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NUCLEAR MOMENTUM DISTRIBUTIONS IN DEUTERIUM AND CARBON 

INFERRED FROM PROTON SCATTERING 

John Baros Gladis 

-Raaiation Laboratory, Department of Physics 
University of California, Berkeley, California 

January 2; 1952 

I. INTRODUCTION 

A. Manifestations and Postulates of Nuclear Internal Momentum 
Distributions. 

Internal momentum distributions were postulated early in the 

history of high energy nuclear physics to interpret observed phenomena. 
1 . 

Serber invoked the fairly well known deuteron internal momenta 

to arrive at the angular and energy distributions of the neutrons in the 

. forward peak observed when 190 Mev deuterons are incident on various target 

nuclei. The experimental data2 are represented to within a few percent by 

his "stripping" theory, according to which the two nucleons of the loosely 

bound deuteron are considered to be interacting only in as much as this 

interaction is responsible for their relative momenta. They are considered 

to be independent in that either component may alone collide with a nucleus, 

thereby instantly severing itself from the deuteron, while the other com-

ponent continues to maintain the laboratory momentum that it had at the 

instant of the impact. 

Hadley and York3 found deuterons and tritons in the secondary 

particlef;! obtained from the bombardment of various nuclei with 90 Mev 

neutrons. Since the deuterons are peaked in the forward direction, and 



since their 'energies are nearly the sai1le as those of the lncident neutrons, 

these deuterons can neither be thought to be recoil nuclei resulting from 

· collisions of neutrons with deuteron entities in the target nuclei, nor can 

they be considered as evaporation products of compo.und nuclei4e Chew and 
5 . ' . ' 

Goldberger account for their formation by a so=called pick-up process, 

which requires knowing not only the internal momentum distribution of the 

deuteron~ but also a momentum distribution of the protons in the target 

nucleio In this process a proton of the target nucleus traveling in nearly 
- . ' - . 

the same dir,ection as the . incident neutron passing thrdugh the nucleus may 

have .a mom~ntum with respect to. the neutron which constitutes an internal 

momentum state of ·the deuterono This proton may· consequently become bound 

to the neu,tron, forming a deuteron 1..rhich may escape as such from the nucleus~ 

The ni,lclear momentum distribution ehosen* by Chew and Goldberger 

to interprf3t the experimental.results is, of course~ not uniqueo They 

merely picked~ distribution of·simple.form that did accord with the results. 

They readily acknowledge in their paper that the high momentum components of 

their distribution should not be believedo Tnat the pick-up process is 'quite 

valid, however~ is demonstrated by Chew and Goldberger5 by using only deu-

teron internal momentum distributions in accounting for the forward peak of 

deuterons found by Coon, et &o6, with 14 Mev neutrons incident on deuterons. 

Pick-;up deuterons-from various target nuclei have also been observed ·at 

small angles to the beam by Ao Bratenahl7 using protons .of energies from 

8 100 Mev to 150 Mev, .and by Hadley using 270 tvlev neutronso 

*The Chew-Goldberger momentum density distribution isg 

In (i) 12. = (;t t 

~(a2 + 12)2 

where 1 is the nucleon momentUL~, and ~ is a momentum corresponding to a 
nucleon energy of 18 tvlevQ 

,. 



In still other types of experiments, meson production spectra 

and angular distributions are quite directly influenced qy the momentum 

distributions of the nucleons. Lax and Feshback9 use the Chew-Goldberger 

momentum distribution to accurately represent the shapes of the experimen

tal meson energy spectra from carbon at 90° obtained by Steinberger and 

Bishop10 using the 330 Mev bremsstrahlung spectrum of the Berkeley synchro-

tron. These authors considered the meson energy and direction of produc-

tion to be related by the Compton process. Thus, a Compton line should be 

observed if monochromatic gamma rays are incident on hydrogen nuclei. When 

other target nuclei are used, the broadening of this line reflects the nu

cleon-momentum distribution. 

When high energy protons are incident on carbon, Henley and 

11 . 0 • Huddlestone f~nd that the meson energy spectra at 90 are part~cularly 

sensitive to the nucleon momentum distribUtion. These authors apply to 

the nucleons in nuclei a method developed by Watson and Brueckner12 for 

the production of mesons in free nucleon-nucleon collisions. The 90° 

13 meson spectra obtained by Richman and Wilcox using 340 Mev incident pro-

tons, and by Block, et a1.14, using 381 Mev protons, were found to agree 

well with a gaussian nucleon momentum density distribution having a 1/e 

value at a momentum corresponding to an energy of 19.3 Mev. This gaussian 

was chosen to fit the low momentum points given by Chew and Goldberger. 

Henley and Huddlestone also tried other momentum distributions which did 

not fit the experimental data as well; namely, they tried a Fermi distri

bution obtained from the completely degenerate gas model with a maximum 



. . ·. . . 
momentum of 200 Nev/c, and a Che\.J=Goldberger distribution that was modified* 

to reduce the high momentum c~nponents in such a way that it would stj~l 

agree with the pick=up deuteron data of Hadley and Yorko 

All of these experiffients described involve internal momentum 

distributions and yield information concerning. their formo 

B. Quasi=Elastic Scattering_of Protons from Nucleons in Nuclei 

Another method of inferring internal nuclear momentum distri= 

butions suggests itself with the advent of quite ruono=energetic~ high energy 

proton beams. Since the De Broglie wave lengths of bombardint::. nucleons 

havirig energies greater than about 100 Mev are quite comparable with the 

dimensions of the nucleon volume in nuclei9 ** it is sensible to think of 

these nucleons as colliding 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 the dimensions of light m1= 

clei15, lt is plausible-that a large fraction of the scattered particles 

originate from single collisions within nucleic The special name 1'quasi= 

elastic scattering 11 ·has been proposed to distinguish this important process 

which prevails at high energies when scattering angles greater than about 

20° are viewed. This term is chosen to imply that the process j_s inelastic 

** ~= h _ he p- mc2 j3y 
.. ~ . 

a and 1 are defined as before, and 
~ = 2o5 a~ 

· he · · 13 = · · · · , = 2o9 x 10- em for T = 100 Mev and 
.[ 2Tmc2{1= T . ~ _ =lJ 

-~ ~) .2ro - 2o8 X 10 Clllo 

,, 
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in that a rearrangement of the nucleus is brought about, but that it is 

elastic in the sense that a nucleon-nucleon collision occurs in the nucleus 

that resembles the scattering of nucleons by free target nucleons. The 

momentum distribution of the nucleons in a nucleus is related to the mo-

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

. 16 ' ' Wolff has developed an equation that gives the energy spectrum 

of the nucleons scattered at a given angle as an integral over th~ nucleon 

momentum distribution. He deduced this equation by using the Born approxi-

mation and suitably averaging over the possible collisions of incident nu-

cleona with nucleons possessing momentum that can contribute to the scat-

taring of the nucleons into particular solid angles in the laboratory 

system. His result is: 

where 

2 ~
00 

2 ~ = 2rrf In 1 ~ cri M ldl 
d.n.dE P-q i = 1 -£:2 

1 = lq-cos olq 

I 1
2 l.t-J-q 1 ' 

n(l) = the momem .. .un density distribution 
, the nucleus. 

n 

of the nucleons in 

p = momentum of incident nucleon 

q = momentum of scattered nucleon observed 

1 = momentum of nucleon in nucleus 

0 = laboratory scattering angle 

~i = differential cross section for scattering by the i th 
nucleon of nucleus containing n nucleons. 

