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ABSTRACT 

A study has been made of deuterons produced at wide angles to 
a beam of 300 Mev neutrons and a beam of 300 Mev pro tons . The c ro s s 
section dependence on atomic number for these deuterons for light 
elements can be written as σ = kA1.2. This fact and the energy spectra 
and angular distribution of the deuterons show that the process that forms 
these deuterons is the indirect pickup p r o c e s s descr ibed by Bransden. 
This is a two step p r o c e s s in which the incident nucleon, or its collision 
pa r tne r , is sca t te red and then picks up in the same nucleus . A yield of 
t r i tons has also been observed that has the same A dependence and is 
p resumably made by the same p r o c e s s . The A dependence of the deuteron 
production c r o s s section also shows that these deuterons a r e made on 
the nuclear surface. Because of this fact, a compar ison of the deuteron 
yields using an incident neutron beam and an incident proton beam can 
give information about the re la t ive number of neutrons and protons on 
the surface of the nucleus . An analysis of this sor t leads to the conclu­
sion that for heavy nuclei the re is a nuclear skin r ich in neu t rons . Fo r 
light nuclei the effect is not p resen t . If one a s sumes that this skin is 
composed only of neutrons its thickness must be about 0.8 x 10-13 cm 
for lead. 



- 4 -

THE PRODUCTION OF DEUTERONS IN HIGH ENERGY NUCLEON 
BOMBARDMENT OF NUCLEI, AND ITS BEARING ON 

NUCLEAR CHARGE DISTRIBUTION 

Wilmot N. Hess 

Radiation Labora tory , Department of Phys ics 
Universi ty of California, Berkeley, California 

July 27, 1954 

I. INTRODUCTION 

Among the var ious phenomena which revea l the constitution and 
organizat ion of the nucleus a r e the identity and c ha ra c t e r i s t i c s of the s e c ­
ondary pa r t i c l e s which emerge under controlled bombarding conditions. 
As examples of some aspects of nuclear organization which may be 
investigated by a study of secondary particles, one might mention the evap­
orat ion model and nuclear " t e m p e r a t u r e s " , nuclear level densi t ies and 
level widths, the cha rac t e r i s t i c momentum dis t r ibut ions for nucleons 
in nuclei , and at higher energ ies such considerat ions as cascade collision 
p r o c e s s e s , mean free paths for pa r t i c l e s in nuclear m a t t e r , and cer ta in 
aspec ts of meson production. 

The deuteron as a secondary par t ic le has been of considerable 
in te res t , since its smal l binding energy invites questions as to the p r o c ­
e s s e s by which it may emerge intact, pa r t i cu la r ly in h igh-energy events . 
The elucidation of these phenomena has led to the "pickup" concepts which 
have been prominent in recen t nuclear react ion theory. 

In 1952 Clark at this labora tory observed a yield of deuterons 
at 40o to a 340 Mev proton beam from a carbon target . 1 Because these 
deuterons were made at a large angle to a high energy beam, it was 
improbable that they were direct pickup deuterons.2,3 Direct pickup deu­
terons a r e formed when a nucleon having an energy of the o rde r of 100 
Mev en te r s a nucleus and in te rac t s with one of the nucleons in the nucleus 
in such a way that the pai r of nucleons on leaving the nucleus can exist 
as a bound s tate of a deuteron. It is quite apparent that if the nucleon 
in the t a rge t nucleus has a momentum para l l e l to the incident nucleon 
the probabil i ty of forming a deuteron is l a r g e r than if the momentum is 
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ant iparal le l or at right angles to the incident nucleon. The reason is that 
in this case the re la t ive velocity of the two nucleons is smal le r and it is 
more probable for them to fulfill the re la t ive momentum conditions com­
patible with a deuteron. This means that in forming direct pickup 
deuterons, nucleons having momenta parallel to the beam of incident particles 
a r e favored. The d i rec t pickup deuterons formed therefore a r e quite 
strongly peaked in the direct ion of the incident beam, with a modera te ly 
well defined energy re la ted to the energy, of the incident nucleons. Also, 
it is known that above 100 Mev the probabil i ty of making d i rec t pickup 
deuterons d e c r e a s e s quite rapidly, so that at 340 Mev one would not expect 
to observe many of them at any angle. This . is again re la ted to the fact 
that the incident nucleon t r i e s to find a pa r tne r nucleon of comparable 
momentum in the nucleus , and the higher the momentum of the incident 
nucleon the less likely it is to find such a partner. At about the time Clark 
first observed these deuterons, Bransden wrote a theoretical paper de­
scribing a method for producing deuterons s imi la r to those observed. 
Quoting from Bransden ' s paper , "Deuterons may be formed as the resu l t 
of a second o rde r p r o c e s s in which a nucleon of re la t ively smal l momentum 
(produced by the collision of the incident neutron with a nucleon in the 
ta rge t nucleus) picks up a second nucleon in the ta rge t nucleus to form 
a deuteron" . 

This formation mechanism could account for the observed deu­
t e rons . It is known that the energy spect rum of protons sca t te red from 
carbon at 40o to a 340o Mev proton beam shows considerable yields of 
protons of all energies below the bombarding energy.5 These a r e due 
to coll isions of the beam par t i c l e s with ta rget nucleons having var ious 
momenta so that sca t te red pa r t i c l e s of var ious energ ies can be made.6 

Also, collision of a beam par t ic le with more than one ta rge t nucleon occurs 
quite frequently. These coll isions help produce the lower -energy sca t te red 
pro tons . F r o m this evidence we know that there will be protons of the 
r ight energy to pick up par tne r nucleons travel ing at 40o to the incident 
beam inside the ta rget nucleus . These sca t te red protons can pick up 
p a r t n e r s having suitable momenta to make deuterons of the pa i r . The 
pickup process here forms deuterons traveling roughly in the direction 
of the scattered protons or, in this case, at 40o to the incident beam. 
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In this way we can make a sizable yield of deuterons., using a high energy 
nucleon beam at l a rge r angles to the beam than the di rect pickup p r o c e s s 
would allow. Such deuterons would be s imi la r to those Clark observed. 

It was decided to study these deuterons to see if the indirect pick­
up p r o c e s s was responsible for their production and in general to de termine 
their c h a r a c t e r i s t i c s . The dependence on atomic number of the differ­
ential c r o s s section for producing deuterons was measu red , and the angular 
distr ibution and energy spect ra of these deuterons were determined. 
In each case the exper imental data agreed qualitatively with the indirect 
pickup p roces s theory of Bransden and agreed well with a modified vers ion 
developed in the course of this exper iment . This provides strong evidence 
that the indirect pickup p r o c e s s is responsible for forming the observed 
deuterons . The A dependence of the c r o s s section for producing these 
deuterons is of special in te res t . It was found that the differential c r o s s 
section for making deuterons at 40o to the beam from various light e l e ­
ments could be wri t ten 

σd (40°) = kA1.2 

The fact that the exponent he re is 1. 2 is important . The comparable ex­
ponent for d i rec t pickup deuterons is 0.41. Even for the sca t te red p r o ­
tons the exponent is only 0 .72, because the nucleus is only par t ia l ly t r a n s ­
parent to the incident beam and some of the nucleons a r e not effective 
in the scat ter ing p r o c e s s . The fact that the exponent 1.2 for the observed 
deuterons is considerably l a rge r than 0.72 shows that the p r o c e s s that 
makes the observed deuterons must be a two step event such as the indirect 
pickup p r o c e s s . If the formation mechanism is the indi rec t pickup p r o c e s s 
the c r o s s section can be wri t ten as the product of a sca t ter ing c ro s s s e c ­
tion for the incident nucleon and a probabil i ty for the pickup to occur . 
The two steps in the formation p r o c e s s a r e independent, so the probabi l ­
ity that they both happen is the product of the probabi l i t ies that each one 
happens. 
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Now let us substitute in the A dependence power laws for each t e rm in 
the equation above. 

kA 1 . 2 = [c1 A.72] [c2 A.41] = c1.c2 A1.13 

The reasonable agreement of the exponents he re is strong evidence that 
the indirect pickup p r o c e s s is the formation mechanism for the observed 
deuterons . F u r t h e r m o r e , it is in teres t ing to note that the A dependence 
of the pickup pa r t of the indirect pickup p roces s implies that the pickup 
takes place not throughout the whole volume of the nucleus, but only on 
the surface of the nucleus (and actually only on pa r t of the surface) . If 
only the surface nucleons a r e important in the p r o c e s s then, as we go 
to heavier t a rge t nuclei , the pickup probabil i ty should inc rease as the 
number of surface nucleons increases, or as A2/3. Since the exponent 
is somewhat less than this, only part of the surface contributes to the 
pickup p r o c e s s . It s eems reasonable that deuterons should be made only 
at the surface as the mean free path of deuterons in nuclear ma t t e r is 
small compared to nuclear dimensions (except for very low A). The fact 
that the pickup takes place on the nucleon surface suggests that some in­
formation about the surface can be obtained in the following way. 

F i r s t , let us consider the indirect pickup deuterons resul t ing 
from proton bombardment . F igure la shows this event. Fo r s implici ty 
let us consider equal numbers of neutrons and protons in the nucleus . 
Then if the beam proton coll ides with the ta rget proton both sca t te red 
pa r t i c l e s a r e protons ; if the beam proton coll ides with a ta rge t neutron, 
one proton and one neutron a r e sca t te red . This simple argument would 
lead one to expect th ree t imes as many sca t te red protons as neutrons 
in the sca t te red nucleon beam. This ra t io is in rea l i ty somewhat different 
from 3:1, probably due to the values of the n-p and p-p differential c r o s s 
section at 40 o . Since mos t of the sca t te red nucleons a r e protons , then 
the pa r t i c l e s that a r e picked up at the nuclear surface to form deuterons 
a r e most ly neut rons . 

