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University of California, Berkeley, California
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Fuclear internal momentum distributions of deuteriuvm, carbon, and oxygen
are 1nferrc& fram the energy distributions of the protons obtained at warious
scattering angles when 340 Mev protons are incident on these nuclei. The
energy spectra of the protons from deuterium agree with the spectra obtained
theoretlically by using the deuteron nucleon momentum distribution given by
the Fourier transform of the Hulthen wave function, - Unfortunaiely; the ex~
perimental method ies not so good as to distinguish differenoee in the portion
of the deuteron wave function within the potegtial 1nteract1anfi Protons ob~-
tainéd from carbon and oxygen have energy spectra that are consistent with
the use of a gaussian nucleon momentum density distribution having a 1l/e value
corresponding to a nucleon energy of 16 L 3 Mev. '

Proton yields from deuterium nearly equal those expected from free proton-
nucleon eollisioﬁs. Oxygen glves proﬁon yields in the spectral regions in-
vestigated that are 16/12 times the corresponding.yields from oarbon,

% Baped, in part, on a dissertation subtmitted to the University of California
in partial fulfillment of the requirements for the degree of Doctor of Philosophy.
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NUCLEON MOMENTUM DISTRIBUTIONS IN DEUTERIUM AND CARBON
IRFERRED FROM PROTON SCATTERING
Jo Bs Cladis, W, N. Heas, and B. J. Moyer

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

February 21, 1952
I. INTRODUCTION

Effects of nucleon momentum distributions in nuclei manifest themselves
in nearly every experiment that is performed using btombarding nucleons or
gamme rays of energles greater than about 100 Mev. Therefore, in addition
to ihe pure theoretical interest of these distributions, their effective
values are required before other aspects of experimental resulis can be in-
ferred,

A momentum distribution® of the protons in carbon nuclei has been used
by Chew and Goldbergerl in conjunction with their "pick-up™ process to explain
the angular and energy distributions of the deuterons found by Hadléy and York?
vhen 90 Mev neutrons were incident on carbon. ‘Thia_mgmqntum distribution was
also found to be suitable by Lax and FbshbackB in ihterﬁééting the meson
energy spectra from carbon §t490° obtained by Steinberger and Bishop4 using
the 330 Mev bremaetrahluné spectrun of the Berkeley synchrotron., However,
Chew and Goldberger readily acknowledge in their paper that the very high
mamentum componentg in their posfulated distribution should not be believed,
Indeed, Henley and Huddlestone5 find that the meson energy spectra from car-
bon at 90° resulting from proton bombarduents®s7 ere not compatible with the

momentum components of the Chew=Goldberger distribution. These authors.
- The Chew-Goldberger momentum density distribution is:

TEES o

vhere k 18 the nucleon momentum, and . is a momentum corresponding to a
nucleon energy of 18 Mev,

2 . &
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poetulate a gaussisn momentum density distribution of the nucleons in carbon
that has a 1/e value at a momentum corresponding to an energy of 19.3 Mev;
this distribution also fits the low momentum points given by Chew and Golde
berger,

A more direct method of inferring internal nuclear momentum distributions

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

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

greater than about 100 Mev are quite comparable with the dimensions of the
nucleon volume in nuclei, it is sensible to think of these nucleons as collid~
ing with 1ndiv1dual nuéleons of terget nuclel. Moreover, since the total
scattering mean free path of nucleons in nuclear material at these energies is

of the order of the dimensions of light nuclei,8 more than one~half of the

scattered particles originate from g g; collisions within nuclei, The special

name "guasi-elastic scattering“ has been propoaed to distinguish this important
process which preveils at high energies when scattering angles greater than ae
bout 20° are viewed., This term is chosen to imply that the process is inelas-
tic in that a rearrangement of the nucleug de brought about, but that it 13
elastic in the sense that a nucleon-nucleon collision occurs in the yucleus .
that resembles the scattering of hucleons by free target nucleons. The mo-
mentum distribution of the nucleons in a nucleus is related to the momentum
.distribution ofrthe nucleons thet are quasi-elastically scattered.

