig. 2 the targets used are narrower than the beam cross 

section. However, they are taller than the vertical beam dimension so that 

a fixe4 length of the targets is intercepted b.1 the beam. The cross sections 

or the targets in the horizontal plane are forced to ba parallelograms by the 

cond1t1oneu {1) the targets are required to be narrow with respect to the 

width of the beam so that the energy sPz"ead of the incident protons striking 

the targets sha.ll be small, as described in detail in Section III, and (2) 

the tar&et dimension perpendicular to the direction of the observed scattered 

particles is required to be small to achieve good energy resolution, since 

this dimension is in effect the width of the first alit of the spectrometer • 

• Energy spectra are obtained of protons scattered from targets of water, 

heavy wter, carbon, polyethylene, container and air blanks, Subtractions 

are required to obtain proton spectra from hydrogen, deuterium, and oxygen. 

Since equal average proton energy loss in the targets used greatly facilitates 

these subtractions, and since the stopping powers of these targets are not the 

same, the target dimensions in the direction of the scattered particles 
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observed are varied to aahieve this equal average energy loss condition. A 

knowledge of the integrated beam per target that is required to effect the 

subtractions is obtained b,y setting an argon-tilled ionization chamber in 

the beam as shown in Fig. 2 • 

. / 3. Particle Spectrometer 

The scattered particles detected enter the corner of a rectangular 

magnetic field through a "slit" proportional counter (see Fig. 2). This 

counter has an active area whose width is 1/8 izi• The particles- then tra.

verse two more proportional counters located in the magnetic field. They 

afterwards encounter an array containing 35 Victoreen G.M. tubes before tra-
1 

versing the final proportional counter located in back ot the ·O.M. ~ubes. ' 

Energy channels of the spectrometer are defined by the target considered as 

the first slit, the slit counter,. and the G.M. tubes. Thirty-five channels 

are used so that nearq the entire spectra can be obtained with a single 

·'·· 

field setting and with a constant arrangement of the spectrometer components. 

The a.M. tube signals giving the distribution of particles in the energy 

channels are properly amplified and recorded on a bank of 35 registers. To 

reduce the accidental coincidences due to random background, the G.M. tub& 

amplifiers are gated "on" by the quadruple coincidences of the proportional 

counter signals. These quadrupl~ coincidences also serve as a convenient 

means of arriving at the relative integrated yields of protons from targets 
' 

at the scattering angles or observation. 

4. Nature of Scattered Particles Detected 

The epeot~ometer described above gives merely the momentum distribution 

of the particles analyzed, eince only their bending effect 1n the magnetic 

field is observed. The masses of the particles must be known to deduce their 

.. 
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energy spectra from the momentum distributions. However, the great pre-

ponderance of these particles is expected to be protons, particularly at 

the scattering angles used (300 and 400). This expectation arises from the 

considerations embodied in the introduction concerning the De Broglie wave 

lengths of the bombarding protons, the transparency of light target nuclei, 
I 

and the investigations b,y Hadley and York2 of the secondary particles 

knocked out of target nuclei by 90 Mev incident neutrons in which the only 

ionizing particles detected were protons, deuterons, and tritons. The pick

up theory accounts vell for the angular and energy distributions of the 

deuterons and tritons. The tritons were observed in small numbers and only 

in the near forward direction. Heidmannl.3 considers the energy dependence 

of the pick-up process and shows that the total cross section for the pro-

duction of deuterons at .300 Mev is dow by more than a thousandth of its 

value at 100 Mev. Moreover, he shows that the angular distribution becomes 

increasingly peaked in the forward direction as the incident energy becomes 

larger. The nwnber or deuterons produced by .340 Mev protons at scattering 

angles or )00 and JIJO should be quite small indeed. 

Alpha particles are certainly ejected in spallation reactions, but they 

require 100 Mev to be reC<?rded in the lowest energy channel •. Alpha particles 

in the spallation products resulting from 340 Mev proton bombardments rarely 

possess energies greater than about 30 Mev.l4 Mesons require energies 

greater than 300 Mev to be recorded in the lowest energy channel. Clearly, 

mesons of this energy are not produced b.f the proton beam. 