Next, if we perform a s imi la r experiment using an incident neu­
t ron beam, as shown in Fig . lb, we find a somewhat different situation. 
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Fig. 1 Schematic Diagram of the Indirect Pickup 
Process Using (a) a Proton Beam or (b) 
a Neutron Beam Incident on the Target. 
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The same argument h e r e would lead one to expect m o r e sca t t e red neutrons 
than protons in a rat io of 3:1. If the n-n differential c r o s s section is the 
same as the p-p differential c r o s s section (as charge symmet ry a rguments 
would lead one to believe), then this rat io would be exactly the r e v e r s e 
of the ra t io for an incident proton beam. With a neutron beam incident 
the sca t t e red nucleon beam consisting mainly of neutrons must pick up 
protons at the nuclear surface to form deuterons . In this way the yield 
of deuterons from a proton beam exper iment depends upon the p resence 
of neutrons on the nucleon surface, and the deuterons from a neutron beam 
exper iment depend upon the p re sence of protons on the nuclear surface. 
If there a r e more neutrons than protons on the surface of the nucleus more 
deuterons will be made when a proton beam was used than when a neutron 
beam is used. Performing the neutron beam and proton beam exper iments 
and using a somewhat m o r e elaborate analysis led us to the conclusion 
that for heavy nuclei the fraction of surface nucleons that a r e neutrons 
is l a rge r than the number of neutrons in the nucleus divided by the atomic 
number, indicating that there is a surplus of neutrons on the surface of 
the nucleus. There is no such effect for light nuclei. 

There is a theore t ica l r eason for believing that the re may be 
a surplus of neutrons on the surfaces of heavy nuclei.7 If one assumes 
that the nuclear part of the potential well of a nucleus is the same for 
neutrons and protons , and cons iders a well that i s not square but has s lop­
ing sides (which is physically rea l i s t i c ) , then the only difference between 
the total potential seen by neutrons and protons is the Coulomb potential . 
Adding the Coulomb potential to the nucleon well e levates the potential 
depress ion to which the protons a r e subject, and effectively pushes in 
the sides of the well for protons of a given binding energy, because of 
the sloping s ides of the nucleon pa r t of the potential . This means that 
protons a r e l imited to a smal le r space than neutrons of the same binding 
energy and, there fore , p red ic t s a surface surplus of neut rons . This will 
be t rue only when the Coulomb potential is l a rge , which is the case for 
heavy nuclei . 
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II. EXPERIMENTAL APPARATUS AND PROCEDURE 

A. General Operating Conditions 

1. Cyclotron Beams 
This exper iment was per formed using the external h igh-energy 

proton and neutron beams of the 184 inch Berkeley synchrocyclotron. 
A plan view of the cyclotron showing the external proton beam is r e p r e ­
sented in Fig . 2 and in Fig . 3 a s imi la r view shows the external neutron 
beam. 

When a proton beam was used it was brought out into the external 
experimental area, called the "cave", by scattering.8 The scattered 
proton beam has a longer pulse than an electrically deflected beam. This 
is des i rab le in the supress ion of accidental counts in any coincidence count­
ing exper iment . The energy of the proton beam was reduced from 340 
Mev to 300 Mev by placing a copper energy degrader at the position shown 
in F ig . 2 and adjusting the bending magnet cu r ren t appropr ia te ly . This 
was done to allow d i rec t compar ison with the neut ron-beam exper iments . 
The proton beam was monitored by using an argon-fi l led ionization cham­
ber connected to a recording e l ec t rome te r . 

The neutron beam used in this exper iment was produced by bom­
barding a 2 inch thick Be t a rge t with 340-Mev pro tons . The neutron spec­
t rum* obtained this way is shown in F ig . 4. The peak of the spect rum 
is just about 300 Mev, which is the same energy as the proton beam used. 
The neutron beam was monitored in t e r m s of the the rmal neutron flux 
it produces in the shielding by using two BF 3 - l i ned proport ional counters 
placed as shown in Fig. 3 and counting the alpha particles from the 
reaction B10(n, a) Li7. The BF3 counter outputs were fed through ampli­
f iers to s ca l e r s and recorded . The two counters t racked each other very 
well. 

2. Targe ts 
The t a rge t s used were l i thium, carbon, aluminum, copper, cad­

mium, lead, uranium and polyethylene = (CH 2 ) n . All the t a rge t s had l e s s 
than 0 . 5 % contaminants . They were all 2-1/2 inch x 2-5 /8 inch a r ea 

*This was obtained by Ball , Cladis and Hess by the method given in Cladis , 
Hadley, and Hess , Phys . Rev. 86, 110 (1952). 
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Fig . 2 Plan View of the Cyclotron Showing the 
External Proton Beam. 
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Fig. 3 General Experimental Arrangement for the 
Neutron Beam Exper iment . 
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Fig . 4 Neutron Energy Spectrum Produced from 
340 Mev Protons Bombarding 2" of Be. 
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which is l a rge r than the beam a r e a s used. They were all 9 Mev thick 
for 40 Mev deuterons except the lithium target , which was 7 Mev thick 
at the same energy. The lithium was machined and s tored under minera l 
oil but picked up an es t imated 2 % by weight of oxygen over the per iod 
of u se . The surface of this ta rge t was cleaned before each run. Cor­
rect ions were made accordingly, but proved negligible. 

B. E - dE /dx Method for Pa r t i c l e Identification 
1. General Exper imenta l Method 
A large p a r t of the information in this exper iment was obtained 

by a par t i c le detection method which m e a s u r e d dE/dx and E for the sca t te red 
charged p a r t i c l e s . This is accomplished by using a te lescope of th ree 
c rys ta l sc in t i l l a tors , the c rys ta l towards the ta rge t modera te ly thin and 
the second c rys ta l thick enough to stop most of the sca t te red pa r t i c l e s . 
The thi rd c rys ta l is used to detect the passage of pa r t i c l e s too energet ic 
to be stopped in the second c rys ta l . This third c rys ta l was needed because 
the second c rys ta l had to be kept to a reasonable s ize; to have stopped 
300 Mev protons , the second c rys ta l would have to have been 25 inches 
thick. The apparatus is shown in Fig . 5. The par t ic le energy loss in 
the thin c rys ta l is proport ional to dE /dx and the energy loss in the second 
crys ta l is proport ional to E of the incident pa r t i c l e . The measu remen t 
of these two p a r a m e t e r s de te rmines the m a s s and energy of the observed 
sca t te red p a r t i c l e s . The relat ionship between E and dE/dx for var ious 
pa r t i c l e s is plotted in Fig . 6. Actually the values plotted a r e the energy 
lo s ses in the f i rs t two c r y s t a l s . These a r e s imi la r to. but not equal to, 
dE 
dx and E. It is seen from this figure that protons of energy g rea t e r than 
35 Mev can be observed. Deuterons of energy 47 Mev up to 150 Mev fall 
on the hyperbola- l ike curve; above 150 Mev the deuterons may be confused 
with p ro tons . Tr i tons of energy 58 Mev to 180 Mev can also be identified. 
The proton curve changes direct ion when the protons become energet ic 
enough to pa s s through the E c rys t a l . 

2. Counters 
The sc int i l la tors used in this experiment were made of terphenyl 

embedded in polystyrene p las t ic . This ma te r i a l is convenient to work 
with, is easi ly machined, is quite t r anspa ren t , and produces pulses about 
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F ig . 5 Exper imental Apparatus Used in the E - d E E - dx 
Method. 
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Fig. 6 The E - dE E - dx 
relat ionship for Various P a r t i c l e s . 
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2 x 10-8 second long. All three scintillators were viewed by RCA 5819 
photomultipliers joined to the scintillators by tapered lucite light pipes. 
The f i r s t and second scint i l la tors that m e a s u r e dE /dx and E of the inci ­
dent pa r t i c l e s were also viewed by a pai r of 1P21 photomult ipl iers on each 
scint i l la tor . All the photomult ipl iers were magnetical ly shielded. The 
dE/dx scint i l la tor which was c loses t to the ta rge t was made with the 
smal les t a r e a . It was 1. 5 inches by 1. 5 inches as seen by the sca t te red 
p a r t i c l e s . The E scint i l lator had an a r e a of th ree inches by three inches 
and the th i rd of "pas s through" counter had an a r e a of four inches by four 
inches . In this way the effects of smal l angle scat ter ing were minimized. 
E a r l i e r a t tempts to use dE/dx counters about the same a rea as the E 
counter led to considerably g rea t e r var iat ion in pulse height. The dE/dx 
scintillator was made thick enough so that the pulse height variation 
resuiting from the Landau effect9 and from photoelectron statistics in the 
phototube would not be se r ious enough to in ter fere with par t i c le identifi­
cation. At the same t ime , it was made no thicker than n e c e s s a r y so that 
the counter te lescope could identify as low energy sca t t e red pa r t i c l e s 
as poss ib le . A value of . 4 in. for this counter was decided on after a lso 

trying . 6 in. and . 2 in. Because of the thickness of the d E 
dx crys ta l the 

pa r t i c l e s that passed through the te lescope had the following low energy 
cutoffs : 

P ro tons : E >36 Mev 
Deuterons: E >48 Mev 
Tr i tons : E > 58 Mev 

He3 and heavier pa r t i c l e s were not observed in any measurab le quantity, 
probably because the energy cutoff gets so high. The energy cutoff for 
He3 is 125 Mev. The E c rys ta l was made 3 inches thick. This value was 
chosen because it was known that most of the deuterons to be studied in 
this exper iment would be stopped by this thickness and that if the c rys t a l 
were made much thicker the pulse height variation due to particles going 
through different parts of the crystal might become large. 
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3, Elec t ronics 
F igure 5 shows the e lec t ron ics used with the E - d E E - dx equipment. 

The pulses from the 5819 photomult ipl iers viewing the sc int i l la tors were 
delayed about 10-7 second with r e spec t to each other by using 100 foot 
lengths of cable then mixed in r e s i s t o r networks and exhibited on a model 
517 Tektronix osci l loscope. The 1P21 signals were used to t r igger the 
scope. The dis tr ibuted ampl i f iers in the 517 osci l loscope were used in 
present ing the 5819 phototube pu l ses . In this way the only means by which 
the pulse s izes from the 5819 tubes could vary were by a change in the 
voltage on the tube or by the scope ampl i f ie rs ' changing c h a r a c t e r i s t i c s 
during the exper iment . The voltages were checked severa l t imes during 
the exper iment , and var ied l e s s than five volts in about 1, 000 if at a l l . 
The scope ampl i f ie rs were checked by using a pulse genera tor before and 
after the exper iment to cal ibra te the scope deflection sensi t ivi ty. No 
change was observed in the sensi t ivi ty. A change of 2 % would have been 
seen. 