The approximation made in obtaining the result in such a simple closed 

form is very closely that lq- p cos Q \
2 is small compared to p

2
• The 

error made in using this approximation is pointed out in the discussion of 

the spectra. 
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Some experimental evidence supporting the concept of quasi

elastic scattering shoUld be discussed, since nuclear internal momentum 

distributions are inferred by comparing the spectra obtained experimentally 

with those given by WolffWs equation, ·which assumes single hucleon-nucie6n 

collisions in micleio ·However~ Wolff has sh'>•m that even if the doubles 

collisions (two collisions with nucleons in single nucleus) equal the singles 

in numb,er, the shapes of the spectra at energies greater than those at the 

.. maxima of the distributions are not altered appreciablyo 

Using the· 90 Mev neutron beam York estimated that about one• 

half of all the neutron collisions in carbon nuclei result in the produc-

tion of 11 knock on11 protonso He estimated this by finding the integrated 

yield of protons with energies greater than 35 1-1ev, ·by using the total · 

inelastic cross sections for 90 Mev neutrons as measured by DeJuren and 

Knable17, and by mrucing a suitable estinate for the n-n cross section. 

Although this calculation is-rough, it gives a scattering mean free path 

which is in qualitative agreement with the total scattering mean free 

path in nuclear material for 90 Hev neutrons, which is calculated to be 

4o 5 x 10=1.3 em by Ferhbach, ~ ~ l5 $ from total and inelastic neutron 

cross-section measurementse Thus, although the knock-on protons are not 

considered to arise exclusively from single collisions in nuclei, the 

probability for singles, considering the mean free path involved, prevails 

even at these energieso 

. 18 . - 19 
Temmer us1ng 240 Hev protons and Neher using 340 :Hev 

protons find high energy protons emitted at an angle of 90° in the 
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laboratory system. ~though their results are still preliminary, they are 

compatible with the scattering expected from collisions with nucleons pos-

sessing momentum in nuclei. Ternmer finds that the theoretically expected 

distribution for single collisions with a degenerate Fermi gas does not 

fit the observed data. He finds that the Chew-Goldberger momentum distri-

bution contains too many high momentum components, as is expected; but that 

when this distribution is cut off at a target nucleon energy of 72 Mev; the 

experimental data are represented fairly wello 

Chamberlain20 has performed an experiment that well illustrates 

the nucleon-nucleon nature of collisions involving high energy nucleons on 

nuclei. He obtained the angular correlations of the two protons arising 

from collisions involving 340 Mev incident protons and protons in light 

nuclei. One counter was fixed to view protons scattered at 45°; the 

collision partners 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° non-relativistically). The 

distribution of the proton angular correlations obtained by using a Li 

target compared to that obtained fromanH target was found to have a greater 
0 

width and to be peaked at an angle that was smaller by about 6 • The 

greater width is attributed to the momentum distribution of the target pro

tons. The displacement of the peak by 6° can be explained by the energy 

losses of the two protons after the collision that are necessary to account 

for the binding energy of a proton in Li7 and a small amount of excitation 

energy of the residual nucleus. 



=11= 

The high energy scattering experiments described abovehave 

been selected to stress the nuc:leon=nucleon na.ture of the encounters in= 

valved, but it must not be assumed that the nucleus looses its.identity 

in the scattering of high energy nucleonso When the scattering of high 

energy protons iscon:sidered,jl the characteristic nuclear coulomb scattering 

certainly prevails at small scattering anglesa Even at larger angles the 

nucleus is characterized by its diffraction scatterini~1 9 although the 
• 

nabsorption11 of protons from the incident wave:. ·which is responsible for 

this diffraction scattering, arises principally from proton=nucleon en= 

counterso Finally~ a.t large scattering angles where the quasi=elastic 

scattering predominates~ effects of the binding of the nucleons in a 

potential well must be taken into account to interpret experimental re= 

sultso 

This report concerns the energy spectra of protons scattered 

froni H~ D~ and· C at angles of 30° and 40° o These angles were chosen so · 

that the nuclear diffraction scattering would be negligible in comparison 

to the scattering due to quasi=elastic collisionso Wolff 1s theoretical 

spectra are used to infer nti.cleon momentum distributions of deuterium 

and carbon~ The forins of the curves certainly reveal the prevalence of 

quasi~ela.stic scatteringG The peaks of the spectra from deuterium and 

carbon fall at slightly lower energies than those of the corresponding 

spectra from hydrogen, the differences being qualitatively explained by 

nuclear well and excitation effectsa 

.. 
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IIo EXPERIMENTAL METHOD 

Ao Energy Spectra 

The energy spectra of the protons that are scattered by various 

target nuclei are obtained by means of a magnetic deflection device, a so

called 35-channel magnetic particle spectrometero The layout of the spec

trometer as set up in the experimental area (cave) is shown in Figo 2o In 

this figure the dimensions of some of the components are exaggerated to 

emphasize their effects on the resolving power of the spectrometer.o These 

effects will be discussed in the next sectiono 

L Proton Beam 

The external 340 Mev proton beam of the Berkeley 184-inch 

synchro-cyclotron is usedo This beam is pulsed at a repetition rate of 

about 66 per secondo In order to reduce the number of accidentals in the 

detection counters for a given counting rate, as is di.scussed in Section 

IV,, it is necessary to use a large beam pulse width o A maximum width of 

about 15 to 20 microseconds is obtained by scattering22 the protons out 

of the circulating tank of the cyclotron (see Figo l)o The energy spec

trum of this beam, which is calculated as indicated in Section IV to have 

a width at half height of about 11 Mev, must be taken into consideration 

in the interpretation of the experimental spectrao 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 Figo l)o 

2o Targets 

As shown in Figo 2 the targets used are narrower than the 

beam cross-sectiono However, they are taller than the vertical beam 



dimension so that a fixed length of the targets is intercepted by the beamo 

The cross sections of the targets in the horizontal plane are forced to be 

parallelograms by the conditions g (l) the targets are required to be narrow 

with respect to the width of the beam so that the energy spread of the inci= 

dent protons striking the .targe.ts shall be small, as described in detail in 

Section IV~ and (2) the target dimension perpendicular to the direction of 

the observed scattered particles is required to be small to achieve good 

energy resolutionJ since this dimension is in effect the width of the first 

slit of the spectrometero Figo 5a shows the dimensions and construction of 

the liquid target containers usedo 

Energy spectra are obtained of protons scattered from targets 

of water, heavy water~ carbonw polyethylene 3 container and air blankse 

Subtraction of energy spectra are required to obtain proton spectra from 

hydrogen and from deuteri~~o Since equal average proton energy losses 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 observed are varied'to achieve 

this equal average energy loss conditione A knowledge of the integrated 

beam per target that is required to effect the subtractions is obtained 

by setting an argon-filled ionization chamber in the beam as shown in 

Figo 2o 

3o Particle Spectrometer 

Scattered particles that are detected, enter the corner 

of a magnetic field through a slit proportional counter (see Figo 2)o 

··~ 
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This counter has an active area whose width is 1/8 in.; its construction 

is shown in Fig. 5b. The particles then traverse two more proportional 

counters located in the magnetic field. They afterwards encounter an array 

containing 35 Victoreen G.M. tubes before traversing the final proportional 

counter located in back of theG.M.tubes. Energy channels of the spectro-

meter 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 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 assure that only the particles in the channels are recorded, 

the G.M. tube amplifiers are gated 11on 11 by the quadruple coincidences of 

the proportional counter signals. These quadruple coincidences also serve 

as a convenient means of arriving at the relative integrated yields of 

protons from targets at the scattering angles of observation. A block 

diagram of the electronics system is shown in Fig. 3. 