'. 

Thus, only deuterons would conceivably contam!Date the energy spectra 

calculated on the assumption that protons alone are detected. These deuterons 

are found to be quite negligible in number, if present at all, by a method 

described in Section III of finding the pulse heights of the particles in 

various magnet channels. 
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I• Absolute Crose Sections 

Relative yields are obtained, as stated before, from l.he proportional 

counter quadruple coincidences data, In principle, they could be obtained 

from the areas of the proton spectraJ but this method is not feasible since 

the proton spectrum from hydrogen is sharp, and its appal"ent shape is simply 

the resolution pattern of the spectrometer vhich is contained within only a 

few ehannele, 

The absolute cross sections for protons from deuterium can be obtained 

at each scattering angle by comparing the proton yields from deuterium to 

the corresponding proton yields from hydrogen and using the proton-proton 

differential scattering croee section at 340 Mev given by Chamberlain, Segre, 

and Wiega.n,l5 In the case ot protons from carbon, these comparisons give 

only estimates in the ndure of lower limits for the cross sections, since 

the proportional counters do not accept the complete energr breadth of the 

spectrum, Low energy components below about 90 Mev are not included, 

III. CALI.BRA'l' ION OF PARTICLE SPECTRoo.:TliR 

A., R!aol ving P2ver of Pytiole Spectrometer 

The resolving power of the spectrometer is obtained by 11folding• to-

gether the individual resolving power curves of the components which affect 

the energr resolution, These components are (1) the target width considered 

as a slit, '(2) the width ot the slit counter, {3) the width of the G.M. 

tubes, (4) the energy losses of the Protons in the targete, and (5) the 

small angle scattering in the proportional counter 'Windows and 1n the air 

path. In practice the resolving power curves of these components are ap

proximated ey rectangles, and are referred to, for simplicity, as the energy 

widths of the components. 
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The energy width or a particular component is found by assuming the 

widths of all the other components to be zero. For example, the energy 

widt~ or a G. M. tube is the maximum energy diff,erence of two protons that 
,, 

can still be accepted by a certain a.M. tube when assuming that the protons . 
originate at the center of the target, suffer no energy spread in emerging 

from the target, go through the center of the slit counter, and suffer no 

small angle scattering in the proportional counter windows or in the air 

path. Similarly, the energy width of the slit counter 1s given as the·e-. """" 
~ 

nergy difference that would be recorded by point a.M. tubes in juxtaposi·t!on 

at the a.M. tube array, of two protons that have the same energy and that 

take the eame path described above with the exception that one proton tra-

verses the slit counter at one edge while the other proton traverses the 

opposite edge. The widths of the other components are obtained by ueing 

the same approach. 

All of the energy widths of the components are energy dependent. The 1 

a.M. tubes Getine energy channels from about 350 Mev to 95 Mev. Between 

these limits the energy drops off almost exponentially as a function of 

position along the G.M. tube array. Thus, the change in energy with respect 

to a rued linear increment along this array is alec nearly exponential. 

From this fact, it is clear that the energy widths of all of the factors 

mentioned atove, except that due to the target thickness, become l'SJJlaller 

as the proton energies become lower. The energy losses of the scattered 

protons in the target, of course, increase as the energies of the protons 

decrease. As a. result of thes.e effects, • the resolving power curves of the 

energy channels decrease exponentiallT in width in the direction ot lover 

energies until an energy E
0 

is reached, after which the channel resolutions 

are limited b7 energy losses in the targets. At proton energies less than 
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Jo, the energy resolution of the channels becomes progressively worse. The 

ma:ximum resolving power of the spectrometer is, therefore, at the energy E .a. 
0 

Parameters are chosen so that E
0 

falls near the peaks of the spectra, where 

the best resolving power of the spectrometer is required. 

A practical limit of the res~lution is forced by the unavailability of 

an infinite amount of cyclotron time. A compromise between channel counting 

rates and energy resolution is necessary. After having decided the practical 

resolution that can be used, care must be t~en that maximum channel counting 

rates are obtained consistent with this energy resolution. This condition 

can be met by making the energy widths of the slits (target and proportional 

counter} nearly equal to the energy widths of the G.M. tubes in every energy 

channel. 