The osci l loscope t r igger c i rcui t was a r ranged in such a way that 
when a fast pa r t i c le went through the dE /dx and E scint i l la tors the osc i l ­
loscope was t r iggered . The signals from these two 1P21 tubes attached 
to each scint i l la tor were pas sed through a t r iode adder c i rcui t ( s imi la r 
to the mixer c i rcui t shown in Fig . 11*.) This c i rcui t also l imi ts the pulse 
size by cutting off the t r iode . The outputs of these c i rcu i t s were ampl i ­
fied in Hewlett Packa rd Model 460 B dis t r ibuted ampl i f iers and then fed 
through a second adde r - l im i t e r c i rcu i t . This c i rcui t a lso clipped the 
pulse length to 10-8 second; a 58 in. length of 197 Ω coacial cable on the 
input grid provides this clipping action. This system of two adder -
l i m i t e r s and an amplif ier was used to provide equal s ize pu l ses into a 
coincidence c i rcui t , although the pulse s izes out of the 1P21 phototubes 
var ied in height by as much as a factor of 100. The coincidence c i rcui t 
was a germanium diode doubler c i rcui t (shown in F ig . 11). The 
resolving time, which is limited by the input pulse length was about 2 x 10-8 

second. In order that the coincidence circuit should have uniform efficien­
cy for pa r t i c l e s of different energy it was neces sa ry to delay the dE/dx 

*The fast e lec t ronics used in this exper iment was s imi la r to that designed 
and used at this labora tory by D r s . Bandtel, F rank , Godfrey and Madey. 
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1P21 signal by five feet of 197 Ω cable (about 0 .5 x 10-8 second). In this 
way even a 5 Mev deuteron which took 0.8 x 10-8 second to go from the 
dE/dx crystal to the E crystal, produced a sizable pulse out of the coin­
cidence c i rcui t . The output from the coincidence c i rcui t was fed through 
two Hewlet t -Packard Model 460 A distr ibuted ampli f iers and then into 
the scope t r igger amplif ier . The t r igger amplifier on the scope was set 
so that single pulses from the coincidence circui t just would not t r igger 
the sweep. The d i sc r imina tor on the scaler which was counting the pulses 
from the coincidence circui t was set in the same way. The counts on 
this sca le r t racked the number of scope t r a c e s to within 1 %. The output 
from the coincidence c i rcui t was also recorded on a s c a l e r . 

4. Calibrat ion 
P a r t of one run was devoted to cal ibrat ing the E - dE/dx equip­

ment . This was done by placing the scint i l la tors d i rect ly in a low inten­
sity beam of monoenerget ic pa r t i c l e s in the cave (see Fig . 2). Deuterons 
were acce le ra ted to 190 Mev in the cyclotron and then the energy of the 
deuterons was reduced by placing copper energy deg rade r s in the deflected 
beam. In this way deuterons of 120 Mev and 50 Mev were obtained in the 
cave. Similar ly, the 340 Mev proton beam was reduced to 110 Mev and 
to 40 Mev. The pulse height distr ibution produced in the counters was 
m e a s u r e d for these var ious incident pa r t i c l e s . The r e su l t s of these m e a s ­
u remen t s a r e shown in F ig . 7. The 40 Mev proton beam pulse height 
distr ibution is not shown because it was so poor. Range straggling, neu­
t rons and other undesi rable events obscured the pa t te rn h e r e . This is 
not surpr i s ing because the copper energy degrader in this case is 0.975 
of a range thick. The center point of the 40 Mev proton distr ibution is 
shown. It i s observed on F ig . 7 that the 120 Mev deuteron and 110 Mev 
proton dis t r ibut ions do not over lap. The ta i ls on the distr ibut ions in F ig . 7 
a r e probably due to sca t te r ing in the E c rys ta l . The curves drawn on 
Fig . 7 a r e the E - dE /dx relat ionship plotted on Fig . 6. The theore t ica l 
curves have been fitted to the cal ibrat ion data at the 110 Mev proton point. 
It is seen that the theore t ica l curve fits the exper imenta l data quite well . 
Two cor rec t ions have been made to the theoret ica l E - dE /dx curves . 
F i r s t , sa turat ion effects in the scint i l la tor must be considered. A cer ta in 
energy loss near the end of a pa r t i c l e ' s range does not produce as much 
light as the same energy loss would further from the end of the range . 
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Fig . 7 E - dE E -
dx 

Calibration Data Taken with Var ious 

Monoenergetic Beams . 
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The magnitude of this effect has been determined by Taylor and co -worke r s 
for anthracene.10 The saturation effects in the present experiment have 
been corrected for by use of this same curve. Secondly, the scope gain 
is not l inear for la rge deflections. This gain curve has been determined 
and cor rec ted for. The voltages on the 1P21 photomult ipl iers were adjusted 
during the cal ibrat ion run. The threshold for producing the t r igger s ig ­
nal was de termined for the five cal ibrat ion points . The highest threshold 
was 1100 volts . The data were taken with the voltage at 1500 volts . This 
operating condition was well on a plateau: The 5819 voltages were set 
at values that gave convenient pulse s izes on the osci l loscope. 

C. Hρ - Range Method 
P a r t of the data taken using the 300 Mev proton beam were ob­

tained by using Hp and range to de te rmine the sca t te red pa r t i c l e m a s s 
and energy. This was done by bending the sca t te red pa r t i c l e s through 
a magnetic field and then counting the number of pa r t i c l e s that appeared 
at var ious exit posi t ions by a 35 channel set of scinti l lat ion counters . 
This equipment is quite similar to that used by Cladis.5 The separation 
of deuterons from protons was accomplished by placing wedge-shaped 
a b s o r b e r s in front of the 35 channel counters . Fig . 8 shows the expe r i ­
mental a r r angement . The abso rbe r s were made to be a cer ta in fraction 
of a deuteron range thick at each point. Several of these wedge shaped 
a b s o r b e r s were made having th icknesses of 0 .3R D , 0 .6R D , 1.2RD and 
2 . 0 R D . The total counting ra te of the 35 channel counters was de termined 
as a function of abso rbe r th ickness . A curve of this so r t for aluminum 
is shown in F ig . 9. The dip at the deuteron range is quite apparent in­
dicating that the re is a measurab le fraction of deuterons . 

The table below shows how the range va r i e s for different pa r t i c l e s 
that have the same Hρ. 

P a r t i c l e Momentum of Pa r t i c l e Range of Pa r t i c l e P a r t i c l e Momentum of Deuteron Range of Deuteron 
Proton 1 5.90 
Deuteron 1 1.00 
Tri ton 1 0.35 
H e 3 2 1.05 
H e 4 2 0.50 
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Fig . 8 Exper imental Apparatus Used in the Hρ-Range 
Method 



- 2 3 -

Fig. 9 An Absorber Curve Obtained Using the Hρ-
Range Method. 
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The r a n g e r a t i o s a r e e s s e n t i a l l y i ndependen t of the p a r t i c l e 
energy. The He3 and He4 h a v e tw ice the m o m e n t u m of the o t h e r p a r t i c l e s 
for the s a m e Hρ b e c a u s e they have Z = 2. F r o m the t ab l e above one can 
see tha t it i s e a s y to s e p a r a t e d e u t e r o n s f rom p r o t o n s and d e u t e r o n s f rom 
t r i t o n s but tha t t r i t o n s and He4 m a y be confused and s l m o s t c e r t a i n l y 
deuterons and He3 will be confused. From the absorber curve (Fig. 9) one 
can see that the yield of tritons + He4 is unmeasurably small. It is rea­
sonab le to a s s u m e t h e r e f o r e t ha t the c o n t r i b u t i o n at RD = 1 i s due to 
deuterons and not to He3. This is borne out by the E - dE/dx data. Although 
the separation of protons from deuterons is more complete here than when 
E - d E / d x i s u s e d t h i s m e t h o d h a s one big d i s a d v a n t a g e . Ind iv idua l e v e n t s 
canno t be l a b e l e d a s d e u t e r o n s o r p r o t o n s . A s u b t r a c t i o n involv ing two 
a b s o r b e r t h i c k n e s s e s m u s t be m a d e and t h i s m a k e s the s t a t i s t i c s w o r s e , 
e s p e c i a l l y s i n c e the d e u t e r o n y ie ld i s only about 5 %, wh ich m e a n s tha t 
the s u b t r a c t i o n i nvo lves a s m a l l d i f f e r e n c e b e t w e e n two l a r g e n u m b e r s . 
Th i s effect l i m i t e d the u s e of the Hρ - r a n g e m e t h o d to the p r o t o n b e a m 
e x p e r i m e n t s w h e r e the count ing r a t e s w e r e r e a s o n a b l e . In the n e u t r o n 
b e a m the count ing r a t e s w e r e too low to m a k e t h i s m e t h o d use fu l . 

The e n e r g i e s of the p a r t i c l e o r b i t s t h r o u g h the m a g n e t w e r e d e ­
t e r m i n e d by p a s s i n g a c u r r e n t - c a r r y i n g w i r e u n d e r t e n s i o n t h r o u g h the 
f ie ld. T h i s w i r e m a p s out the o r b i t s and d e t e r m i n e s the p a r t i c l e m o m e n t a 
for t h e o r b i t s by the r e l a t i o n s h i p 

Tension in dynes = Hρ in gauss cm 
Current in abamps 

= Hρ in gauss cm 

The o r b i t s for the p a r t i c l e s p a s s i n g t h r o u g h the m a g n e t w e r e 
d e t e r m i n e d by the fac t t ha t t hey had to o r i g i n a t e a t the t a r g e t , and then 
p a s s t h r o u g h two th in " s l i t " s c i n t i l l a t i o n c o u n t e r s , and then hav ing b e e n 
de f l ec ted by the m a g n e t s t r i k e one of the 35 channe l s c i n t i l l a t i o n c o u n t e r s . 