4. Nature of Scattered Particles Detected 

The spectrometer described above gives merely the momentum 

distribution of the particles analyzed, since only their bending effect in 

the magnetic field is observed. The masses of the particles must be known 

to deduce their energy spectra from the momentum distributions. However, 

a great predominance of these particles are expected to be protons, par

ticularly at the scattering angles used (30° and 40°). This expectation 



arises from the considerations em'i:lodied in the introduction concerning the 
. . 

DeBroglie wave lengths of the bombarding protons 9 the transparency of light 

targetnuclei~ and the investigations by York of· the secondary nuciei knocked 

out of target nuclei by 90 Mev incident neutronso The only ionizing particles 

detected by York in the secondary products are protons 9 deuterons, and tritonso 

And, as described previously~ the pick-up theory accounts well for the angular 

and energy distributions of the deuterons and tritonso The tritons a.re ob-

served fu small numbers and only in the· near fort.Jard directiono 
23 

Heidmann 

considers the energy dependence of the pick-up process and shows that the 

total cross section for the production of deuterons at 300 Mev is down by 

more than a thousandth of its value at 100 Mevo Moreover, he shows that the 

angular distribution becomes increasingly peaked in the forward direction as 

the incident energy becomes largero The number of deuterons produced by 340 

Mev protons at scattering angles of 30° and 40° should be quite small indeedo 

Alpha particles are certainly ejected in spallation reactionsg 

but they require 100 Mev to be recorded in the lowest energy channelo Alpha 

particles in the spallation products resulting from 340 Mev proton bombard

ments rarely possess energies greater than about 30 Mevo 24 .Mesons require 

energies greater than 300 Mev to be recorded in the lowest energy channelo 

Clearly, mesons of this energy are not produced by the proton beamo 

Thus, only deuterons would conceivably contaminate the energy 

spectra calculated on the assumption that protons alone are detectedo 

These deuterons are found to be quite negligible in number, if present at 

all, 'by a method described in Section IV of finding the pulse heights of 

the particles in various magnet channelso 

·I 



B. Absolute Cross Sections .. 

At the scattering angles observed, only the relative integrated 

yields of protons from the targets used are obtained. These yields are 

obtained, as stated before, from the proportional counter quadruple coin

cidences data. In principle, they could be obtained from the areas of 

the proton spectra; but this method is not feasible since theproton spectra 

from hydrogen are so sharp as to be contained in only a few channels~ ren

dering their shapes quite unknown; and the low energy components of the 

proton spectra from carbon have not been obtained. 

Absolute cross sections can be inferred at each scattering 

angle by comparing the proton yields of the scatterers to the yield of the 

protons from hydrogen and using the proton-proton differential scattering 

cross section at 340 Mev given by Chamberlain, Segr~, and Wiegand.25 This 

method of obtaining absolute cross sections avoids the difficulties en

countered in attempting to obtain them directly, the greatest of these 

difficulties probably being that associated with the inhomogeneity of the 

proton flux in the beam cross section (see picture of beam, Fig. 4). This 

rapid variation of beam intensity precludes the determination of the 

number of protons per unit area incident on the target by means of an ioni

zation chamber alone. 



IIIo DESIGN AND CALIBRATION OF PARTICLE SPECTROMETER 

Ao Resolving Power of Particle Spectrometer 

The resolving power of the spectrometer is obtained by "folding" 

together the individual resolving power curves of the components which affect 

the energy resolution. These components are (1) the target width considered 

as a slit~ (2) the width of the slit counter~ (3) the width of the GoM. tubes, 

(4) the energy losses of the protons in the targets, and (5) the small angle 

scattering in the proportional counter windows and in the air patho Since 

the resolving power curves of these components are well approximated by 

rectangles, they are referred to, for simplicity~ as the energy widths of 

the componentso 

The energy width of a particular component is found py assuming 

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

width of a GoMo tube is the maximum energy difference of two protons that 

can still be accepted by a certain GoMo tube when assuming that the protons 

originate at the center of the target~ loose no energy 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 is given as the energy difference that 

would be recorded by point GoMo tubes in juxtaposition at the GoM. tube 

array, of two protons that have the same energy and that take the same path 

described above with the exception that one proton traverses the slit counter 

at one edge while the other proton traverses the opposite edgeo The widths 

of the other components are obtained by using the same approacho 
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All of the energy widths of the components are energy depend

ante The GeMo tubes define energy channels from about 400 Mev to 95 Mev. 

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

of position along the GeMo tube array. Thus, the change in energy with re

spect to a fixed linear increment along this array is also nearly exponen

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

factors mentioned above, except that due to the target thickness, become 

smaller as the proton energies become lower. The energy loss of the scat

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

protons decrease. 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 an energy EO is reached, after which the channel res

olutions are limited by energy losses in the targets. At proton energies 

less than E0 , the energy resolution of the channels becomes progressively 

worse. The maximum resolving power of the spectrometer is, therefore, at 

the energy Eo• 

A practical limit of the resolution is forced by the unavaila

bility of an infinite amount of cyclotron time. A compromise between 

channel counting rates and energy resolution is necessar,y. After having 

decided the practical resolution that can be used, care must be taken 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.Mo tubes in every energy channel. The G. M. tube array is set 
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back 4 fto from the magnetic field to take advantage of the fact that the 

proton flux is diverging as it leaves the magnet, thereby diminishing the 

energy widths subtended by these tubes o This feature· is resorted to since · 

narrower GoMo tubes are not availableo The target width w(see Figo 5a) rep

resenting the first slit width, is adjusted, for a given convenient distance 

between the target and the slit counter, to have an energy width in each 

channel that is nearly equal to that of the GoMo tube in the channel; The 

target dimensions t are varied, as stated befor.e, so that the proton~ detected 

shall have experienced equal average energy losses in the targets usedo These 

thicknesses.are chosen so that the value of E0 discussed above falls near the 

peaks of the spectra, where the best resolving power of the spectrometer is 

required.., 

The energy width due to small angle coulomb scattering in the 

proportional counter windows is kept at a minimum by using OoOOl inch alu

minum windows and by constructing the slit proportional counter as shown in 

Figo 5bo The parallel foils forming the confines of the slit are made of 

Oo0005 ino aluminumo 

Table I contains a listing of the calculated energy widths of 

the components of the spectrometer channelso 

The energy spread of the beam must be known before a comparison 

of theory to experiment can be made. This is obtained in an approximate 

manner by.assuming a flat energy spectrum of protons scattered into the 

magnetic channel (see Figo 1) from the circulating tank of the cyclotrono 

Then the energy distribution is found of the protons that can strike the 



• 

target after passing through the cyclotron premagnet collimator and being 

bent through an angle of about 20° by the steering magnet. It is clear . 

that the problem.of finding 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 slit 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 calli= 

mator, and (3) the target width. The resultant width at half height is 

found to be about 11 Mev. No estimate has been made of the low energy com

ponents in the beam produced by scattering from the rectangular collimator 

preceding the target. This effect is considered to be small since the beam 

intensity is concentrated along a line that is nearly horizontalp and this 

line is centrally located along the vertical qimension of the collimatoro 

(See Fig. 4). Thus, there is little scattering from the horizontal faces 

of the collimator. In addition, since the target is narrower than the beam, 

it does not intercept much of the small angle scattering from the vertical 

faces of the collimator. 