Wolff% has developed an equation that gives the energy spectrum of the

‘ nucleons scattered at a given angle &s an integral over the nucleon momentum

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

nucleons possessing momentum that can contribute to the scattering of the

nucleons into particular solid angles in the laboratory system, His result is:

d
suitably averaging over the possible collisions of incident nucleons with "

*
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vhere K £ g - p cos Qlg
p="al

| 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
@'s laboratory scattering angle _
6‘1 = differential cross section for scattering by i1 th nucleon of
nucleus containing n nucleons,
M ‘= nucleon mass. T - ‘“
The approximation made in obtaining the reauit in such a eimple clo;;d form
i emall in comparison with the error inherent in the use of the Born approxi-
mation, Wolff also showed that protoms that encounter two collisions with
nucleons before emerging freom nuclei do not appreciably alter the shapes of
the spectra at énergies greater than those at the maxima of the distributions.
The nucleon-nucleon nature of collisions invelving high energy nucleons
on nuclei is well illustrated by an experiment performed by Chamberlain.lO/ .
He obtained the angular correlations of the two protons arising from collisions
involving 3/0 Mev incident protons and protons in 1ight nuclei. One counter
wag fixed to view protons scattered at 45°; the collision partneré were viewed
simultaneously by another counter that was varied in angle about the vicinity
of the angular correlation obtained when protons are incident on free protons
(90° nonerelativistically). 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 et an angle that was smaller
by about 6°, The greater width is atiributed to the momentum distribution
of the target protons. The displacement of the pesk by 6° can be explained
by energy losses of the two protone after the collision sufficient to ac-
count for thelginding energy of a proton in 117 and a swall amount of ex-
citation energy of the residual nucleus,

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

and C at angles of 30° and 40°, These angles were chosen so that the nuclear

~diffraction scatteringll would be negligible in comparison with the scattering

due to quasi-elastic eolliéions. Wolff's theoretical spectra are used to infer
nucleon momentun distributions in deuterium and carbon, The forms of the
curves certainly reveal the prevalence of quasi-elastic scattering. The peaks
of the spectra from carbon fell at slightly lower energies than those of the
corresponding spectra from hydrogen, the differences being qualitatively exe

plained by nuclesr well end excitation effects.

II. EXPERIMENTAL METHOD

A, FEnerpy Spectra
The spectra of the protons scattered by target nuclel are obtained by

means of a magnetic deflection device, a so-callgd 35-channel magnetic parti-
cle spectrometer., The layout of the apectrometef ag set up in fha experimental
area (cave) is shown in Fig. 2. In tgis figure the dimensiones of some of the
componente are éxaggerated to emphasize their effects on the resolving power
of the spectrometer. These effects will be discussed in the next section,

1. Proton Beam

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
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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
naximm width of about 15 to 20 mioroseconds is obtained by scatteringl?
the protone out of the oirculating orbits of the cyclotron (see Fig. 1).
The energy spectrum of this beam, which is calculeted as indicated in Section
III to have a width at half height of about 11 Mev, must be taken into con-
sideration'in the interpretation of the experimentel spectra. The cross
section of. the beam in the cave 1s limited to be rectangular, 1-3/8 inches
Qide and 3/4 inches high, by a brass collimator located at the exit end of
the evacuated tube (see Fige 1).

2« Targets

As shown in Flig. 2 the targets used are narrower than the beam cross
section, However, they are taller than the vertical beam dimension so that
a fixed length of the targets is intercepted by the beam. The crose sections
, of the targets in the horizontal plane are forced to bte parallelograms by the
conditionss (1) the targets are'rsquired to be narrow with respect to the
width of the beam so that the anergy épfead of thevincident protons striking
the targets shall be small, as described in detail in Section III, and (2)
the target dimension perpendicular to the direction of the observed scatiered
particles 18 required to be small to achieve good energy resolution, since
this dimension 18 in effect the width of the firat slit of the spectrometer.