The energy width due to small angle coulomb scattering in the proportional 

counter windows is kept at a minimum by using 0.001 inch aluminum windows and 

by forming the confines of the "slit" proportional counter with 0.0005 in. 

aluminum. 

The energy spread of the beam must be know before a comparison of theory 

to experimentoa.n be made. This is obtained in an approximate manner by as-

suming a nat energy spectrum of protons scattered into the magn_etic channel 

(refer to Fig. 1) from the circulating tank of the cyclotron. 'I'hen the energy 

distribution 1s found of the protons that can strike the target after passing 

through the cyclotron premagnet collimator and being bent through an angle of 

about 200 by the beam focusing magnet. It is clear that the problem of find

ing this distribution is the same as that of finding the resolving power of 

the spectrometer. · In each case two collimating slits precede the magnet and 

one alit accepts the flux that has been deflected in the magnetic field. The 

energy widths that have to be folded together now are those due to (1} the 

magnetic channel opening, (2) the premagnet collimator, and (J) the target 
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width. The resultant width at halt height is found to be about 11 Mev. No 

estimate bas been made or the low energy components 1n the beam produced by 

scattering from the rectangular collimator preceding the target. 

The resolving power of the spectrometer calculated above can be checked 

experimentally at energies corresponding to the peaks of the proton spectra 

from hydrogen. These spectra also indicate a small contribution of low e

nergy components of the beam mentioned above to be incident upon the target. 

The experimental data representing a particular proton energy spectrum tram 

hydrogen, whose peak- falls at an energy E, ebould agree with the theoretical 

spectrum obtained by averaging the resolving power of the spectrometer at 

the energy E over the energy spread of the beam. Actua.lly 1 the shapes of the 

proton spectra from hydrogen are experimental.J.y quite unknown, the spectra 

being eo sharp as to be contained in only a fw channels. The comparisons 

at 300 and 40° are shown in Figs • .3a and 3b~ At .300 only a rev experimental 

points are available to define the peak since the G.M. tubes in the array 

were separated by .3/16 in. They were in juxtaposition in the vicinity ot 

the peak when the 400 data were taken. The areas of the calculated resolu

tion curves are chosen to agree with the proton yields as obtained from the 

-- l proportional counter data. The relative ordinate scale used in -'Fig. )a· does'· 

not correspond in any way to that chosen in Fig • .3b. 

B, ¥~gnet Chanpel Energiep 

·~ .. 

The magnet channel energies are obtained ~ using the fact that a wire 

carrying a current of I abamperes, and subjected to a tension of T cynea in 

a magnetic field B, will assume the trajectory of a charged particle whose 

energy corresponds to B_p • T/I gauss-centimeters. This can be shown very 

easily. A short length dl of a crurrent carrying wire in a magnetic field I 

subtending an angle dO at a distance;> from the oenter of curvature, is acted 

\ 

.. 

·' 

't 
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upon by the radial force Bidl. If this segment is in equilibrium• this radi

al force must equal 2T (1/2. dO) ;;;; Td.Q1 for dO umall. Using I' ;. dl/dQ, the 

very simple and useful result ~f ;r; T/I is obtained. The wire follows the path 

of a constant energy particle since this relation holds at every point of the 

wire. The energies obtained in this wa.y are in error by less than 2 percent. 

I£ the magnet channel energies are also obtained analytically, · assuming 

a constant field over the dimensions of the pole faces, these calculated 

energies differ from those obtained by means of the wire method by nearly ~ 

percent. B.y examining the field of the magnet along the paths of the particles, 

the discrepancies are vell accounted for b,y the effect of the fringing field. 

It is also reassuring to note that at every scattering angle 0, the calculated 

proton energy obtained by assuming tree equal mass particle:: collisions agrees, 

within the accuracy of the angle measurement (lO), with the peak of the ex

perimentally obtained proton spectrum tram hydrogen. 