F i g u r e 10 i s a b lock d i a g r a m of the e l e c t r o n i c s u s e d in connec t i on 
with the Hρ - r a n g e a p p a r a t u s . The s c a t t e r e d p a r t i c l e p a s s e s t h r o u g h 
the two s l i t s c i n t i l l a t i o n c o u n t e r s . The r e s u l t i n g l ight p u l s e s a r e r e c e i v e d 
by the 1P21 pho to tubes and the s i g n a l s f r om the two t u b e s on e a c h c r y s t a l 
added in a t r i o d e a d d e r c i r c u i t s i m i l a r to t ha t shown in F i g u r e 11. A l s o 
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Fig. 10 Block Diagram of the Elec t ronics Used 
with the Hρ-Range Method. 
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Fig. 11 Mixer - Coincidence Circuit and Amplifier 
Used in the Hρ-Range Method. 
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incorporated in the grid of this c i rcui t is a section of cable of such a length 
that the pulse reflected along this line upon returning to the grid clips the 
original signal to a length of 5 x 10-9 sec The length of these pulses de­
t e rmine the resolving t ime of the coincidence c i rcui t into which the signals 
a r e fed. This is a germanium diode circui t s imi la r to that shown in F ig . 11. 
The output of this c i rcui t is amplified and lengthened and fed into seven 
coincidence c i rcu i t s . The other input to these coincidence c i rcu i t s comes 
from a mixer c i rcui t in which five or six of the channel scint i l la tor counter 
signals a r e mixed. F ig . 11 shows this m i x e r c i rcui t , the coincidence c i rcui t 
that follows it, and the succeeding amplif ier . The mixing p r o c e s s makes 
the energy resolut ion worse but reduces the amount of e lect ronics needed. 
A signal coming from one of the seven coincidence c i rcu i t s indicates that 
a par t ic le has gone through the two slit scintil lation counters and then 
through one of the group of channel counters feeding the coincidence c i rcui t 
under ques t ion . The outputs of the seven coincidence c i rcui t s a r e ampl i ­
fied and then scaled. The counting r a t e s of these s c a l e r s as a function 
of absorber thickness de termine the yields of the var ious sca t te red p a r ­
t i c les . 
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III. ANALYSIS OF DATA 

A. E - dE/dx Method 

1. General Method 
Pulse height data were r ecorded on 35-mm film free running 

through a General Radio movie c a m e r a focused on the scope face. The 
beam level was adjusted so that about one sweep on the scope per inch 
of film was recorded . It was de te rmined that the 12 kilovolt acce lera t ing 
voltage on the scope gave enough intensity to photograph. This allowed 
l a rge r signal deflections on the scope, up to four cen t ime te r s , before 
the ampl i f iers in the scope saturated. The film was developed and p r o ­
jected on a microfi lm viewer and the pulse heights were r ead and plotted. 
A sample of the data taken with an Al t a rge t at 40o is shown on Fig . 12. 
These data show c lear ly the proton line and also the deuteron l ine. Also 
l e s s evident, but p resen t , is a contribution of t r i tons . If the proton, deu­
te ron and t r i ton l ines a r e drawn in on this plot as in F ig . 7, and l ines of 
constant m a s s a re then drawn between these three l ines , a pa r t i c le m a s s 
distr ibution curve can be obtained by counting the events lying between 
the var ious l ines . A m a s s spect rum a r r i ved at in this way is shown in 
Fig . 13. It is seen that the deuteron peak is quite well separa ted from 
the proton distr ibut ion, and a lso that the re a r e some t r i tons p re sen t and 
that they a r e moderate ly well separa ted from the deuterons . 

The counting ra te of the sca le r that was recording the number 
of scope t r a c e s was used to obtain the differential c r o s s section for all 
sca t te red charged pa r t i c l e s from ta rge t X, which is given by 

Cx = Scaler Counts 
Nx = Corresponding monitor reading 
nx = Target a t o m s / c m 2 

Ω = Solid angle 
Є = Counting efficiency 
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Fig . 12 A Sample of Data Taken Using the E - d E E -
dx Method. 
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Fig. 13 Mass Spectrum Obtained from E - dE E -
dx 

Data. 
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The p r o d u c e ΩЄ is d e t e r m i n e d in a m a n n e r tha t m a k e s the c r o s s s e c t i o n 

in Eq . (1) a b s o l u t e . Th i s i s done by u s ing a CH2 - C t a r g e t d i f f e r ence 

and us ing the known f r e e nuc leon - nuc l eon c r o s s s e c t i o n s . 

In the above σnucleon(θ) is σpp(θ) for an inc iden t p r o t o n b e a m or σnp(θ) 

for an i nc iden t n e u t r o n b e a m . The v a l u e s u s e d for t h e s e c r o s s s e c t i o n s 

w e r e , 1 1 in m i l l i b a r n s / s t e r a d i a n : 

cm lab 
σpp(ø) σnp(ø) σpp(θ) σnp(θ) 

26° 3.4 2.80 13,6 11.2 
40° 3.7 1.75 11.6 5.45 

The v a l u e s t a k e n f rom the l i t e r a t u r e a r e the c e n t e r of m a s s v a l u e s . The 

v a l u e s u s e d in the c r o s s s e c t i o n d e t e r m i n a t i o n s a r e the l a b o r a t o r y v a l u e s ,  

which a r e ob ta ined by 

w h e r e the a n g l e s a r e r e l a t e d by 
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When one observes the s truck par t ic le after collision b' as in the n-p ex­
pe r imen t s , the above express ions must be changed to 

The β in the above discussion is for the center of m a s s and is given by 

where E1 = kinetic energy of beam nucleon 
E0 = r e s t energy of nucleon 

Eliminating σc -(θ) from Eqs . (2) and (3), we get 

This value of ΩЄ is used in Eq. (1). 
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The c ro s s sections in equation (1) resu l t s from a combination 
of protons , deuterons , t r i tons and neutrons which make recoi l pro tons . 
In o rder to get individual par t ic le c r o s s sections we re turn to the pulse 
height data. By superimposing proton-deuteron and deuteron- t r i ton sep­
ara t ion l ines , which can be obtained from Fig. 6, onto the pulse height 
data as shown in Fig . 12 we can determine the fractions of the total counts 
that a r e pro tons , deuterons , and t r i tons . The ta rge t out yield must be 
subtracted away in o rder to get these fract ions. Using these numbers 
we can get the c ros s sections for production of pro tons , deuterons , and 
t i r tons from nucleons bombarding element X. 

The subscr ip ts on the c r o s s sect ions on the left above mean 

Incident Beam Nucleon + Target x → Observed Scat tered P a r t i c l e s 

It must be r e m e m b e r e d that only pa r t i c l e s above cer ta in cutoff energies 
a r e counted. The threshold energ ies a r e l is ted in the previous section. 
Tables I and II give a summary of the c r o s s sections obtained in this way. 
F igure 14 shows the deuteron differential c r o s s sections for proton bom­
bardment of var ious e lements at an angle of 40o to the beam. F igure 15 
shows all the differential proton c r o s s sections measu red in the cour se 
of the exper iment plotted against A. F igure 16 shows differential c ro s s 
sections for t r i ton production at 40o to a proton beam. 

We can also obtain energy spec t ra from the pulse height data 
as shown in F ig . 12. Taking the r e su l t s of the cal ibrat ion run a s shown 
in F ig . 7 and by using the calculated E - dE/dx l ines as shown in F ig . 6, 
we can draw lines of known energy perpendicular to the E - dE/dx l ines . 
By counting the number of events between two such l ines and dividing by 
the energy interval we can get the energy spec t ra . This method is not 
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Tab le I 

Di f fe ren t i a l C r o s s Sec t ions O b t a i n e d Using 300 Mev P r o t o n s 
(All V a l u e s a r e in m i l l i b a r n s / s t e r a d i a n ) 

L i t h i u m C a r b o n A luminum C o p p e r 

σp+x→p(26o) 
--- 7 0 . 0 ± 4 . 0 130. 1 ± 5 . 0 188 .5 ± 7 . 0 

σp+x→p(40°) 3 5 . 3 ± 3 . 0 5 2 . 3 ± 4 . 0 8 9 . 0 ± 4 . 0 142 .8 ± 6 . 0 

σp+x→d(26°) --- 1. 72 ± 0 . 4 1 3 . 5 4 ± 0 . 7 5 6 . 4 4 ± 1 . 3 2 

σp+x→d(40o) 1.16 ± 0 . 3 1 1.90 ± 0 . 3 5 4 . 6 9 ± 0 . 4 8 7 . 8 6 ± 1 . 0 4 

σp+x→d(60o) 
--- 1.42 ±0. 30 --- ---

σp+x→t(26°) --- 0 . 1 2 0 ± 0 . 0 6 8 0 . 1 5 0 ± 0 . 1 0 8 0 . 3 1 6 ± 0 . 1 7 9 

σp+x→t(40°) 0 . 0 7 9 ± 0 . 0 4 2 0 . 1 4 8 ± 0 . 0 6 9 0 . 4 1 5 ± 0 . 1 0 8 0 . 2 6 0 ± 0 . 1 8 9 

σp+x→t(60°) 0 . 0 2 4 ± 0 . 0 4 1 --- ---

C a d m i u m L e a d U r a n i u m 

σp+x→p(26°) --- 2 9 0 . 0 ± 1 2 . 0 ---

σp+x→p(40°) 193 .2 ± 9 . 0 234 0 ± 1 2 . 0 251 . 0 ±11:0 

σp+x→d(26°) --- 13.9 ± 2 . 8 6 ---

σp+x→d(40°) 11 .22 ± 1 . 2 0 18 .0 ± 2 . 1 4 16 .80 ± 1.68 

σp+x→d(60°) --- --- ---

σp+x→t(26°) --- 1.22 ± 0 . 5 5 0 ---

σp+x→t(40°) 0 . 4 9 2 ± 0 . 2 9 6 2 . 0 3 5 ± 0 . 5 9 6 0 . 1 9 1 ± 0 . 2 4 8 

σp+x→t(60°) --- --- ---
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Tab le II 

D i f fe ren t i a l C r o s s Sec t i ons Ob ta ined Using 300 Mev Neu t rons 
(All V a l u e s a r e in m i l l i b a r n s / s t e r a d i a n ) 