Energy spectré are.obtained of protons scattered from targds of water,
heavy water, carbon, polyethylene, container and alr blanks, Subtractions
are required to obtain proton spectra from hydrogen, deuterium, and oxygen.
Since equal average proton energy loss in the targéts 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 achieve this equal average energy loss condition, A
knovledge of the integrated beam per tagéat that is required to effect the
subtractions is obtained by setting an argon-filled ionization chamber in
the beam as shown in Fig. 2.
//’2, Particle Spectrometer
| The acattered 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 1/8-14. The particles.then tra-
verse two more proportional counters located in the magnetic field. They
afterwvards encouﬁter an array containing 35 Victoreen G.M. tubes“before tﬁg— N
versing the final proportional counter 15§§£ea in back of the~0.ﬁ} tubes. © 3?
Energy channels of the spectrometer are defined by the target conéidered as
the first slit, the slit counter, and the G.M. tubes. Thirty-five channels
are used so that nearly the entire spectra can be obtained with a single
field setting and with a constant arrangement of the spectrometer components,

The G.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 aceidental coincidences due to rendom background, the G.M, tubé
amplifiers are gated "on" by the quedruple coincidences of the proportional
counter signals., These gquadruple coincidences also serve as a convenient
means of arriving at the relative integratad yields of protons“from targets
at the scattering angles of observation. |

4Le Nature of Scattered gggt;clealbetectgg
. The spectrometer described above gives merely the momentum distribution

of the particles analyzed, asince only their bending effect in the magnetic

field 15 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 (30° and 40°). 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,{
and the investigations by Hadley and York? of the secondary particles
knocked out of target nuclei by 90 Mev incident neutrons in which the only
ioniging particles detected were protons, deuterons, and tritons. The picke
up theory accounts well for the angular and energy distributiona of the
deuterons and tritons, The tritons were observed in small numbers and only
in the near forward direction., Heidmannl3 coneiders the energy dependence
of the pickeup process and sﬁcws that the total cross section for the pro-
duction of deuterons at 300 Mev is dﬁwn by more than a thousandth of its
value at 100 Mev. Moreover, he shows that the angular distribution becomes
inoreasingly peaked in the forward direction as the incident energy becomes
larger. The number of deuterons produced by 340 Mev protons at scattering
angles of 30° and 409 should be quite emall indeed. _

Alpha particles are éertainly ejected in_épellation reactions, but they
require 100 Mev to be recorded 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.14 Mesons require energies
greater than 300 Mev to be recorded in the lowest energy channel. Clearly,
mesons of this energy are not produced by the ﬁroton beam,

Thus, only deuterons would conceivably contaminate the energy spectra
caloulated oﬁ the assumption that protons alone are detected., These deuterons
are found to be quite negligible in number, if present at all, by a methéd
deacribed in Section III of finding the pulse heights of the particles in

various magnet channels.
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B, Absclute Cross Sections
Relative yields are obtained, as atated before, from the proportional

counter quadruple coincidences data, In principle, they could be obtained
from the areas of the proton speciraj but this method is not feasible since
the proton spectrum from hydrogen is sharp, and ite apparent shape is simply
the resolution pattern of the spectrometer uhiéh is contained within only a
few channels, |

The absolute cross sections for protons from deuteriur can be obtained
at each scattering angle by comparing the proton ylelds from deuterium to
the corresponding proton ylelds from hydrogen and using the proton-proton
differential scattering cross section at 340 Mev given by Chamberlein, Segrs,
and Hiagan.ls In the case of protoms fram carbon, these comparisons give
only estimates in the naure of lower limits for the cross sections, since
the proportional counters do not accept the complete energy breadth of the

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

ITX. CALIBRATION OF PARTICLE SPECTROMETER

A, Resolving Power of Particle Sggctrémgtar

The resclving power of the spectrometer is obtained by "folding® to-
gether the individual resolving pover curves of the components which affect
the energy resolution. These components are (1) the target width considered
a8 a slit, *(2) the width of the slit counter, (3) the width of the G.M,
tubes, (4) the energy losses of the protons in the targets, and (5) the
small angle scattering in ghe proportional counter windows and in the air
path, In practice tﬁe resolving powser curves of these components are ap-
proximated by recltangles, and are referred to, for simplicity, as the energy
widths of the components, |
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The energy width of a particular component is found by assuming the
widths of all the other components to be zero. For example, the energy
width of a G. M. tube 1s the maximum energy difterehce of two protons that
can éiill bte accepted by a cerpain G.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 s1it counter is given as the’ e~
nergy difference that would be recorded by point G.M. tubes in juxtapositf%n
at the G.M. tube arrsy, 6£ two pfotons that have the same energy and that
take the same 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 using
the same approach, '