C, Test for Deuterons in Particles Measured by Spectrometer 

The energy channels design~d to ~ccept protons fl"om 90 Mev to .350 Mev 

can also accept deuterons in the energy. range from 45 to 197 Mev. Deuterons 

arising from the elastic scattering of protons by the deuterons in the heavy 

water target have energies equal to (8/9)T0 oos20, non relativistically, where 

T0 is ~he incident proton energy and 0 represents the angles ot the struck 

deuterons. At 0 • 40° this energy is about 177 ·Mev, which corresponds to a 

proton channel .energy of 317 Mev. According to Heidmann13 the deuterons 

from the pick-up process have broad energy spectra that are probably peak~ 

near the same energies as those of the recoil deuterons from an elastic p.d 

collision. An attempt was made, therefore, to distinguish deuterons from pro

tons at the proton energy channels in the vicinity or 315 Mev. 

'r 
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Since the deuterons of 177 Mev produce pulses in proportional counters 

that are a factor of 2.5 higher than those produced b.y 317 Mev protons, a 

method of ·discrimination on the basis of pulse heights is at once suggested. i ,, 

This vas attempted b,y seeking two voltage plateaus in 5-fold proportional 

counter coincidences J the plateau at the higher vol ta.ge range should include 

protons and deuterons, that at the lower range should contain deuterons alone. 

A proportional counter was located to intercept proton flux in the energy range 

from 300 Mev to 340 Mev (deuterons of energies from 165 Mev to 190 Mev). It 

was placed behind the last proportional oounter normally intercepting the parti-

cle flux being analyzed (see Fig. 2). Fivefold coincidences were then obtaine; 

between the signals of this counter and those of the usual counters pr9ducing 

the quads for the spectra, which were obtained concurrently with this data. 

These five-fold coincidences were recorded ae a function of the voltage applied 

to the proportional counter added. The data obtained in this way, using heavy 

water and water targets show that the deuterons constitute a very small frac

tion, if any at all, of the particles in these channels. 

IV. ANALtslS OF DATA 

A, Chapnel Etfioiencies 

The magnet energy channels have widely varying efficiencies for accepting 

particle flux. If a nat spectrum of protons were viewed by the spectrometer, 

the number of counts in eaoh channel · would be proportional to the energy widths 

of the G.M. tubes. The channel counts would decrease in a near exponential 

manner from channel 1 to channel 32, the number of counts in channel 1 being 

about 9 times as great as that in 32. It is olear that these channel counts 

must be divided by the relative efficiencies (G.M. tube widths) to reproduce 

the particle spectra. 

•t 
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The spectra would also be distorted somewhat by the target it it were 

so thick, and if the energy channels were so vide1 that an appreciable 

difference would exist in the target energy losses ot particles having 

energy differences equal to the widths of the channels. This would cause 

the spectra to be distorted because of the variation of its effect on the 

channel acceptance efficiencies. The correction due to this cause is quite 

negligible, however, since there exists a rather fortuitous compensating effect. 

As the stopping power or the target becomes more rapidl7 changing with energy 

(at the lower energy channels), the G.M. tube widths of the channels become 

narrower in such a way that this target effect remains negligible in all ot 

the channela. 

B. Subtractions Made in Obtaining Spectra 

The possibility of obtaining accidental coincidences in the cave is 

generally very high because of the intense.radiation background. B,y lower

ing the beam intensity and by providing a.dequate shielding, the acoidentals 

in the quadruple coincidences of the proportional counter signals were re

duced to about one percent. Accidental coincidences were still found to 

occur, however, between the G.M. tube signals and the gates applied to the· 

G.M. tube amplifiers. These accidental& were evaluated experimental.ly for 

each target used by ·obtaining a spectrum while applying gates to the G.M. 

tube amplifiers which were random but restricted to beam pulse periods, and 

then subtracting the "real" components of the spectrum (obtained by using 

quadruple coincidences gates) which should have oocured .for the same integrated 

beam. 

The channel data are not divided b.f the channel efficiencies until the 

required normalizations, correctionst and subtractions are performed. These 

are all incorporated in the mathematical operations indicated below. The 
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channel counts must first be corrected for the accidentals and for the no 

target (blank) contributions. Then the data are normalized to a per target 

mole basis to obtain the relative number ot protons scattered by oxygen, 

deuterium, and hydrogen from the proper subtractions. 