L i t h i u m C a r b o n A l u m i n u m C o p p e r 

σp+x→p(26°) --- 2 7 . 7 ± 2 . 0 4 9 . 2 ± 3 . 0 7 6 . 3 ± 5 . 0 

σp+x→p(40°) 9 . 6 ± 0 . 8 5 16 .15 ± 0 . 7 7 2 9 . 7 ± 1 . 4 4 6 . 8 ±1 .9 

σp+x→d(26°) --- 2 . 8 0 ± 0 . 4 0 4 . 1 5 ± 0 . 5 0 7 .08 ± 0 . 8 6 

σp+x→d(40°) 1.13 ± 0 . 1 7 2 . 0 9 ± 0 . 2 0 3 . 8 7 ± 0 . 4 0 5 . 3 1 ± 0 . 6 2 

σp+x→t(26°) --- 0 . 3 1 1 ± 0 . 1 3 3 0 . 8 6 0 ± 0 . 1 9 5 0 . 7 1 5 ± 0 . 2 9 5 

σp+x→t(40°) 0 . 0 9 2 ± 0 . 0 2 6 0 . 2 9 1 ± 0 . 0 6 1 0 . 5 9 9 ± 0 . 1 2 4 0 . 9 9 2 ± 0 . 1 9 6 

C a d m i u m L e a d U r a n i u m 

σp+x→p(26°) --- 120.2 ± 9 . 0 ---

σp+x→p(40°) 6 4 . 2 ± 2 . 4 8 0 . 4 ± 3 . 3 8 3 . 3 ± 3 . 3 

σp+x→d(26°) --- 9 . 7 1 ± 1 . 6 0 ---

σp+x→d(40o) 8 . 8 5 ± 0 . 7 8 10 .03 ±1 .12 9 . 9 7 ± 1 . 1 7 

σp+x→t(26o) 
--- 1.60 ± 0 . 6 1 ---

σp+x→t(40°) 0 . 8 2 0 ± 0 . 2 1 7 1 .948±0 .395 1 .518±0 .380 
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F i g . 14 D e u t e r o n Dif fe ren t ia l C r o s s S e c t i o n s at 
40o 
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Fig . 15 Pro ton Differential Cross Sect ions. 
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F i g . 16 T r i t o n Di f fe ren t i a l C r o s s S e c t i o n s a t 4 0 o . 
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as re l iable as the Hρ - range method, Comparing proton energy spec t ra 
made by Hρ and range with those made by E and dE/dx showed that in each 
case the two lowest energy points made by. E and dE/dx were low by the 
same amount. Since the E - dE/dx data were more probably in e r r o r 
r a the r than the Hρ - range data, these points have been ra i sed on the 
proton energy spect ra f igures . Proton spect ra obtained from the E -
dE/dx data a r e shown in F igs . 17, 18, and 19. The Hρ - range data a r e 
not included since they were taken at 340 Mev ra the r than at 300 Mev. 
Comparison of E - dE/dx and Hρ - range proton spec t ra both made at 
340 Mev agree well except for the two low energy points . There a r e 
severa l possible r ea sons why the E - dE/dx method may show low yields 
of low energy p a r t i c l e s . F i r s t the par t i c les having energy enough to just 
get into the E c rys ta l will produce smal l light pulses t he re . Saturation 
of the light output near the end of the range reduces the size of the light 
pulse . The magnitude of the saturat ion for the sc in t i l la tors used is not 
known, but may be a la rge effect. This means that some light pulses 
may be too smal l to detect . Secondly the 1P21 phototubes used to produce 
the signal t r igger ing the osci l loscope sweep c i rcui t were not well located 
to observe low energy p a r t i c l e s . These tubes were centered on the t h r e e -
inch width of the c rys ta l whereas the light pulse or ig inates near the edge 
of the c rys t a l . For example, a 10 Mev deuteron t r ave l s only about 1 mm 
into the p las t ic scinti l lat ion. This poor geometry would tend to make the 
light pulse seen by the phototube sma l l e r . Last ly, the effects of multiple 
sca t te r ing and range straggling a r e m o r e important for low energy pa r t i c l e s 
and may d e c r e a s e the number reaching the E c rys ta l . A rough calculation 
shows that this should not be important except for pa r t i c l e s leaving the 
dE/dx c rys ta l with a few Mev or l e s s . 

All these effects tend to dec rease the counting efficiency for the 
E - dE/dx method for low energy pa r t i c l e s . There a r e no comparable 
difficulties in the Hρ - range technique so it is a s sumed the Hρ - range 
points a r e the c o r r e c t ones . 

Deuteron spec t ra made by E - dE/dx and Hρ - range methods 
for an angle of 40o a r e shown in F ig . 20. The two low energy points on 
the deuteron spec t ra obtained by E - dE/dx a r e a lso obviously too low, 
but it was difficult to make a d i rec t compar ison with Hρ - range deuteron 
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Fig. 17 Energy Spectra of Pro tons at 40° to the 
Beam for Various Elements Bombarded 
with 300 Mev Pro tons . 
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F ig . 18 Energy Spectra of Pro tons at 40° or 60° to 
the Beam for Various Elements Bombarded 
with 300 Mev Pro tons . 
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Fig . 19 Energy Spectra of Protons at 26° to the 
Beam for Various Elements Bombarded 
with 300 Mev P ro tons . 
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Fig . 20 Energy Spectra of Deuterons at 40o to the 
Beam for Light and Heavy Elements 
Bombarded with 300 Mev P ro tons . 
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spec t ra so no cor rec t ions were made in this case . Deuteron spect ra made 
by E - dE/dx for angles of 26o and 60o a re shown in Fig . 21. 

Although the difference observed in the low energy par t of the 
spect ra found using the two exper imental methods has not been carefully 
resolved, none of the essent ia l conclusions drawn from the exper iment 
is nullified. 

B. Hρ - Range Information 
The absorber curves such as in F ig . 9, obtained using the mag­

net, can be analyzed to get the differential c ro s s sections for production 
of deuterons . The dip in the absorber curve at the deuteron range is quite 
apparent . The magnitude of this dip at RD = 1 compared to the height of 
the curve for an absorbe r thickness of RD = 0 gives the fraction of charged 
pa r t i c l e s that a r e deuterons . The magnitude of this dip must be co r rec t ed 
for proton nuclear absorption in the wedge shaped a b s o r b e r s . This can 
be done by using the r e s t of the abso rbe r curve . 

The c r o s s section for producing deuterons is obtained in a man­
ner s imi la r to that used in the previous section. The c r o s s section for 
all sca t t e red charged pa r t i c l e s is obtained from the counting ra te Cx of 
the slit scinti l lat ion counters as was done before, 

σx(θ) = 
C X 

( 

1 

) 
σx(θ) = 

Nx nx ( ΩЄ ) 

where ΩЄ is obtained in the way descr ibed . F r o m this we can get the deu­
teron c r o s s section by 

σp+x→d(θ) = σx(θ) [ D e u t e r o n s ] 
( 

1 

) σp+x→d(θ) = σx(θ) [ All P a r t i c l e s ] ( M ) 
(14) 

The factor M takes ca re of the fact that the magnetic par t i c le spec t romete r 
does not count all the sca t te red protons counted by the sli t counters b e ­
cause of i ts high and low energy l imi t s . M is de termined by finding the 
fraction of the a rea under the proton energy spec t ra that the spec t romete r 
does not count. The c r o s s sections obtained this way using 340 Mev p r o ­
tons and a low energy cutoff for deuterons of 53 Mev a r e shown in F ig . 14. 
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Fig. 21 Energy Spectra of Deuterons at 26° and 
60o to the Beam when Light Elements are 

Bombarded with 300 Mev Pro tons . 
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Energy spec t ra a re obtained from the Hρ - range data by taking 
the counting ra te of one channel at a t ime instead of the total counting 
r a t e . The energy widths of the channels a r e determined by the cu r r en t -
ca r ry ing -wi re orbit mapping technique. The deuteron energy spect ra 
obtained using Hρ and range a r e shown in F ig . 20. Several e lements have 
been combined to improve the s t a t i s t i c s . The shapes of these spec t ra 
a re more re l iable than the spec t ra obtained using E and dE/dx because 
it is difficult to ass ign good energy values to posit ions along the E - dE/dx 
l ines shown on Fig . 6. 

C. E r r o r s 
The e r r o r s l is ted in Tables I and II contain more than counting 

s ta t i s t i c s , so they should be explained. 
1. The e r r o r s quoted in the proton differential c r o s s section 

m e a s u r e m e n t s a r e l a rge r than s ta t i s t ica l . One point that was considered 
bes ides counting s ta t i s t ics was the reproducibi l i ty from run to run of these 
cross sections. Also an error of about 3 % was allowed on the values 
of σPP (θ) and σnP (θ) which were used in determining the absolute cross 
sections (see Table I). 

2. The e r r o r s in the deuteron c r o s s sections a r i s e mainly from 
two sou rces . F i r s t , the s tandard deviation of the number of deuterons 
observed was used and then an allowance was made for the fact that the 
deuterons were not completely separa ted from the proton dis tr ibut ion 
(see Fig . 13) The pulse height data were inspected and the number of 
events that could have been ei ther protons or deuterons was determined, 
and half of this number was taken as an e r r o r in the separat ion. This 
number was compounded with the e r r o r in the number of deuterons and 
also compounded with the e r r o r in the differential c r o s s section for all 
pa r t i c les = σx (θ). The resu l t of this is considered to be the s tandard 
deviation of the deuteron cross sections. The same process was used 
to get the standard deviations in the triton differential cross sections. 

3. The e r r o r s shown in all the energy spec t ra a r e just s tandard 
deviations of the number of events observed. 

4. The e r r o r s shown in Fig . 25 a r e obtained by compounding 
the e r r o r s in the four c ro s s sections used to obtain the values of x (see 
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Appendix I). Because of the way the c ro s s section e r r o r s a r e obtained, 
the e r r o r s for x can be considered to be s tandard deviat ions. 
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IV A CALCULATION OF DEUTERON YIELDS 
AND ENERGY SPECTRA 

It seemed worth while to use the indirect pickup p r o c e s s model 
proposed for the deuteron formation mechanism and by star t ing with known 
spec t ra and yields of sca t te red pro tons , to t ry to fit the deuteron spec t ra 
and yields . Using this approach we wr i te , for the carbon nucleus as an 
example, that the c r o s s section for producing indirect pickup deuterons 
using an incident proton beam, is the product of the c r o s s section for 
scat ter ing the beam protons and the probabil i ty that a sca t t e red nucleon 
picks up to form a deuteron. This gives us the following express ion for 
the deuteron energy spec t rum: 

The f i rs t t e r m on the right above is the contribution from sca t te red pro­
tons picking up neut rons . The second t e r m is due to s tandard neutrons 
picking up pro tons . P1 is the probabil i ty for a sca t t e red proton to pick 
up a neutron to form a deuteron and P2 i s the probabil i ty for a sca t t e red 
neutron to pick up a proton. In the course of this exper iment we have 
measu red 

Fo r the shape of the sca t te red nuetron energy spec t rum, 

dσp.+c.→.n 

dΩ dE , 

the best guess is to take the shape of the measu red proton spec t rum, 

dσp.+c.→.p 
dΩ dE , 
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and change it point by point by the rat io of the free nucleon c r o s s sect ions, 

σnp(θ) 

σpp(θ) 

Actually, 

d σ p + c → n 

≈ 
dσn+c→p 

dΩ dE 

≈ 

dΩ dE , 
(16) 

where we have m e a s u r e d the energy spect rum on the right above, but the 
neutron beam energy spread is so l a rge that this spec t rum should not be 
compared with a spec t rum obtained from a monoenergetic proton beam 
exper iment . 