The resolving power of the spectrometer calculated above can 

be checked experimentally at energies corresponding to the peaks of the 

proton spectra from hydrogen. Incidentally, these spectra also indicate 

the actual low energy components of the beam discussed above. The experi= 

mental data representing a particular proton energy spectrum from hydrogen9 

whose peak falls at an energy E~ should agree with the theoretical spectrum 

obtained by averaging ·the resolving power of the spectrometer at the energy 



E over the energy spread of the beamo The validity of such a comparison 

is upheld b,y definition since the energy spectrum of protons scattered from 

hydrogen at a given angle would be a delta functlon if the proton beam were 

monoenergetic and the spectrometer resolution infiniteo Actually~ the shapes 

of the proton spectra from hydrogen are quite unknown, the spectra being so 

sharp as to be contained in only a few channelso The comparisons at 30° and 

40° are shown in Figures 6a and 6bo At 30° only a few experimental points 

are available to define the peak since the GoMo tubes in the array were sep

arated by 3/16 ino They were in juxtaposition in the vicinity of the peak 

when the 40° data were takeno The areas of the theoretical c~ves are chosen 

to agree with the proton yields as obtained from the proportional counter 

dataa The relatj.ve ordinate scale used in Figo 6a does not correspOnd in any 

way to that chosen in Figo 6bo 

Bo Magnet Channel Ener~ies 

The magnet channel energies are obtained by using the fact that 

a wire carrying a current of I abamperes 9 and subjected to a tension of T 

dynes in a magnetic field B9 will assume the trajectory vf a charged particle 

whose energy corresponds to Bp=T/I gauss-centimeterso This can be shown 

very easilyo A short length ~1 of a current carrying wire in a magnetic 

field subtending an angle dO at a distancep from the center of curvature, 

is acted upon by the radial force Bidla If this segment is in equilibrium, 

this radial force must equal 2T sin (dG/2) = TdQ for dO small (see Figo 5~)o 

Using p = dl/d09 the very simple and useful result Bp::: T/I is obtainedo 

The wire follows the path of a constant energy particle since this relation 
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holds at every point of the wireo 

The magnet channel energies are obtained immediately preceding 

every r.un. A special flexible wire is extended from a "frictionless 11 pulley 

located at the target position to the G.M. tube array via the magnetic field. 

The wire is passed between two vertical wires, spaced 1/8 in. apart, at the 

corner of the magnet similating the active area of the slit counter. A pan 

containing standardized weights is attached to the pulley end of the wireo 

During the calibration~ the only points of contact with the wire are at the 

pulley and at the_G.M. tube array where the wire is held so that it is ·tan

gential to a particular G.Mo tube whose channel energy is soughto These 

points of support are arranged to be in the median plane of the magnet. The 

tensions (800 g to 1500 g) used are so great that the wire does not sag 

visibly from the median plane. An A.C. rectifier supplies a current of 6 

to 9 amps. through the wire. This current is measured by connecting a 

potentiometer across a 50 mv./ampo shunt carrying the current. Another po

tentiometer connected across a 50 mv./200 amp. shunt measures the magnetiza

tion current supplied to the magnet. The usual magnet current used in 148 

amps., which corresponds to a magnetic field of 13.2 kilogauss at the 

center of the gap. 

The following procedure is used in applying the wire method. 

After the regulator of the magnitization current is allowed to warm up for 

about 10 minutes to insure proper operation~ the current is adjusted care

fully at the value to be used during the run. A dummy G.M. tube made of 

brass is placed in the G.M. tube array at a position defining a channel 



whose energy boundaries are to be obtainedo Then~ with the wire held tan

gent to the dummy tube, and with the maximum weight in the pan that is 

consistent with the current limitation of the rectifier, the wire current 

is adjusted by means of a variac until the wire assumes the proper trajec

tory~ the wire passing just between the two wires similating the slit 

countero This current is then read and recordedo The energy is then ob

tained from the Bp value given by the ratio of the tension to the currento 

The same procedure is used to find the tensions and currents nece~sary to 

calculate the energy boundaries of all 35 channelso These energies are 

then plotted as a function of position along ·the GoMo tube array, and the 

channel energies used are taken from a smooth curve that is drawn to fit 

the datao The energies obtained in this way are in error by less than 2 

percento This upper limit of 2 percent is the maximum error estimated in 

any individual energy calculation deduced from the datao 

The magnet channel energies are also obtained analytically, 

assuming a constant field over the dimensions of the pole faceso These 

calculated energies differ from those obtained by means of the wire method. 

by nearly 8 percento B.y examining the field of the magnet along the paths 

of the particles, the discrepancies are just accounted for by the effect 

of the fringing fieldo It is neverthele~s reassuring to note that at 

every scattering angle Q9 .the calculated proton energies obtained by 

assuming free equal mass particle collisions agrees, within the accuracy 

of the angle measurement (1°), with the peak of the experimentally obtained 

proton spectrum from hydrogeno 
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IV. EXPERlMENTAL PROCEDURE 

A. Alignment of Fguipment 

The components of the spectrometer are aligned by means of 

the wire method just described, which allows the particle trajectories 

to be viewed. B,y noting the highest and lowest energy paths of the scat

tered protons desired to be analyzed, the proportional counters and the 

G.M. tube array can be located to intercept the proper trajectories. The 

target is centered at the point of intersection of the wire and the beam 

direction which is found by exposing X-ray films in the beam. Finally, 

the slit counter is bolted in a holder which is located so the active area 

of the counter falls within the two wires that had previously been simi

lating the slit counter in the wire measurements of the channel energies. 

B. Conditions of Operation 

The radiation background in the cave is generally so intense 

that special precautions must be taken to reduce the number of accidentals 

to a minimum. The term accidentals refers to the coincidences recorded 

when random pulses arrive at the coincident unit in such a way that they 

overlap within the resolution time interval of the coincidence circuit. 

It is evident that these accidentals are proportional to the rates and 

widths of the pulses applied to the electronic coincidence unit. The 

widths of these pulses {gates) ·can easily be reduced by changing the time. 

constant of the one-shot multivibrator in the gating unit (see Fig. 3). 

However, these widths must not be so small that "real" coincidences are 

lost because of the variable time delays that are inherent in proportional 



counters and associated electronics equipment between the traversals of 

particles through the counters and the arrivals of the corresponding gates 

at the coincidence circuito ·Values from 1 to 2 microseconds are usedo The 

rates of the gates applied to the coincidence unit can be diminished by 

setting the biases of the multivibrators at levels such that they will not 

be triggered by small proportional counter signals just above the amplifier 

noiseo The proportional counter .individual counting rates can be reduced 

by lowering the beam intensity and by providing adequate shi~ldingo B.y 

taking these precautions, the accidentals in the quads (quadruple coinci

dences of the proportional counter signals) are reduced to about one per= 

cento 

Accidental coincidences are found to occur, however, between 

the GoMo tube signals and the gates applied to the GoMo tube amplifiers 

even at the beam level at which accidentals in the quads are negligibleo 

Rather than to reduce the beam intensity to a level where these accidentals 

too are negligible 9 it is considered more advantageous to run at the }ligher 

beam intensity, which affords a more rapid accumulation of statistics, and 

to correct for the accidentalso These accidentals can be ascertained 

during the run by several methodsg (1) by delaying the gates applied to 

the GoMo. tube amplifiers to preclude coincidences with corresponding "real" 

signals from GoMo tubes and qy noting the resulting channel register counts; 

(2) by obtaining a spectrum when applying random gates to the GoMo tube 

amplifiers which occur only during beam pulse periods and then subtracting 

the "realn components of the spectrum obtained by using quadruple coinci-
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dences gates which should have occured from the particular target and 

integrated beam used in this determination; and (3) by a simple calculation 

requiring the knowledge of the individual rates of the amplifier gates and 

the signals from additional G.M. tubes located near the G.M. tubes in the 

array but out of the path of the "reals" (the protons producing the gates). 