Let CH2 ~ original channel counts from polyethylene target/beam monitor 

C = original channel counts from e&rbon target/beam monitor 

n2o : original channel counts from heavy water target/beam monitor 

H2o : original channel counts from water target/beam monitor 

A « original channel counts from air blank target/beam monitor 

B = original channel counte from empty liquid target/beam monitor 

g a number of gates/beam monitor 

M = number of target moles/inch height of tar~t in besm 

K • aocidentals/gate 

And let the subscripts hw, w, p, c, a, and k refer respectively to heavy 

water, water, polyethylene, carbon, air blank, and "can" b1~. Then the 

following operations give the relative contributions of protons from the 

nuclei listed below. 

Carbon (C) 1 

Hydrogen ( H2) : 

Olcygen (0) c 

Deuterium (D2) : 

(1/Mc} 

(1/Mp) 

[c- g0K- (A- gaK>], 

[ CH2 - ipK - (A - ~K) ] 

(1/Mw) [ H20 - g.){ - (B - flvK) ] 
(1/Mbw) [D20- ghvl- (B- €kK)] 

The values used are 

ihw ;; 67.4 

g2 = 63.2 

gp = 54.9 

g0 -= 58.6 

- (C), 

- (H2)' 

- (0). 

Mp = 0.418 

Me := o.6;; 

In order to obtain the integrated yields of protons from these nuol.e1 using 

the quads, the same subtractions indicated above are performed with the simpli-

tication that now K • o. 
/ 
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VI. FINAL RESULTS 

A, Present.!tion ot Data 

The proton spectra trom carbon and deuterium a.t .30° and at 40° are 

shown in Figs. 4. and 5 respectively. The calculated resolution curves 

that are fitted to the proton spectra from hydrogen ae shown on Figs. 3a 

and )b are reproduced in Pigs. 4 and ; eo that the effects ot internal 

momenta. on the shapes and peaks of the spec~~ may be noted, The ord±-
..... -

nates of the graphs representing the spectra~are entirely relative. Io 

addition, they are only consistent at a particular scattering angie; i.e., 

the relative ordinate scale used in representing the 30° data is not cor

related with that used for the 40° data. The vertical lines at the ~ 

peri.mentally- obtained points indicate only standard deviations due to 

counting statistics. The horizontal lines depict the widths at half height 

of the channel resolving power curves averaged over the beam energy spread. 

Since the channel acceptance energies are narrower than the target energy •t 

losses in the lover energy channels, the channels are combined until these 

widths are nearly the same. As far as the counting rates are concerned, 

this procedure similates the use of G.M. tubes of adJustable physical 

widths such that their energy widths nearly equal. the energy losees in the 

target at the central energies of the modified channels. 'lhe counting 

statistics in these channels thus become improvedconsidersbly ~th essenti

ally negligible losses in energy resolution. 

That these curves may more clo~ely represent the proton spectra 1m-

mediately following,the collisions, the data are plotted at energies that 

are greater than the central channel energies by' (the mean) energy losses 

in the ta.r~t. This shift in energy corresponds to about 4 Mev at the peaks 

of the spectra.· 
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B. piscussion of Results 

The curves that are shown fitted to the spectral points of protons 

from deuterium and from carbon are the theoretical spectra obtained by 

inserting varioUs momentum distributions into the equation given by Woltf, 

as is discussed in Section I. or course, the energy resolution of the 

spectrometer is first folded into these theoretical curves before compar-

ing them with the data. 

The theoretical spectra ot protons from deuterium drawn to the data 

in Figs. 4 and 5 are obtained b.7 using the momentum density distribution 

given by the e~e of the Fourier transform of the Hulth~n wave function, 

where («5)2 ~ m~ (m - nucleon mass, 

E. : deuteron binding energy) and 

,S;~ :: 7. 

The numerical solution of the Schroedinger equation using the Yukava po

tential is closely approximated by the function chosen above,16 The value 

4/a: 7 is obtained from the effective range given by Blatt and Jacksonl7 

(see also Gluokatern and BethelS). 