All of the enargy wldths of the components are energy dependent, The
G.Mes tubes uefine energy channels from abtout 350 Mev to 95 Mev, Between
these limits the energy drope off almost exponentially as a function of
poeition along the G.ﬂ; tubé array. Thus, the change in energy with respect
to & fixed linear increment along this erray is also nearly exponential.
From this fact, it is clear that the energy widths of all of the factors
vmentionad atove, except that due to the target thicknesse, become smaller
as the proton energies become lower., The energy losses of the scattered
protons in the targst, of'course, increase as the energies of the protons
decresse., As a result of these effects, the resolving power curves of the
energy channels decrease exponentially in width in the direction of lower
energies until en energy E, is reached, after which the channel resolutions

are limited by energy losses in the targets. At proton energies less than
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Eys the energy resolution of the channels beccmes ptogressively worse, The
maximum resolving power of the spectrometer is, therefore, at the energy E°¢
Parameters are chosen so that E, falls near the peaks of the spectra, where
the best resolving power of the spectrometer is required, -

A practical limit of the resolutlon is forced by the unavailability of
an infinite amount of c&clotron time, A compromise between channel counting
rates and energy resolution is necessary., After having decided the practical
resolution that cen be used, care must pe taken that maximum channel counting
rates are obtained consigtent with this energy resolution., This condition
can be met by making the energy widths of the slits (target and proportidnal

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

‘channel .,

The energy width due to amall angle coulomb scattering in the proportional
counter windows is Eept at a miniﬁum by using 0,001 inch aluminum windows and
Ly forming the confines of the "slit" proportional copnter with 0,0005 in,
aluninum, |

The energy spread of the beam must be known before a comparison of theory
to experimentean be méde. This is obtained in an approximate manner by as-

suming a flat energy spectrum of protons scattered into the magnetic channel

~ (refer to Fig. 1) from the circulating tank of the cyclotron, Then the energy

distribution is found of the protons that can strike the target after passing
through the cyclotiron premagnet collimator and being bent through an angle of
about 200 by the beam focusing megnet, It is clear that the protlem of find-
ing this distribution is the same as that of finding the resolving power of

the spectrometer, ';n each case two collimating slits precede the magnet and
one 8lit accepts the flux that has been deflected in the magnetic field. The
energy widths that have to be folded togsther now-are those due to (1) the

magnetic channel opening, (2) the premagnet collimator, and (3) the target
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width. The resultant width at half height is found to be about 11 Mev., No
estimate has been made of the low energy components in the beam produced by
scattering from the rectangular collimator preceding the target.

The resolving power of the spectrometer caleculated atove can be checked
expsrimentally at energles corresponding to the peaks of the proton spectra
from hydrogen. These spectra also indicate 2 small contribution of low e-
nergy components of the beam mentioned above to be incident upon the target.
The experimeﬁtal data representing a particular proton energy spectrum from
hydrogen, whose peak falls at an energy E, sheul@ agree with the theoretical
gpectirun obtained by averaging the resclving power of the spectrometer at
the energy E over the energy spread of the beam, Actually, the shapes of the
proton spectra from hydrogen are experimentally quite unknown, the spectra
being so sharp as to be contained in only a few channels., The comparisons
at 30° and 40° are shown in Figs. 3a and 3b. At 30° only a few experimental
points are available to define the peak since the G.M. tubes in fhe array
were separated by 3/16 in. They were in juxtaposition in the vicinity of
the peak when the 40° data were taken, The sreas of the calculated resolu~

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

. e ) ’ "l
proportional counter data. The relative ordinate scale used in Fig. 3a does‘

“

not correspond in any way to that chosen in Fig. 3b.
B, VMagnet Channel Energies

The magnet channel energies are obtained by using the fact that a wire
carrying a current of I abamperes, and subjected to a tension of T cynes in
& magnetic field B, will assune the trajectory of a charged particle whose
energy corresponds to Bp = T/I gauss-centimeters. This can be shown very
easily., A short length dl of a current carrying wire in a magnetic field ¢

subtending an angle d0 at a distance p from the center of curvature, is acted -

>t

¥

»
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upon by the radial force BIldl, If this segment is in equilibrium, this radi-
al force must equal 2T (1/2 d0) = TdO, for dO small. Using ~ = d1/d0, the
very simple and useful result Bs = T/1 1z obteined. The wire follows the path
of a constant energy perticle eince this relation holds at every point of the
wire. The energies obtalned in this way are in error bty less than 2 percent.