Data are taken during the run so that all of these methods can be used 

independently to check against one another. They are found to agree within 

the statistics of the measurements. B.y using the second method, the counting 

statistics compiled in 21 minutes gives the maximum number of accidentals 

in a single channel to an accuracy within 4 percent. The second and third 

methods are described in detail in Appendix I. 

C. Recording of Data 

The targets in the beam are rotated, each being rpn for a time 

interval in the vicinity of 30 minutes. Actually, the fractional running 

time allotted to each target is calculated by knowing the various target 

counting rates and by imposing the condition that the percentage errors in 

the data for the proton spectrum from deuterium be minimized. 

At the end of each r~, the data recorded are (1) the quads, 

(2) the integrated beam, (3) the time interval, (4) the readings of the 

35 registers, (5) the individual proportional counter signals, and (6) the 

individual signals of G.M. tubes used to check the accidentals referred to 

above. To facilitate the ease of calculating the accidentals, the beam 

intensity is kept constant. This is checked by comparing the ratios of 

the integrated beams to the time intervals of the various runs. The 
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relative proton yields from the targets are given qy· the ratios of the 

quads tci the integrated beamso The individual pr·oportional counter signals 

are recorded to detect possible voltage driftso For a particular target, 

these individuals recorded in different runs should compare within the 

statistics of the measurements since the beam intensities are held constanto 

Do Test for Deuterons in Flux Measured by Spect~ometer 

The energy channels designed to accept protons from 90 Mev to 

350 Mev can also accept deuterons in the energy range from 45 to 197 Mevo 

Deuterons arising from the elastic scattering of protons by the deuterons 

in the heavy water target have energies equal to (8/9)T0 cos2.0.? non-rela,... 

tivistically, where T0 is the incident proton energy and Q represents the 

angles of the struck deuterons o At .Q = 40° this energy is about 177 Mev, 

which corresponds to a proton channel energy of 317 Mevo According to 

Heidmann23 the deuterons from the pick=up process haye broad energy spectra 

that are probably peaked near the same energies as those of the recoil 

deuterons from an elastic P-d collisiono An attempt was ~de, th~refore 9 

to distinguish deuterons from protons at the proton energy channels in the 

vicinity of 315 Mevo 

Since the deuterons of 177 Mev produce pulses in proportional 

counters that are a factor of 2o5 higher than those produced by 317 Mev 

protons, a method of discrimination on the basi.s :Jf pulse heights is at 

once suggestedo This was attempted by seeking two voltage plateaus in 5= 

fold proportional counter coincidences, the plateau at the higher voltage 

range should include protons and deuterons, that at the lower range should 
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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 propor

tional counter normally interceptiqgthe particle flux.being analyzed (see 

Fig. 2). Five-fold coincidences were then obtained 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 a function of the voltage applied to the 

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

water and water targets, are shown in Fig. 7. Although the low counting 

rates in these energy channels did not permit the investigation of contri

butions at a greater number of voltages, the data show that the deuterons 

constitute a very small fraction, if any at all, of the particles in these 

channels. 
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V o ANALYSIS OF DATA 

A o Charmel Efficiencies 

The magnet energy channels have widely varying efficiencies 
.. ' 

for accepting particle fluxo If a flat spectrum of protons were viewed . . . . . 

by the spectrometer, the number of counts in each channel would be pro-

portional to the energy widths of the GoMo tubeso Table I shows these 
., .... 

energy widths for various channelso In the case of an incident flat 

spectrum~ the channel counts would decrease in a near exponential manne>r 

from channel 1 to channel 32~ the n1~ber of counts in channel 1 being 

about 9 times as great as that in 32o It is clear that these channel 

counts must be divided by the relative efficiencies (GoMo tube widths) to 

reproduce the particle spectrao 

The spectra would also be distorted somewhat by the ~arget 

if it were so thick~ and if the energy channels were so widej that an 

appreciable difference would exist in the target energy losses of par~ 

ticles having energy differences equal to·the widths of the channelso 

This would cause the spectra to be distorted because of the variation of 

its effect on the channel acceptance efficiencieso The correction due to 

this cause is quite negligible 9 however~ since there exists.a rather for-

tuitous compensating effecto As the stopping power of the target becomes 

more rapidly changing with energy (at the lower energy channels), the 

GoMo tube widths of the channels become narrower in such a way that this· 

target effect remains negligible in all of the channelso 

Bo Subtractions Made in Obtaining Spectra 

The channel data are not divided by the channel efficiencies 

until the required normalizations, corrections, and subtractions are 
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performed. These are all incorporated in the mathematical operations 

indicated below. The channel counts must first be corrected for the 

accidentals described in the previous section and for the no target (blank)' 

contributions. Then the data 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 CH2 = original channel counts from polyethylene target/beam monitor 

C = original channel counts from carbon target/beam monitor 

D20 = original channel counts from heavy water target/beam monitor 

H20 = original channel counts from water target/beam monitor 

A = original channel counts from air bl~ target/beam monitor 

B = original channel counts from empty liquid target/beam monitoJ:!. 

g = number of gates/beam monitor 

M = number of target moles/inch height of target in beam 

K = accidentals/gate 

And let the subscripts hw, w, p, c, 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): 

Hydrogen (H2 ) : 

Oxygen (0): 

Deuterium (D2): 

(l/M0 ) @ - gcK - (A - gaKU , 

(1/Mp) ~H2 - gpK - {A - gaK)] - (C) 

(1/1-fw) [ H20 - ~ - (B - gwK)] - (H2) 

(1/~w) [ D20 - ghwK - (B - ~K)] - {0) 



The values used are 

ghw=67o4 

gW = 63o2 

gp= 54o9 

gc = 58o6 

gk=· 5o76 

ga =. 2o81 

}\\oJ = Oo418 

1\r = Oo390 

~ = Oo418 

Me: Oo655 

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

using the quads, the same subtractions indicated above are performed with 

the simplification that now K = Oo 
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VI. FINAL RESULTS 

A. Presentation of Data 

The final data giving the proton spectra obtained from carbon, 

deuterium, and hydrogen at 30° and at 40°, together with the spectrum from 

oxygen at 40°, are recorded in Tables II and III. The differential cross 

sections of the protons obtained from deute~ium and carbon at 30° and 40° 

are listed in Table IV. Data for spectra from oxygen were not obtained at 

30° because deuterated paraffin was used instead of heavy water to supply 

deuterons. Graphs of the proton spectra from carbon and deuterium at 30° 

are shown in Figure 8. The corresponding spectra obtained at 40° are shown 

in Figure 9. 

Figure 10. 