The a r e a under the spec t ra , 

dσp+c→p ≈ dσp+c→n 
dΩ dE 

≈ 
dΩ dE 

were made equal to the m e a s u r e d differential c r o s s sect ions, 

σp+c→p(θ) and σn+c→p(θ) 

In this way we now know all the spec t ra involved in Eq. 15. The p roba ­
bility that a proton picks up a neutron P 1 , should equal the probabil i ty 
that a neutron pciks up a proton P2 for carbon, since the m a t r i x element 
entering into both probabi l i t ies should be the same and the number of neu­
t rons is the same as the number of protons in the carbon nucleus . 

Using this information and, assuming that the energy dependence 
of the pickup probabil i ty can be wri t ten as a power law, we wri te 

P1 = P2 = K E-n (17) 

then taking a value for n and multiplying the two spec t ra , 
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dσp+c→p and 
dσp+c→n 

dΩ dE 
and 

dΩ dE 

by E-n and adding, we should get the deuteron energy spec t rum. How­
ever , the energy scale must be co r rec t ed . The deuteron made by pick­
up does not have the same energy as the sca t te red nucleon that produced 
the deuteron. When d i rec t pickup takes place in deuter ium we have non-
re la t iv is t ica l ly , 

E D e u t e r o n = 
8 Eo cos2θ E D e u t e r o n = 9 

Eo cos2θ (18) 

where Eo is the energy of the beam pa r t i c l e . 
Fo r a more complicated nucleus than deuter ium, where there 

is not a two-body react ion, this re la t ion does not hold exactly. In a complex 
nucleus the picked up nucleon can have m o r e internal momentum than 
in deuter ium, and the res idual nucleus functions in an unknown manner 
in absorbing the reco i l momentum. Also, the deuteron energy is dec reased 
by the fact that the picked up nucleon binding energy (BE) must be sup­
plied. We may wri te as an approximation for the energy re la t ion in a 
complex nucleus 

E D e u t e r o n = 
8 Eo cos2 θ - BE E D e u t e r o n = 9" Eo cos2 θ - BE (19) 

The re tent ion of the coefficient 8 
9 he re cannot be justified, but this coef­

ficient must be near unity and the p rocedure used seems the mos t r e a s o n ­
able . Changing this coefficient would resu l t in a change in BE. The value 
of BE can be evaluated from the data of Hadley and York.2 Chew and 
Goldberger3 pointed out that the 0o deuteron spec t rum from carbon of 
Hadley and York looked s imi la r to the 90 Mev neutron spec t rum but d i s ­
placed to a 65 Mev peak; this gives 

E D e u t e r o n 

8 Eo - BE = 8 (87) - BE = 65, E D e u t e r o n 9 Eo - BE = 9 (87) - BE = 65, (20) 

BE = 13 Mev 
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Using this same value we can get the resul tant deuteron energy spect rum 
taking cos2 θ - 1 as Chew and Goldberger did. Therefore we es t imate 
the deuteron energy from the sca t te red nucleon energy by means of 

E D e u t e r o n 

8 E1 - 13 E D e u t e r o n 9 E1 - 13 (21) 

where E1 is the energy of the sca t te red nucleon jus t before pickup occu r s . 
A very similar result was obtained by Selove12 studying pickup deuterons 
made from 95 Mev protons. Calculating BE from his data we obtain a 
somewhat lower value but changing the value used for BE does not change 
the r e su l t s of the calculat ions appreciably. Curves constructed in the 
method outlined above using n = 1, 2, 3, 4, and 6 a r e shown in Fig . 22 
with the corresponding exper imenta l deuter ium spec t ra super imposed 
on them. The a r e a s under these curves above 50 Mev have been m e a s u r e d 
and are listed in Table III. The last column in the table lists the values 
used for the pickup probability, 

P = k E - n 

which have been found by making the sum of the exper imental ly m e a s u r e d 
differential c r o s s sect ions for deuteron production at the three angles 
used agree with the sum of the same c r o s s sections as found by the method 
given in this section. These values of k were not used in plotting the deu­
te ron energy spect ra because of the uncertainty in the low energy pa r t 
of the var ious spec t ra . Instead, all the curves were fitted to the expe r ­
imental points at an energy of 75 Mev. 

We a re now in a position to decide which value of n gives the bes t 
r e s u l t s . F i r s t , looking at the differential c r o s s sect ions , we can see 
that for n = 1 the differential c r o s s section at 26o is quite high, and at 
60o is quite low. Fo r n = 6 this situation is r e v e r s e d and for n = 4 the 
same is true as for n = 6 except to a lesser degree. The best fit is 
obtained by E-2 with E-3 a second choice. 

Looking at the deuteron energy spec t ra , we see that in the spec t ra 
at all t h ree angles , the E-1 curve seems to have too high an energy cut­
off and the E-6 too low a cutoff. In addition, the E-6 cu rves seem to be 
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F i g . 22 D e u t e r o n E n e r g y S p e c t r a C a l c u l a t e d by 
Us ing the I n d i r e c t P i c k up P r o c e s s and 
A s s u m i n g the E n e r g y Depence of the P i c k 
up P r o c e s s to be g iven by E-n

. Va lues of 
n of 1, 2, 3, 4 and 6 w e r e Used in the C a l c u ­
l a t i on . 
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Table III 

Angle to b e a m 2 6 ° 4 0 ° 60° 
E x p r e s s i o n Used 

F o r P i c k u p 
P r o b a b i l i t y 

M e a s u r e d Va lue 1.78 ± 0 . 4 1 1.90 ± 0 . 3 5 1.42 ± 0 .30 ---

C a l c u l a t e d 
Using E - 1 2 . 3 9 1.61 1.19 0 . 0 9 3 ( 

E 
) 

-1 C a l c u l a t e d 
Using E - 1 2 . 3 9 1.61 1.19 0 . 0 9 3 ( 100 ) 

E-2 1.88 1.68 1.63 0 . 1 1 5 ( 
E 

) 
-2 E-2 1.88 1.68 1.63 0 . 1 1 5 ( 100 ) 

E-3 1.69 1.70 1.80 0 . 1 3 8 ( 
E 

) 
-3 E-3 1.69 1.70 1.80 0 . 1 3 8 ( 100 ) 

E-4 1.53 1.72 1.94 0 . 1 3 8 ( 
E 

) 
-4 E-4 1.53 1.72 1.94 0 . 1 3 8 ( 100 ) 

E-6 1.26 1.70 2 . 2 3 0 . 1 2 2 ( E 
) 

-6 E-6 1.26 1.70 2 . 2 3 0 . 1 2 2 ( 100 ) 

All c r o s s sections given in m i l l i ba rn s / s t e r ad i an . 
All energ ies given in Mev. 
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too high at low deuteron ene rg ies . The 26o spect rum seems to indicate 
that the n = 2 curve contains too many high energy deuterons . The bes t 
fit he re seems to be the E-3 or E-4 curve . It should be r e m e m b e r e d 
that the two lowest energy E - dE/dx spect ra l points a r e believed to be 
abnormally low. This seemed to be the case with the proton spectra where 
the E - dE/dx data could be compared with the Hρ - range data. 
On the basis of this analysis it appears that the energy dependence 
of the pickup probability is best given by E-2 or E-3

. 

There have been other e s t ima tes of this energy dependence of 
the pickup p r o c e s s . Heidmann,13 using the Born approximation, obtained 
a value of n = 6. Because of the nature of the Born approximation, this 
value is expected to be too high. Bratenahl ,1 4 using deuter ium for the 
ta rge t nucleus, has obtained a value of n ≈ 3 exper imental ly . Slater,1 5 

at this labora tory , in studying (d,p) reac t ions which a r e the inverse of 
the pickup process, found an energy dependence which for energies higher 
than 50 Mev can be written 

σ = k En (22) 

where n is about 2 .0 for severa l heavy e lements . This should be closely 
re la ted to the energy dependence of the pickup p r o c e s s . 
Dr. Warren Heckrotte has pointed out that in the analysis by 
Chew and Goldberger the cross section obtained has roughly an E-2 en­
ergy dependence. This can be seen from the fact that the ma t r i c e lement 
in the c r o s s section is given by 

According to Chew and Goldberger the energy dependence in the second 
and third factors on the right cancel each other quite completely so that 
the energy dependence is given by N(K - k) which is the momentum d i s ­
tr ibution in the ta rget nucleus . Taking Chew Goldberger momentum d i s ­
tr ibution 
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N(K - k) = 1 N(K - k) = 
(E + 18)2 

(24) 

leads to an energy dependence of roughly E-2 for the energy region under 
consideration. 
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V. RESULTS AND CONCLUSIONS 

A. Dependence of Proton Cross Sections on A 
The differential c r o s s section for scat ter ing protons from light 

e lements at 40o to the 300-Mev proton beam can be wri t ten as 

σp+x→p(40o) = k1 An1 (25) 

This r e su l t s from the fact that the curves of F ig . 15 a r e fairly s t ra ight 
l ines . Per forming a leas t squares fit to this data for light e lements leads 
to a value of n1 = 0 .70. Also, the c r o s s section for sca t t e red protons 
from neutron bombardments can be wri t ten 

σp+x→p(40o) = k2 An2 (26) 