If the magnet channel energies are also obtained analytically, assuning
a oonstant field over the dimensions of the pols faces, these calculated

energies differ from those obtained by means of the wire method by nearly 8

- percent, By examining the field of the magnet along the paths of the particles,

the discrepancles are well accounted for by the effect of ihevfrigging field.
It 1s alsé reassuring to note that at every scattering aﬁglélé,'the calculated
proton energy obtained by assuming free equal mass particlefcolliaions agrees,
witﬁin the accuracy of the angle measurement (1°), with the peak of the ex-

perimentally obtained proton spsctrum from hydrogen.

>C, Test for Deuterons in Particles Measured by Spectrometer

The energy channels designed to accept protons from 90 Mev toA35O Mev
can also accept deuterons in thé'eh§rgyArange 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 (S/Q)Tocoszﬁ, non relativistically, where
To is ‘the in§ident proton energy and O repreqents tﬁe ahglas of the stfuck
deuterons, At @ = 409 this energy is aboqt l77'ﬁev, which corresponds to a
proton channellenergy of 317 Mev, According to Heidmannl3 the deuterons
from the pick-up process have broad energy spectra that are probably peaked
near the same energies as those of the recoll deuterons from an elastic p-d
collision., An attempt was made, thereforé, to distinguish deuterons from pro-

tons at the proton energy channels in the vicinity of 315 Mev.
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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 by 317 Mev protons, a
method of discrimination on the basis of pulsq heights is at once suggeeted. iv 5
This was attempted by seeking two voltage plat;;us in 5-fold proportionsl '
counter coincidences; the plateau at the higher voltage range shouid 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 propo;tional counter normally intercepting the parti-
cle flux being analyzed (see Fig. 2). Fivefold coincidences were then obtaineg
between the signals of this counter and those of the usual counters producing
the quads for the spectra, which were obtained concurrently with this data,
These five-fold coincidences were recorded as & function of the voitaga 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. AHNALYSIS OF DATA

A, Channel Efficiencies

" The magnet energy chanriels have widely varying efficiencies for accepting
particle flux, If a flat spectrum of protons were viewed by the spectirometer,
the number of counts in each chennel would be proportionsl to the energy widths
of the G.M. tubes., The channel counte would decrease in a neasr 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 clear that these channel counts
must be divided by the relative efficiencies (G.M. tube widths) to reproduce

the particle spectra.
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The spectra would also be distorted somewhat by the target if it were
so thick, and if the energy chamnels were 8o wide, that an appreciable
difference would exist in the target energy losses of 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 fortultous compensating effect.
As the stopping power of thé target becomes more rapidly changing with energj
(at the lower energy channels), the G.M. tube widths of the channels become
narrover in such a way that this target effect remaigs negligible in all of
the channels, | '
B, Subtractions Made in Obtaining Spectra

The possibility of obtaining accidental coincidences in the cave is
ge;erally very high because of the intense radiation background. By lower-
ing the beam intensity and by providing adequate shielding, the accidentals
1p the quadruple coincidences of the proportional counter signais Were reé-
duced to about one percent. Accidental coincidences were still found to
ocour, hoquer, between the G.M, tube signgls and the gates applied to the
G.Ms tube amplifiers. These accidentals were evaluated experimentally for
each target used by obtaining a spectrum while applying gates to the G.M.
tube amplifiers which were randam but restricted to beam pulse periods, end
then subtracting the "real"® components of the spesctrum (obtained by using
quadruple coincidences gatez) which should have occured for the same integrated
beam, |

The channel date are not divided by the channel efficiencies until thé
required normalizations, corrections, 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 date are normalized to a per target
mole basis to obtain the relative number of protons scattered by oxygen,
- 'deuterium, and hydrogen from the proper subtractions,
Let CHy = original channel counts from polyethylene target/beam monitor
C = original channel counts from carbon target/beam monitor
D,0 = original channel counts from heavy water target/beam monitor
H,0 = original channel counts from water target/beam monitor
A = original channel counts from air blank target/beam monitor
B = original channel counts from empty liquid target/beam monitor
g = number of gates/beam monitor
M =z number of target moles/inch height of target in beam
K = accidentals/gate |
And let the subscripts hw, w, p, ¢, a, and k refer respectively to heavy
water, water, polyethylene, carbon, air blank, and "can" blank. Then the
following operations give the relative contributions of protons from the
nuclei listed below,

Carbon (C) s (M) [C - gk - (A= gaK)] ’
Hydrogen (Hy)t  (1M) [CHp - ggk - (A - o) | - (0),
Oxygen (0) s (1) (B0 - g K = (B~ g) | - (Hy),

Deutertum (Dp)s (1) [D0 - g X - (B - gk)] = (0).