0 Proton spectra from oxygen and carbon at 40 are plotted in 

The ordinates of the graphs representing the spectra are 

entirely 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 correlated with that used for the 40° data. The 

vertical lines at the experimentally 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 

thari the target energy losses in the lower energy channels, the channels 

are combined until these energy 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 losses in the target at the central energies of the modified channelso 

The counting statistics in these channels thus become improved considerably 

with essentially negligible losses in energy resolutiono The combined chan-

nels are shown grouped in Tables II and I!Io 

That_these curves may more closely represent the proton spe?tra 

immediately following the collisions.)) the.data are plotted at energies that 

are greater than the central channel, energies qy one half ·of the energy losses 

in the target. This shift in energy corresponds to about 4 Mev at the peaks 

o'f the spectra o 

Bo Discussion of Results 

The theoret~cal curves that are fitted to the proton spectra 

from hydrogen as shown on Figures 6a and 6b, are reproduced in Figures 8 

and 9 so that the effects of internal momenta·on the shapes and peaks of 

the spectra.m.ay be noted;, 

The curves that are shown fitted to the spectral points of 

protons from deuterium and from carbon are the.theoretical spectra obtained 

by inserting;.yarious momentum distributions into the equation given by Wolff, 

as is discussed in Section Ia Of course; the energy resolution of the 

spectrometer is first folded into these theoretical curves before drawing-

them to the datao 

The theoretical spectra of protons from deuterium drawn to the 

data in Figures 8 and 9 are obtained by using the momentum density distri-

bution given by the square of the Fourier transform of the Hulthen wave 

-a.r e 
r 

. -J3r e . where (Clti)
2 =mE (m ::.;: nucleon mass 

E = deuteron binding energy) and 
~ja = 7o 
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The numerical solution of the Schroedinger equation using the Yukawa 

potential is closely approximated by the function chosen above26• The 

value ~/a = 7 is obtained from the effective range* given by Blatt and 

Jackson27 {see also Gluckstern and Bethe28). 

In order that the sensitivity (or insensitivity) of this 

method to the port'ion of the deuteron wave function located within the 

interaction potential may be discerned, two theoretical curves obtained 

by using widely different wave functions are drawn to the 40° proton 

spectrum from deuterium in Figure llo Curve A is obtained from the Hulthen 

wave function described above; Curve B is obtained by assuming the wave 

-ar/ . function e r, wh~ch holds properly in the region of no potential inter-

action, to hold everywhere. That Curve B is wider than Curve A is under

standable since ·the wave function e-ar /r diverges at the origin,. exaggerating 

* The definition of the effective range is: - . 
p = 2 J'-2ar _ 

0 

= 3~ - a 
~(a + M 

= 1.6 X 10-lJ em. 

So ~/a = 7 for a = 10
13

• 
4.3 
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the high momentum components in its tran-sform* o It can be seeri's h~wever~ 
. ! . ' 

that the data do not divulge 'information concerning the· wave function of ' 

the deuteron since appreciable differences inthe cu.tves occur on1y at the 

"tails" where the experimental data are not well kriowno Nevertheless, it . 

is comforting to note·that the theoretical cUr-ves fit the data as well as 

they do in this case of the deuteron for which the momentum distribution is 

fairly'well established, a:nd confidence is gained in the momentum distribu

tion used to :fit the proton spectrum fronicarbon., 

The momentum function is given by 
. 3/2 =t-- -

n(1~ =(2J J. F(r)e- lor dl 

In ~he c~se of the deuteron, Y(r) ="Y(r) (s-state)o This allows the angular 

i~teg!ations to be performed easily, giving 

In terms 

1 3/2 J eo 1l lr 2 
n(l) = 47T~7ih J · Y(r) lr (sin b)r dro 

. 0. . . . :. 

of the radial function u(r) = r1(r)~ this becomes 1 

1/.2 i 00 

n(l) =(~) i 
0 
u(r) sin ir dr 

n(l) ~f~f Hf1(r) sin¥ dr + f~(r) 
(a = radius of interaction potential) 

" lr d ) s1.n i""" r 

where ul(r) is the radial function for r <a, and u2(r) is the radial func= 

tion for r > ao Now it is easily seen that n(l) is not sensitive to u1(r) 

at momenta such that the argument of the sine function is much less than 

1 1T - 1.2 'TT' 2 11.2 -
rr/2 at r =a; ioea, for "ll< a<< 2, or E1 =- << (2"-) .:l.-2 = 6o5 Mevo At 

u 2m 2 ma 

large momenta where the integral within the interaction potential is 

substantial~ its contribution is too large when u1 = e=ar is used since, 

then,1f(r) becomes infinite at the origino 

I 
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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 

theoretical proton spectra from carbon that fit the 30° and 40° data as 

shown in Figs. 8 and 9. Figure 11 depicts the curves obtained when other 

momentum distributions are attempted to fit the 40° data. In obtaining 

curves c, D, and E, gaussian momentum distributions having 1/e values 

corresponding to energies of 12, 16, and 20 Mev respectively have been used. 

Curve F is deduced from the Chew-Goldberger momentum distribution. The 
p 

momentum density distributions are plotted in Fig. 12 as ~unctions of~ 

.so that the energies of the nucleons corresponding to specific regions of 

the distributions can.merely be obtained by squaring the corresponding values 

of the abscissae (the r~lativistic corrections are only a few percent at 

the highest momenta shown). From an inspection of the curves in Fig. 11, 

it is evident that curves C and F definitely disagree with the experimental 

results. The conclusion reached by Henley and by Temmer (see Section I) 

that the Chew-Goldberger momentum 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 data, curve E is not in violent 

disagreement. In fact, any gaussian nucleon momentum density distribution 

with a 1/e value between 14 and 19 Mev would not be inconsistent with the 

experimental results. 

The error of magnitude lg - ~cosQ\ 2 
made in the evaluation of 

p 

the theoretical curves (see Section I) does not appreciably influence the 

shapes of the theoretical curves. Although this error increases as the 



energy difference from the maxima .of the spectra increases, it has a value 

of only about 3 percent at an energy difference of 150 Mevo The error 'made 

in using the impulse approximation· is. undoubtedly much greater than thiso 

.In Figo 10 the data of protons from oxygen in various channels 

have been combined because of the poor statistics remaining after the sub,;, 

tractions ru::e performedo The theoretical curve representing the data from 
' . 

carbon has merely been multiplied by 16/l.Z to obtain the curve drawn to the 

data from oxygeno Although this immediately suggests that the differential 

cross sect,ion of protons from carbon might equal the sum of the free' proton;_ 

nucleon collision cross sections~ such is not the case as can be seen from 

the cross sections listed in Table IVo The collision mean free path in 

carbon is such that about a third of the collisions observed are due to 

doubles; these doubles complicate the i.'t'J.terpretation of. the proton yields 

because of the exclusion principle which prohibits small momentum transferso 

These cross sections do indicate 3 however, that this condition 

is very closely re,alized in the case of the protons obtained from deuterium~ 

that is~ the differential cross sections of p:r.otons from deuterium at 30° 
0 

and at 40 nearly equal the sum of the free proton=proton differential cross 

sections at 340 Mev and the free proton~neutron differential cross sections 

at 270 Mev at the same scattering a~gleso Because 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.appro~ch of the interacting nucleons 

in the center of mass system to the direction of observation in the laboratory 
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systemo The condition mentioned above concerning the cross sections is 

considered plausible since (1) interference effects at the scattering 

angles used are small, (2) the nucleons of the deuteron are generally so 

widely separated with respect to the DeBroglie wave length of the bo~ 

barding 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 

Mev, and (5) the free proton-proton differential cross section, which is 

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

tering angles used, has a flat energy dependence in the Como system so 

that its variation in the laboratory system goes only as the cosine of 

the scattering angleo 

Finally, it must be stated that the theoretical spectral 

curves have been arbitrarily translated along the energy scale toward 

lower energies in order that they may fit the datao 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 hydrogeno Figures 8 and 9 indicate that they not only fail to 

coincide but also that the energy differences of the peaks seem to in

crease with the scattering angleo 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 differences observedo The greater por

tions of these energy differences are undoubtedly due to nuclear effects, 

such as the nuclear potential well and the binding and excitation energies, 

which have not been considered in the calculationso It is difficult to 

account for these effects in a quantitative manner, but rough calculations 

show that the energy differences observed should be expectedo 



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 collisionso A proton having an 

initial energy E0 and being scattered an angle .Q by a free nucleon ini= 

tially at rest will have an energy E that is given non=relativistically 

by the expression, 

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

nucleus, the energy E0 must be augmented by the average nuclear well depth 

V0 o After colliding with a nucleon and before leaving the nucleus~ this 

energy V0 must be relinquished by the protono The peak of the energy dis

tribution due to this cause would roughly fall at an energy 

. E = (E0 t V
0

)cos2-o = V0 = E0 cos2o = V0 sin2.oo 

The energy differences predicted (V0 sin2o) are seen to be dependent on the 

scattering angleso If V0 is taken to be 30 Mev~ then the differences are 
. 0 . 