The value of n2 is 0 .74 . 
The opaque nucleus model would pred ic t an exponent of two- th i rds for inelast ic scat ter ing but at this energy the semi t r anspa ren t nucleus theory is more applicable. Dr . Warren Heckrot te predic ted a value of n = 0.78 on the basis of the semitransparent nucleus theory.16 A recent measurement of proton nuclear absorption cross sections17 gave an ex­ponent of n = 0 . 7 3 . The values obtained in the p resen t exper iment would seem to ag ree with the predic t ions of the s emi t r anspa ren t nucleus theory. Other investigators have found comparable power laws for high energy nucleon inelastic scattering.18 

B. Pro ton Energy Spectra 
Pro ton energy spec t ra a r e shown for var ious e lements at var ious 

angles in F ig . 17, 18, and 19. The spec t rum from carbon at 40o compares 
well with Cladis's curve5 for the same spectrum. The variation with 
A is what one would expect. The quasi-elastic peak stays visible all the 
way to Uranium, but the background of multiple collision events gets l a rge r 
with A. The r eason for this is that as the nucleus gets l a rge r and p r o b ­
ability for having more than one coll ision in the nucleus goes up. F r o m 
the analysis of Wolff6 we get 
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R = radius of nucleus under considerat ion 
λ = mean free path in nuclear ma t t e r 

This is the rat io of the number of events, in which the incident par t ic le 
coll ides with more than one ta rge t nucleon to the number of events in which 
the incident pa r t i c l e s collide with a single nucleon in the ta rge t nucleus . 
The number of observed protons which originate in the mult iple collision 
events might be th ree or four t imes as la rge as the number of events if 
all of the protons involved have enough energy to escape from the t a rge t 
nucleus . Similar ly the number of observed protons from single coll ision 
events might be as la rge as twice the number of events because two nu­
cleons a r e involved in each event. Monte Carlo calculat ions of collision 
events inside nuclei should be able to pred ic t the number of observed 
pa r t i c l e s for a pa r t i cu la r type of event. Lacking this information the 
bes t we can do is to give a rough number for the ra t io of observed p r o ­
tons thought to or iginate in single coll is ion events . F o r uran ium (see 
Fig . 18c) this i s about five. This number is obtained by est imating the 
fraction of the total a r ea under the energy spect rum which is due to 
quasi-elastic collisions. From Cladis's proton spectrum5 from carbon at 40o 

it appears that al 1:l ratio of single to multiple collisions fits his data. 

The energy spectra for carbon at the various angles agree qualitatively with the spectra of Cladis and Temmer.19 

C. Dependence of Deuteron Cross Sections on A 
The differential c r o s s section for deuteron production from light 

e lements (l i thium, carbon, and aluminum) at 40o to an incident proton can 
be wri t ten as 

σp+x→d(40o) = k1 A1.3 Hρ - range data (28) 
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An average value for the exponent is n = 1.2. This strongly suggests that 
the mechanism that produces these deuterons is the indirect pickup p roces s 
described by Bransden.4 A first guess for the value of the exponent of 
A based on this theory would be n = 2.0. This follows from the fact that 
the p r o c e s s is considered to be composed of two in terac t ions , f i rs t a sca t ­
tering of the initial nucleon and secondly a pickup p roces s ; each of these 
should go as A. The c ro s s section which is the produce therefore should 
go as A 2 . But it has been shown in this exper iment that the differential 
c r o s s section for nucleon sca t te r ing goes as A 0 . 7 2 . Also, the A depend­
ence of the d i rec t pickup p r o c e s s is known. Using the total c r o s s sections 
m e a s u r e d by Hadley and York2 for making d i rec t pickup deuterons from 
carbon and copper, one gets n = 0.41. The differential c r o s s sections 
in the forward direction give a smaller number. Now, returning to the 
indirect pickup deuterons, 

The exponent he re ag ree s very well with those mentioned above, sub­
stantiating the theory of the indirect pickup p r o c e s s . It should be noted 
that the A dependence of the pickup par t of the indirect pickup p r o c e s s 
impl ies that the pickup occurs on the surface of the nucleus . That i s , 
the exponent n = 0.41 shows that as the ta rget nucleus gets bigger only 
pa r t of the added nucleons a re important in producing the pickup deuterons . 
Since the mean free path of deuterons in nuclear ma t t e r is smal l compared 
to nuclear dimensions the important nucleons a r e the surface nucleons. 

Chew and Goldberger , analyzing the data of Hadley and York, 
a r r ived at a s imi lar conclusion: 

"Bombardments of copper and lead ta rge t s show that 
the number of fast deuterons i nc rea se s with atomic 
number l e s s rapidly than the number of fast p ro tons . 
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This may be an indication that the pickup p r o c e s s is 
more confined to the surface of the nucleus than is a 
knock-out p r o c e s s . " 

it is in teres t ing to note that the e las t ic P D differential c ro s s section 
measu red by Clark2 0 falls on this curve (Fig. 14) quite well. Actually, 
the c r o s s sections for e lements heavier than deuterium should be some­
what l a rge r owing to the energy cutoff of the detecting appara tus . The 
fact that the e las t ic P - D c r o s s section l ies close to this line may imply 
that even in deuter ium the two-step indirect pickup takes p lace . Bransden 
used in his calculation4 something like a deuteron wave function for the 
two target nucleons involved in the event and treated the rest of the target 
nucleus in such a way that it entered into the event only through the con­
servat ion of energy equation. If this model Were a l t e red slightly it would 
predic t that indirect pickup deuterons would be formed using a deuter ium 
target as well as from m o r e complex nuclei . 

Copper and heavier e lements do not obey the same A dependence 
as the light e lements . The value of n h e r e is about n = 0 .6 . There a r e 
several processes which might make the value of n different for light and 
heavy elements. 
First, Serber stripping21 should not be important here since 
the deuterons are made at or near the nuclear surface and there are es­
sentially no nucleons along the path as the deuteron leaves the nucleus 
to cause this stripping. 
Secondly, electric field stripping22 may be responsible. One 
might write 

If we take the stripping probability = 0.0077 Z2 we can fit the whole A 
dependence curve well. This is quite similar to the expression Dancoff 
der ived. An analysis of the e lec t r i c field stripping resul t ing when a deu­
teron s t a r t s inside a nucleus and moves outwards through the potential 
barrier has recently been made by Stuart.23 This is the situation en­
countered in the present experiment. He showed that in this case the 
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elec t r ic field stripping is a small effect and that it va r ies more near ly 
like Z than Z 2 . On the bas i s of S tua r t ' s analysis we must a s sume that 
electric field stripping is not responsible for the heavy element cross 
section A dependence. 

The third effect, which seems the mos t reasonable explanation 
has to do with the pickup probabil i ty. It has been demonst ra ted that the 
pickup takes place on the surface of the nucleus . The a r e a of the surface 
that can be effective in the pickup p r o c e s s is l imited by the fact that a 
deuteron cannot be formed if the two nucleons involved a r e far ther apar t 
than they can be in a deuteron. A measure of the separation in a deuteron 
is 

1 
= 

ħ = 4 .8 x 10 - 1 3 cm a = √(mЄ) 
= 4 .8 x 10 - 1 3 cm (32) 

An es t imate of the a r ea in which pickup could take place then could be 
a region roughly 4 .8 x 10-13 cm in d iameter centered on the point of exit 
of the sca t t e red nucleon. Outside this a r ea the surface nucleons would 
find it hard to make a bound state of a deuteron with a scattered nucleon. 
The radius of a copper nucleus is about 

On this bas i s it is not surpr i s ing that for nuclei l a rge r than copper the 
additional surface a r ea is not effective in producing deuterons , and that 
as a r e su l t the pickup p a r t of an indirect pickup p r o c e s s for heavy e lements 
has an A dependence given by n = 0. Selove has found that the direct 
pickup differential cross sections at 18o for making deuterons from cop­
per and lead a r e essent ia l ly equal, also indicating that n = 0 for this case . 
This argument says that the fraction of sca t t e red nucleons which pick up 
surface nucleons to form deuterons is independent of the ta rge t used for 
e lements heavier than copper. But for l ighter e lements the fraction in­
c r e a s e s as the ta rget nucleus gets l ighter because a l a rge r fraction of 
the surface nucleons a r e close to the sca t t e red nucleon and therefore can 
be picked up more readi ly to form deuterons . As a r esu l t of this argument , 
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all the A dependence of the indirect pickup p roces s for heavy elements 
is given by the nucleon scat ter ing A dependence which for heavy nuclei 
is about n = 0 .5 (see F ig . 15). 

D. Deuteron Angular Distribution and Energy Spectra 
F igure 23 shows the angular distr ibution of deuterons from p r o ­

ton bombardment of carbon. On the figure a r e the theore t ica l curve of 
Bransden and the curve obtained in Section IV of this r epor t by using n = 
3. The angular distr ibution is seen to be quite flat over the angular i n t e r ­
val measu red . The Born approximation curve of Bransden* is normal ized 
to a total c r o s s section in carbon of 9 mi l l iba rns . To make the curve 
fit at wide angles this total c r o s s section would have to be inc reased con­
siderably. Also the Bransden curve changes in height by a factor of 25 
from 26o to 60 o , while the exper imenta l curve s tays essental ly flat. The 
curve claculated using n = 3 fits the data well. It should be r e m e m b e r e d 
that the height of this curve has been fitted to the exper imental data by 
choosing the value of k in P = k E - n . The variat ion in height from angle 
to angle of the n = 3 curve is its important fea ture . It is seen to be e s ­
sentially flat. This can be understood by considering that as the sca t te red 
proton yield d e c r e a s e s as we go to l a rge r angles the spect rum of protons 
shifts to lower energies so that multiplying the proton spectrum by E-3 

just compensates for the decreased yield. On this basis the deuteron 
angular distr ibution at angles smal le r than 26o may be expected to be 
quite flat a l so . 

The angular distr ibution claculated by Bransden may be too strongly 
peaked forward as a resu l t of the initial wave function used in the ca lcu­
lation. The two nucleons to be in te rac ted with within the nucleus-were 
r ep resen ted by a modified deuteron wave function. The assumption that 
the two ta rge t nucleons a r e re la ted would lend a coherence to the p r o c e s s 
that probably is not p re sen t physical ly. This might produce a forward 
peaking. 