The values used are

Bow =674 By =549 g = 576 My =0u18 M= 0.418

g, = 63.2 R 58,6 gg = 2.81 M, = 0.,3% Mg = 0.655

In order to obtain the integrated yields of protons from these nuclei using

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

fication that now K = O,
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VI. FPINAL RESULTS

A, Presentation of Data
The proton spectra from carbon and deuterium at 30° and at 40° are

shown in Pigs. 4.and 5 respcétivoly. The calculated resolution curves

that are fitted to the proton spectra from hydrogeﬁ a8 shown on Figs, 3a
and 3b are reproduced in Figs. 4 and 5 so that the effects of internal
momenta on the shaéea and peaks of the spectra may be noted, The qrdi-
nates of the graphs representing the spectrétgfe'éntireiy relative, In
addition, they Are only consistent at a particular scattering angle; 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 ex~
pgripentally obtained points indicate only standard deviations due to
ocuniing statistics., The horigontal lines depict the widths at half height
of the channel resolving power curves averaged over the bégm energy spread.
Since the éhannel acceptance energies are narrower than the target energy
losses in the lower 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 widthe nearly equal the energy losses in the
target at the central energiqsfof the modified channels. The counting
statistics in these ehannelé thus become improved considerably with essenti-
ally negligible losses in energy resolution.

That these curves may more clogely represent the proton spectra im-
mediately following the collisioné, the data are plotted at energies that
are greater than the central channel energies by (the mean) energy losses
in the target. This shift in energy corresponds to about 4 Mev at the peaks

of the spectrd,”

¢
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B, Disoussion of Results

The curves that are shown fitted to the spectral pcints of protons
from deuterium and from carbon are the theoretical spectra obtained by
ingerting various momentum distributions into the eéuation gliven by Wolff,
as is discussed in Section I. Of course, the energy resolution of the
spectrometer is first folded into these theoretical curves before compar-
ing them with the data,

The theoretical spectira of protons from deuterium drawn to the data
in PFigs. 4 and 5 are obtained by using the momentum density distritution

given by the square of the Fourier transform of the Hulthén wave function,

g=dr_g=fr where (ﬂﬁ)z = m¢ (m - nucleon mass,
r
€ = deuteron binding energy) and

A = .

]

The numerical solution of the Schroedinger equation using the Yukawa po=-

tential is closely approximated by the function chosen above.,l® The value
A/a = 7 1s obtained from the effective range given by Blatt and Jacksonl?’
(see also Gluckstern and Bethel®), _

In order that the sensitivity (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 functiong are drawn to the 40° proton spectrum from deuterium in Fig., 6.
Curve A 1s obtained from the Hulthén wave function described above; Curve B
is obtained by assuming the wave function e=%/r, which hél&s 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~ &T/r

diverges at the origin, exaggerating the high momentum components in its
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transform, it can be seen, howsver, that the data do not divulge informa-
tion concerning the wave function of the deuteron since appreciable differ-
snces in the curves occur only at the "™ails" where the experimental data
are not well known, Nevertheless, it 1is comforting to note that the theo-
retical 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-
dence is gained in the momentum distribution used to fit the proton spectrum
from carbon.