7o5 Mev at 30 and 12o4 Mev at 40°o The observed differences are about 12 

Mev at 30° and 27 Mev at 40°o Nuclear rearrangements that accompany quasi= 

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

differences observedo When a 340 Mev proton is scattered by a nucleon to 

an angle greater than about 25°.~~ the momentum imparted to the nucleon is 

so great that it too may leave the nucleuso If both the proton and the 
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nucleon escape from the nucleus with no further encounters, then the exci-

tation energy of the nucleus would probably be small, but the binding energy 

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

involved to take place. · This energy can be supplied only by the nucleons 

leaving the nucleus. This effect should thus reduce the average energy of 

the quasi-elastically scattered protons observed; moreover, this reduction 

of the energy becomes angular dependent by assuming that each nucleon es-

caping from the nucleus contributes to the nuclear energy requirements an 

energy that is proportional to the time it spends in the nucleus after the 

collision. 
. . 0 0 

Quasi-elastically scattered protons at 30 and at 40 on the 

average would lose respectively 9.4 Mev and 10.6 Mev if 20 Mev were the 

energy required by the nucleus (20 Mev is just the binding energy of a 

neutron in c12). The combined effects of the nuclear well and the nuclear 

energy requirements thus give energy differences of l7 Mev at 30° and 23 

Mev at 40°. These consideration are probably sufficient to account for the 

energy differences observed. 
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TABLE I 

ENERGY WIDTHS ENTERING IN CHANNEL RESOLVING POWERS 

Channel -d~E of Propor- 6E of G.M. 6E of Tar~et 6E Small t:lE Target 
tional Counter Tube (Mev) Slit (Mev . Angle Scat- Energy 
Slit (Mev) tering (Mev) Loss (Mev) 

1 

2 

3 Used for background measurements 

4 

5 

6 

7 4.5 16.0 18.6 4.9 6.8 

8 3.7 13.5 15.0 4.5 7.1 

9 3.4 12.4 13.2 3.8 7.3 

10 3.2 11.7 12.5 3.4 7.5 

11 3.0 11.1 11.8 3.2 7.8 

12 2.9 10.5 10.9 3.0 8.2 

13 2.7 9.9 10.3 2.8 8.5 

14 2.5 9.3 9.6 2.6 8.8 

15 2.3 8.6 8.8 2.5 9.2 

16 2.2 8.2 8.3 2.3 9.6 

17 2.1 7.7 7.7 2.2 9.8 

18 2.0 7.3 7.3 2.1 10.0 

19 1.9 6.9 6.9 1.9 10.4 

20 1.8 6.4 6.4 1.7 10.7 
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TABLE.I (CONT.) 

ENERGY WIDTHS ENTERING IN CHANNEL.RFSOLVING POwERs 

Channel bE of Proper..:. AE .of GoMo .6. E of Tar get AE SmB.li ~E Target 
tional Counter Tube (Mev) Slit (Mev) Angle .Scat- . , Energy 
Slit· (Mev) tering '(Mev) Loss (1-'lev) 

21 L6 6.0 6.0 L6 10.9' 

22 lo5 5o5 5o5 L4 11~5 

23 L4 5ol 5ol ... lo3 llo8 

24 lo3 4o8 4.8 lo2 12o3 
' 25 lo2 4o4 4o4 Ll 12.o7 

26 Ll 4o2 4o2 LO 13.2 

27 Ll · 3o9' 3o8 Oo9 13o7 

28 loO 3o7 3~6 0.9 14.3 

29. 0.9 3o4 3·.3 0.8 14.7 

30, Oo9 3o3 · 3o2 0.8 15.2 

31 0.9 3.2 3.;0· Oo8 15.7 

32. 0.8 "3ol 2.9 Oo7 16.3 

33 Oo8 2o9 2~7 0.7 17.0 

34 Oo7 2.7 2o/+ 0.6 17.6 

35 0.7 2o6 2e3 0.6 18.3 
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TABLE II 

RELATIVE d2
a' 

dEd.n_ OF PROTONS FROM H, C, AND D AT 30° 

Channel Central ,Hydrogen H Carbon C · Deuterium D 
Energies 
(Mev) 

10 342.8 5.1 :!:: 3.2 24.7.:1:: 3.5 8.8:!: 3.6 

11 323.5 0.9 :!:: 4·4 77.3 ± 5 .. 4 4.9:!: 4.6 

12 305.8 9.4 ± 5.5. 100.5:!:: 6.8 9.2:± 5.3 

13 288.9 12.2 ± 6.3 121.3:!:: 7.5 38.8:.!: 7.0 

14 271.9 28.0 :!:: 8.4 I 155.8 :!: 9.6 58.6:!: 8.1 

15 256.2 105.0 :1: 7.8 152.7 :!:: 7.8 87.1~ 7.5 

16 242.1 166.0 :1: 9.6 196.0:!: 9.2 104.5 ± 9.1 

17 228.4 20.6 :1: 6.2 151.7 :1:: 8.9 66.7:!:: 8.7 

18 215.0 4.4 .:!:: 8.0 135.5 ± 11.6 60.8:!:: 9.5 

19 202.2 12.6 :!:: 7.3 148.5 :f:: 8.5 30.2:!:: 8.1 

20 191.2 13.0 :f: 9.2 131.1 :!: 11.0 30.0 :1: 9.3 

21 181.3 10.6 :t: -ll.O 139.0 * 12.8 30.5 :!:: 10.4 

22 172.4 17.7 ::1:: 10.0 112.5 :!:: 11.3 17.2% 9.7 

23 163.8 12.9 :!: 8.5 103.0 * 9.1 4.5% 8.6 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
24 

25 142.5 0.5 :!: 7.2 47.5 ± 9.0 4.0 ± 7.8 

26 



Channel 

27 

28 

29 

30 

31 

32 

33 

34 

35 
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2 
RELATIVE d cr OF PROTONS FROM H, C~ AND D AT 30° _(CONT.) 

dEd.a 

_Central 
Enere;ies 
(Mev) 

125o8 

lOOoO 

. Hydrogen H Carbon C Deuterium'D 

6lo4 ±llo4 9.3 ± 10.6 
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TABLE III 

2 
AND 0 AT 40° RELATIVE d t:J OF PROTONS FROM H, D, C, . dEd.n 

;. 
: 

Channel Central Hydrogen H Deuterium D Carbon C Oxygen 0 
Ener~ies 
(Mev 

------
7 .3.39.2 1.4 ± 4.8 5.5 :1: 7ol 25.0 * 5.8 

8 .316.9 -2.2 ± 6.0 -8.7 ± 8.4 17.6:!:: 7.4 10.7 ± 5.0 

9 299.5 -7.9 ± 7.0 -.3.7 ± 9 .. 9 47.0:!:: 8.8 ------
10 281.8 -8.0 ± s.o 1.8 ± 10.8 92.0 ± 10.0 .36.0:!: 7.0 