In order that the sens·itivity (or insensitivity) of this method to the 

' 

,_ 

portion of the deuteron wave function located within the interaction potential 

may be discerned, two theoretical curves obtained by using widely different 

wave functions are draw to the 400 proton spectrum from deuterium in Fig. 6. 

CUrve A is obtained from the Hul. then wave .function described above J Cur.ve B 

is obtained by assuming the vave function e-«r /r, which holds properly in 

the region of no potential interaction, to hold everywhere. That Curve B 

is wider than Curve A is understandable since the wave function e-«r;r 

diverges at the origin, exaggerating the high momentum oomponents .. in its 

... 

\ 

:Y 
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transform. It can be seen, however, that the data do not divulge informa-

tion concerning the wave function of the deuteron since appreciable differ-

enees in the curves oceur only at the "tails n where the experimental data 

are not well known. Nevertheless, it is comforting to note that the theo-

retioal curves fit the data as well as they do in this case of the deuteron 

for which the momentum distribution is fairly well established, and confi-

denoe is gained in the momentum distribution used to fit the proton spectrum 

from carbon. 

A gaussian momentum distribution containing a 1/e value at a momentum 

corresponding to a nucleon energy of 16 Mev has been used to give theoreti

cal proton spectra from carbon that fit the 30° a.nd 4f)0 data as shown in 

Figa' 4 and 5. Fig. 6 depicts the curves obtained when other momentum dis

tributions are attempted to fit the 40° data. In obtaining curves C, D, and 

E, gaussian momentum distributions having 1/e values corresponding to ener

gies of 12, 16, and 20 Mev respectively have been used. Curve F is deduced 

from the Chev-Goldberger momentum distribution. The momentum dens1 ty distri

butions used are plotted in Fig. 7 as functions of P/(~)·so that the 

energies o£ the nucleons corresponding to specific regions of the distribu-

tions can merely be obtained by squaring the corresponding values of ~e 
,, ··-~ . . ., 
..... ~ + .. 1: ~ 

abscissae (the relativistic corrections are only a few percent ~t the higHest 

• 

momenta shown). Pram an inspection of the curves in Fig. 6• it is evident 

that aurves 0 and F dettn&tely disagree with the experimental results. The 
~ . I 

conclusion reached by Henley (see Section I) that the Chew-Goldberger momen-

twn distribu'ttm contaU:le too many high momentum components is thus also 

verified by this experiment. Although curve D seems to give the best fit 

to the data, curve E is not in violent disagreement. In fact, any gaussian 
. I 

nucleon momentum density distribution with a 1/e value between. 14 and 19 Mev 
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would not be inconsistent with the experimental results. 

Differential cross sections of protons from deuterium are obtained b,y 

comparing the proton yields from deuterium to the corresponding yields from 
I 

hydrogen as described before. These cross sections, together with the )0° ·r 

and 400 p.p erose sections at 340 Mev and n-p cross sections at 270 Mev, 

are listed in Table I. It is seen that the cross sections of protons from 

deuterium nearly equal the sum of the proton-nucleon cross sections. Be-

cause of the internal momenta involved in the case of protons from deuterium, 

the cross sections obtained represent averages over proton-nucleon collisions 

in particular ranges of relative energies and scattering angles, where the 

scattering angles are considered measured from the direction of approaoh·of 

the interacting nucleons in the center of mass system to the direction or 

observation in the laboratory system. The condition me.ntioned above concern

ing the cross sections is considered plausible since (1) interference effects 

at the scattering angles used are small, (2) the nucleons of the deuteron 

are much of the time so widely separated with respect to the De Broglie wave 

length of the bombarding protons that they may act as independent scattering 

centers, (3) the ranges of relative nucleon energies and scattering angles 

mentioned above are small in comparison with their mean values, {4) the free 

proton-nucleon cross sections are not sensitive functions of the energy at 

340 ~~v, and (5) the free proton-proton differential cross section, which is 

larger than the corresponding proton-neutron cross section at the scattering 

angles used, has a flat ~ar)dependence in the c.m. system so that its 

variation in the laboratory system goes only as the cosine of the scattering 

angle. 