A gaussian momentum distribution containing a l/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° and 40° data as shown in
Figsﬁ 4 and 5, Fig. 6 depicts the curves obtained when other momentum dis-
tributions are attempted to £it the 40° data, In obtaining curves C, D, and
E, gaussian momentum distributions having 1/e values corresponding to ener-
gles of 12, 16, and 20 Mev respectiveiy have been used., Curve F is deduced
from the Chew-Goldberger momentum distributfon. The momentum denstty distri-
butions used are plotted in Fig. 7 as functions of P/(#Zm) so that the

energies of the nucleons corresponding t& specific regions of the dlstribue

-

. N
abscissae (the relativistic correetione are only a few percent &t the higﬁest

tions can merely be obtained by aquaring the corresponding valuee of ghe

momenta shown). From an inspection of the curves in Fig. 6, it is evident
that curvee C and F defin@tely disagree with the experimen@al resylts. The
conclusion reached by Heniey (see Section I) that the Chew-Coldberger momen-
tum distribution contains too many high momentum components is thus also

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

to the date, curve E is not in violent disagfeement. In fact, any gaussian

, 4 :
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 séctions of protons from deuterium are obtained by
comparing the proton yields from deuterium to the corresponding yielde from
hydrogen as desoribed before. These cross sections, together with the 362 ,,‘
and 40° p-p cross 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 protonenucleon 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 approach ‘of
the interacting nucleons in the center of maﬁs.syatem to the direction of
observation in the laboratory system. The condition mentioned above concern~
ing the cross sections 1s considered blausible since (1) interference effects
at the scattering angles used are smgll, (2) the nucleons of the deuteron
are much of the time so widely aeparaied with respect to the De Broglie wave
length of the bombarding protons that they may act ss independent scattering
centers, (3) the ranges of relative nucleon snergles and scattering angles
mentioned above are sméll in comparison with their mean values, (4) the free
proton-nucleon cross sections are not sensitive functions of the energy at
340 Vev, and (5).the free proton~proton differentisl cross section, which is
lerger than the corresponding proton-neutron cross section at the scattering
angles used, has a flat @ngular)dependence in ﬁhe 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 gspectra were not obtained. ﬁéwever, the extrapolated
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spectral curves indiocate that the proton yielde may be close to those pre-
dicted by the corresponding free proton-nucleon collision cross sections.
Furthermore, the proton spectrum from oxygen at 40° (see Fig. 8) is well
represented by a curve obtained by multiplying the theoretical spectrum
from carbon by 16/12, A 309 proton spectrum from oxygen was not obtained
because deuterated paraffin was used instead of heavy water to supply deuter-
one at this angle,

Finally, it must be stated that the theoretical spectiral 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 spectfa 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 penks seem to increase with the scattering angls.

To be sure, the proton-nucleon cross ssctions favor small relatlive 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-
doubtedly due to nuclear effects, such as the nuclear potential well and the
binding and excitation energies, wﬁich 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 1s 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,

and belng scattered an angle @ 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= Eocoszo.
In the case of a proton being scattered by & nucleon that is bound in a
nucleus, the energy EO must be augmented by the average nuclear well depth
Vo After colliding with a nucleon and before leaving the nucleus, this

energy V, must be relinquished by the proton. The peak of the energy dis-

-tribution due to this cause would roughly fall at an energy

Es (E, + Vb)coazoéwfﬁocoszo - vssinzo.

»

The energy differences predicted (Vosigga) are seen to be dependent odﬁthex7
scattering angles, If Vo is taken to be 30 Mev,>then the diffeéénces are

7.5 Mev at 30° and 12,4 Mev at 40°, The obscrved differences are about 12
Mev at 30° and 27 Mev at 40°. Huclear rearrangements that accompany quasi-
elastic processes are considered to account for the remainder of the energy
differences observed., When a 340 Mev proton is sca@tered by & nucleon to an
angle greéter than about 259, the momentum:imparted to the nucleon is so
great that it too may leave the nﬁcleus. If both the proton and the nbclecn -
escape from the nucleus with no further encounters, then the excitation |
energy {of the nucleus would‘probably bte emall, but the binding energy of

the nucleon in the nucleus must be provided for the nuclear transition in-
volved to teke plece, Since this energy must be subtracted 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 neutreon in C12
is a2 high as 20 Mev, these considerations are probably aufficient to account

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

TOTAL DIFFERENTIAL CROSS SECTIONS IN THE LABORATORY SYSTEM

Scattering Angle p-p* x 1027 p-n¥® x 1027 p~-d x 102‘7
30° 13.2 13 15.7 & 1.8
400 11.6 2.1 12,8 % 0.6

hd Obtained by Chamberlain, et g.;.,ls using 340 Mev proton beam,

#%  QObtained by Kelly, et al.,1? using 270 Mev neutron beam.

.
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