- .- - - - -
11 265.4 -1.3.2 ± 9.0 -7 ·4 :1: 1.3.2 128.0 .'!: 1.3.0 

12 249.6 1.4 ±11.0 .32.1 :1: 16.1 198.0 ± 15.0 104.0:!: 10.0 

1.3 2.36·.3 -.31.0 :!: 15 .o 46.0 ±22.0 .312.0 ± 15.0 ------
14 222.1 -20 • .3 ±16.0 49.0 ±2.3.0 456.0 ± 20.0 2.30.0 :!: 14.0 

15 206.4 -.34.0 :i: 18.0 95.0 ± 26.0 526.0 ± 24.0 - - .;.. - - -
16 198.1 8.0 :i: 20.0 169.0 ± .31.0 604.0 ± :24.0 .368.0 :1: 18.0 

17 190 • .3 59.0 ±22.0 272.0 ± 2.3.0 646.0 ± 26.0 -------
18 18.3.0 465.0 ±28.0 .325.0 ±40.0 650.0 :!: .30.0 425 .o ± 2.3.0 

19 176.2 1015.0 ± .35.0 .396.0 ±47.0 670.0 :1: .30.0· -------
20 169.9 1021.0 :i: .36.0 457.0 ±51.0 740.0 ± .34.0 479.0± .32.0 

21 164.1 540.0 ± .3.3 .o 470.0 ±49.0 788.0 :!: .34.0 -------
22 156.0 127.0 ± .32.0 .362.0 ±46.0 818.0 :!: .38.0 491.0 ± .31.0 

2.3 149.2 69.0 ± .31.0 .306.0 ±46.0 758.0 .± .38.0 -------
24 14.3.5 62.0 *.32.0 257.0 ±48.0 894.0 ± .38.0 546.0 ± .30.0 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -
25 1.34.6 46.0 ±24.0 164.0 ±.34.0 766.0 ± 28.0 

26 



2 . 
RELATIVE~· OF PROTONS FROM H, D,· C, AND 0 AT 40° (CONT .. ) 

d.Ed.n. 

Channel· Central Hydrogen H Deuterium D Carbon C Oxygen 0 

27 

28 

29 

30 

31 

32 

33 

34 

35 

Ener~ies 
(Mev) 

520 .. 0 ± 21 .. 0 

12lol 3LO ± 2LO 

-·-----------------------------------

108~1 -5 .. 0 ± 21 .. 0 

- - - - - - - - - - - - - - - - - - - - - - - - - - - - ~ - 444 .. 0 ± 20 .. 0 

97 .. 1 -2 .. 5 ± 20 .. 0 30 oO ± 29 oO 592o0 ± 26o0 

- - - - - - - - - - - - - - - ~ - - - - - - - - - - ·- - - - - - - - - -



-48-

TABLE IV 

TOTAL DIFFERENTIAL CROSS SECTIONS IN THE LABORATORY SYSTEM 

OF FROTONS FROM VARIOUS TARGETS 

Scattering Angle 

30° 

40° 

P-P* X 1027 

13.2 

11.6 

:p-n** x 1027 

2.1 

P-C X 1027 

63.1 ± 4.7 

50.1 ± 1.4 

* Obtaiiled by Chamberlain, n, a1.,25 using 340 Mev proton beam. 

** Obtairied by Kelly, §j;, al.,29 using 270 Mev neutron beam. 

:p-d X 1027 

15.7 ± 1.8 

12.8 ± 0.6 
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APPENDIX I 

Method of Calculating Accidentals 

When accidentals are estimated by calculation, it must be 
.. 

remembered that the cyclotron beam is pulsed" The pulse width of the 
< 

scattered beam used is about 15 microseconds, and it has a recurrence 

period of about 15,000 microsecondso The counters, therefore, count 

rapidly during the beam pulse time intervals and then loaf during the 

·· much longer time intervals between beam pulses o Since the accidentals 

in the quads are negligible, the gates, and therefqre the.~ccidentals 

sought, certainly occur only during the beam pulse periods. The problem 

is thus to find the probability of a gate and a G.Mo tube signal falling 

within the time 2t of a beam pulse interval, where t equals the amplifier 

gate width and, very nearly, the width at half height of th~ G.M. tube 

signal. Let 

ng = recorded number of gates per second 

ns = G.M. tube pulses per second recorded by a scaler 

that is gated on with a 100 microsecond gate 

centered on the beam pulseo 

(ns can be considered to be comprised almost entirely of pulses produced 

during beam pulse intervals since the individual counting rate of a G.M. 

tube with the beam off is less than one per second as recorded on an 

ungated scalero This beam off counting rate would be Oo0066 per second 

if recorded by a gated scaler, assuming 66 beam pulses per second and 100 

•. 
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microseconds gate widths. Of course, this·rate would be greater if the 

scaler gate intervals were chosen to immediately follow the beam pulses, 

but it is certainly· not greater by the factor of 100 which is necessary 

to be comparable with the value observed for nse) 

Now the probability of an amplifier gate arriving at a 

particular beam pulse is ng/66. Since ns and ng are not corre~ated, the 

probability of a G.M. tube pulse arriving at the same beam pulse is (ns/ 

66) (ng/66). The number of accidentals produced per beam pulse equals the 

probability that the pulses above fall within the fraction 2t/T of the beam 

pulse, where Tis the time width of the beam pulseo This is (2t/T)(ns/66) 

(ng/66). Whence, the number of accidentals observed per second should be 

2tn6ng/66T. If the beam intensity is held constant, n6 is practically the 

same regardless of the target used. ng vari~s with the target, but the 

maximum variation is only 20 percent. For a D20 target values of the quan

tities in the equation above areg 

n6 = 2 per second 

ng == 5 per second 

t -= 2 microseconds 

T = 15 microseconds 

The accidentals per second are therefore equal to 4(2) (5)/15(66), or 

0.040 per second. 

The second method of calculating the accidentals which is 

listed in Section IV is preferred because of the rapid accumulation of 

statistics, and because the accidentals obtained are due to the back-



ground flux at the actual GoMo tube positions in the arrayo This method· 

consists of using a particular target in the beam and supplying gates t·o 

the GoMo tube amplifiers that always fall within the beam pulse intervals$ 

but that fall there in a ra~dom fashiono The coincidences that occur 

between these gates and the GoMo tube pulses are recorded on the 35 

registers~ as they are during normal operationo These coincidences in 

each aharinel now contain (1) real contributions of scattered protons from 

the target~ and (2) doubles accidentals between the gates and the individual 

.GoMo tube pulseso· The accidentals per beam monitor per gate applied are 

given to a first approximation as the difference between these recorded 

coincidences per beam monitor per gate and the rnreal coincidences" obtained 

from the same target by using the quads to gate the GoMo tube amplifierso 

A second app;rooximation can be made if required by using the accidentals per 

beam monitor per gate as obtained in the first approximation to ·correct for 

the accidentals in these "real coincidences" before making the subtraction 

indicated aboveo The rapid random gates applied to the GoMo tube amplifiers 

are initiated by the individual signals of the slit countero That these 

individual signals occur almost entirely during the beam pulses is verified 

by gating the scaler recording these individuals and varying this gate in 

time with respect.to the beam pUlseo· 

The comparison of this method with the one described above is 

quite goodo· When a D20 target is used~ this method gives Oo038 ± Oo002 for 

the accidentals per second in a channel whose GoMo tube was located near 

the tube used above ih calculating approximately Oo040 for these accidentalso 
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