The data. from carbon does not give information concerning cross sections 

since the entire spectra were not obtained. However, the extrapolated 
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spectral aurvea indicate that the proton yields may be close to those pre-

dieted b.y the corresponding free proton-nucleon collision cross sections. 

Furthermore, the proton spectrum from oxygen at 400 (see Fig. 8) is well 

represented by a curve obtained b,y multiplying the theoretical spectrum 

from carbon by 16/1.2. A JOO proton spectrum from oxygen was not obtained 

because deuterated paraffin was used instead of heavy water to supply deuter-

ons at this angle. 

Finally, it must be stated that the theoretical spectral curves have been 

arbitrarily translated along the energy scale toward lower energies in the 

case of carbon, in order that they may fit the data. On the basis of the 

simple mechanical calculations, the peaks of the energy spectra from deuterium, 

carbon, and oxygen should fall at the peaks of the spectra from hydrogen. 

Figs. 4 and 5 indicate that they not only fail to coincide but also that the 

energy differences of the peaks seem to increase with the scattering angle. 

To be sure, the proton-nucleon cross sections favor small relative energy 

collisions, but this effect accounts for only a few Mev of the energy differ-

ences observed. The greater portions of these energy differences are un-

doubtodly due to nuclear effects, such as the nuclear potential well and the 

binding and excitation energies, which have not been considered in the calou-

lations. It is difficult to account for these effects in a quantitative manner, 

but rough calculations show that the energy differences observed should be 

expected. 

First, it is easily seen that the nuclear potential well (the attractive 

potential energy the incident proton experiences in the nucleus due to the 

proximity of all of the nucleons except the nucleon with which the proton 

collides) reduces the average proton energy observed from the value expected 

from free proton-nucleon collisions. A proton having an initial energy E
0 

and being scattered an angle 0 by a free nucleon initially at rest will have 

\ 
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an energy E that is given non-relativistically by the expression, 

E : E
0

cos2o. 

In the case of a proton being scattered by a nucleon that is bound in a 

nucleus, the energy E
0 

must be augxnented by the average nuclear well depth 

V0 • After colliding with a nucleon ~d before leaving the nucleus, this 

energy V0 must be relinquished b,y the proton. The peak of the energy dis

tribution due to this cause would roughly fall at an energy 

The energy differences predicted (V0s~2o) are seen to be _de'pendent on',the_.1 
~ 

scattering angles. If V0 is taken to be .30 Hev, then the differences are 

7.5 Mev at )0° and 12.4 Mev at 40°. The observed differences are about 12 

Mev at JOO and 27 l·tev at 400. Nuclear rearrangements that accompany quasi-

elastic processes are considered to account for the remainder of the energy 

differences observed. When a 340 Mev proton is scattered by a nucleon to an 

angle greater than about 250, the momentum imparted to the nucleon is so 

great that it too may leave the nucleus. If both the proton and the uDcleon 

escape from the nucleus with no further encounters, then the excitation 

energy for the nucleus would probably be emall, but the binding enorgy of 

the nucleon in the nucleus must be provided for the nuclear transition in-

volved to take place. Since this energy must be s~btracted from the nucleons 

which are to leave the nucleus, the average energy of the quasi-elastically 

scattered protons is reduced. Since the binding energy of a neutron in Cl2 

is as high as 20 11ev, these considerations are probably sufficient to account 

for the observed energy differences in the peaks of the spectra. 

.. 
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TABLE I 

'I-CTAL DIFFERENTIAL CROSS SECTIONS IN 'l'HE LABORATORY SYS'IEM 

Scattering Angle 

.300 

40° 

p-p* X 1027 

1.3 • .2 

ll.6 2.1 

p-d X 1027 

15.7 :t 1.8 

12.8 "!. 0.6 

• Obtained by Chamberlain, !U, !!.•, 15 using .340 Mev proton beam. 

** Obtained by Kelly, !! &1,,19 using 270 Mev neutron beam • 

• 

'. 

.. 
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