*The author is deeply indebted to Dr. B. H. Bransden and Mr. J. McKee 
of Queens Universi ty, Belfast, Ireland, for extending the calculat ions 
of re ference 3 to obtain the energy spec t ra and angular distr ibution of 
deuterons shown in F i g s . 20, 21 and 23. 



- 6 2 -

Fig . 23 Angular Distr ibution of Deuterons. 
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The deuteron energy spec t ra a re shown in Fig . 20 and Fig . 21. 
The energy spect ra calculated by Bransden and by the method of Section 
IV a re shown on these f igures . 

The rough agreement of all the theoret ica l curves with the ex­
per imenta l data is evident. It should be r e m e m b e r e d that the two lowest 
energy E - d E E - dx points a r e too low. The Bransden spec t ra seem to have 
somewhat too low an energy cutoff. It is noted that the 45o deuteron en­
ergy spect rum of Hadley and York r e semble s the indirect deuteron spec t ra 
obtained in the p resen t exper iment . 

E. Evidence for the Indirect Pickup P r o c e s s 
The argument given in the next section and in Appendix I about 

surface nucleons depends on the fact that the deuterons observed in this 
exper iment a r e formed by the indirect pickup p r o c e s s . Because of this 
a s u m m a r y is given he re of the evidence supporting this viewpoint. 

1. The s t rongest evidence indicating that the indirect pickup 
p r o c e s s is the mechanism producing the deuterons observed l ies in the 
A dependence of the deuteron c r o s s section for light e lements (see Eqs . 
28 and 29). 

σp+x→d(40o) = k A1.2 

The exponent 1.2 not only shows that the p r o c e s s mus t be a two step one 
but this exponent ag rees with the exponent expected for the indirect pick­
up p r o c e s s . The indirect pickup p r o c e s s is the s imples t two step process 
for making deuterons that is applicable in this c a se . 

2. The deuteron energy spec t ra and the deuteron angular d i s ­
tr ibution obtained by the method outlined in Section IV fit all the exper i ­
mental data sat isfactor i ly . This method is a d i rec t application of the 
indirect pickup p r o c e s s . 

In the light of this evidence it would seem very likely that the, 
indirect pickup p r o c e s s is the mechanism responsible for the formation 
of the deuterons observed. 
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F . Surface Nucleons 
Using the method outlined in Appendix I, we obtained values for 

the f rac t ion of " su r face" nucleons that a r e neutrons (= x). Actually the 
surface as defined by this exper iment has depth. It is the region in which 
the pickup par t of the indirect pickup p roces s takes p lace . A rough est imate 
of the depth of this " sur face" can be made . Bransden a r r i ved at a total 
deuteron production c r o s s section in carbon of 9 mb by assuming a 
deuteron producing layer of th ickness 1.4 x 10-13 cm thick and considering 
only deuterons having energy larger than 41 Mev. An approximation to 
the total cross section in carbon measured in this experiment might be 

[ 1.8 m b ] (2π) = 11.3 mb. [ 1.8 
s ter ] 

(2π) = 11.3 mb. Assuming that this c r o s s section is l a rge r 
than B r a n s d e n ' s , because the value Bransden chose for the thickness of the deuteron producing layer was too small, we would arrive at a value of 1.75 x 10-13 cm for the thickness of this layer. 

The values of x are shown on Fig. 24. The crosses are the volume 
fraction of nucleons that are neutrons. This is given by 

number of neutrons = N 
atomic number = À 

The exper imenta l values of x for light e lements (li thium and carbon) lie 
on the curve of N 

A indicating that for light e lements the surface nucleons 
a r e no different from the nucleons in the r e s t of the nucleus . Fo r heavier 
e lements , expecially lead and uranium, the exper imenta l value of x l ies 
significantly above the N 

A 
curve . The average of the x values for the four 

heavies t e lements l ies a lmos t th ree s tandard deviations above the N 
A 

l ine. 
This indicates that there is an excess of neutrons on the nuclear surface . 

If we take a simple model and a s sume that there is a nuclear 
skin composed of neutrons only, we can get an es t imate of the thickness 
of this skin. 
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Fig. 24 The Fraction of Surface Nucleons that are 
Neutrons for Various Elements. 
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x = s 1 + (l - s) N x = s 1 + (l - s) 
A 

(34) 

For Pb this becomes 

(1.75 x 10 - 1 3) (0.78) = S + (1.75 x 10 - 1 3 - s ) 0 .6 (35) 

S = 0.8 x 10 - 1 3 cm 

This says then that the neutron skin i nc rea se s from zero thickness for 
light e lements to about 0.8 x 10-13 cm for heavy e lements . Undoubteldy 
this skin actually contains some protons a lso . In this case , the a s sumed 
skin thickness must be increased somewhat to maintain the right value 
of x. 

Measurements of nuclear radi i by methods that involve the charge 
distr ibution2 4 and by methods that involve the nuclear potential dis tr ibution2 5 

tend to substantiate this viewpoint. The charge dis tr ibut ion rad ius seem 
to be sma l l e r , thus suggesting the p r e s e n c e of surface neut rons ; but it 
is quite ha rd to make a d i rec t compar ison of different radi i de te rmina t ions . 
The shape of the nuclear charge distr ibution for gold has recent ly been 
measured quite accurately at Stanford,26 At present very little is known 
about the exact shape of the nuclear potential distribution. Lacking this 
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knowledge we mus t compare average or root mean square radi i . The 
bes t value of the square well radius coefficient from the charge distr ibution 
exper iments 2 4 is about ro = 1.20 x 10-13 cm and for the nuclear 
distribution the value is abour ro = 1.37 x 10-13 cm. The value of ro is the 
coefficient in the expression for the nuclear radius. 

The charge distr ibution radius is sma l l e r , but p a r t of the difference should 
be due to the range of nuclear forces bes ides the neutron skin effect. 
Neglecting the effect of the range of nuclear forces , we can get a value 
for the neutron skin thickness from these data. Considering lead, 

This is compatible with the value found in the p re sen t exper iment . 
The neutron skin effect has a lso been postulated theoret ical ly . 7 

If one a s s u m e s that the nuclear pa r t of the potential well is the same for 
protons and neutrons (this charge independence idea is quite well accepted, 
especially at low energies) then the coulomb potential for protons is the 
only difference in the potentials. The figure below shows this situation. 

The dotted line shown on the figure is the highest filled level for both neu­
t rons and pro tons . These levels must lie l e s s than 1 Mev apar t , because 
nuclei a r e β-stable. 

If the nuclear potential has a slope near the surface (as is drawn 
for the neutron potential) the potential well is effectively na r rower for 
protons than for neu t rons . There a r e theore t ica l r ea sons to believe that 
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the nuclear potential does have a slope near the surface.2 7 If the potential 
well for protons is smal le r than for neut rons . then the protons a r e more 
limited in space and there is a neutron skin. The thickness of the skin 
in this case can be estimated by saving that the difference in the radii 
of the proton and neutron wells for heavy elements is something like 1 

2 
of the width of the sloping pa r t of the well . If the sloping pa r t of the well 
is due to nuclear forces i ts width is about the Compton wave length of 
a Π meson. This can be seen from the uncertainty pr inciple assuming 
that the vi r tual emiss ion of Π mesons is responsible for this sloping p a r t 
of the well. 

∆E ∆t ~ ħ (32) 

(mπ c2) ∆t ~ ħ 

The t ime ∆t is the t ime during which a vir tual meson can be emitted and 
not violate the uncer ta inty pr inc ip le . In this t ime, assuming it t r ave l s 
with the velocity of light, it moves a distance X. 

∆t = X ~ ħ ∆t = 
c 

~ 

mπ c2 

X ~ ħ ~ 2 × 10-13 cm X ~ 
mπ c2 

~ 2 × 10-13 cm 

This would give a neutron skin of about 

S ~ ( 1 
) (2 x 10 - 1 3) = 1 x 10 - 1 3 cm S ~ ( 2 ) 

(2 x 10 - 1 3) = 1 x 10 - 1 3 cm (38) 

This argument , while only quali tat ive, ag ree s quite well with the other 
information at hand. 
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G. Tri tons 
As shown in the m a s s spec t rum in Fig. 13, there i s a measurab le 

yield of t r i tons observed at wide angles to a 300 Mev nucleon beam. Cross 
sections for t r i ton production a r e given in Tables I and II. The A depend­
ence of the t r i ton c r o s s sections m e a s u r e d at 40o to the beam is shown 
in F ig . 16. If we per form a leas t squares fit to the data for Li, C, and 
Al we get 

σp+x→t(40o) = 0.0075 A1.22 (39) 

σn+x→t(40o) = 0.0059 A 1 . 3 5 (40) 

This A dependence is very s imi la r to the deuteron A dependence 
This would imply that the t r i tons a lso a r e formed by the indirect pickup 
p r o c e s s . Another piece of evidence leading to this same conclusion is 
re la ted to the yield of deuterons and t r i tons . Hadley and York observed 
one t r i ton for about every 10 deuterons from C. In this exper iment for 
light e lements there is about one t r i ton for 12 deuterons observed. The 
energy spec t rum for t r i tons from proton bombardment of light e lements 
at 40o to the beam is shown in Fig. 25. This is s imi la r to the deuteron 
spec t ra , again indicating that the indirect pickup p r o c e s s is responsible 
for the t r i ton production. 

H. Nucleon Momentum Distribution Inferred from Direct Pickup Deuterons 
Chew and Goldberger , using the data of Hadley and York, der ived 

a nucleon momentum distr ibut ion. Chew and Goldberger felt at the t ime 
of the analys is that their momentum distr ibution might not be very accura te 
for l a rge values of the momentum. Quoting them 

"The agreement with exper iment is sat isfactory except 
for a group of low energy deuterons whose re la t ive 
number i nc rea se s with angle. These could easi ly be 
of a secondary origin, i. e . , the resu l t of in terac t ions 
between three or m o r e pa r t i c l e s . A typical p r o c e s s 
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Fig . 25 Energy Spec t rum of Tr i tons at 40o to the 
Beam for Light E lements Bombarded with 
300 Mev P r o t o n s . 



- 7 1 -

of this type, which seems fairly likely, is to have a 
fast proton, produced in an exchange collision, pick 
up a neutron from the same nucleus . Since the 
incident neutron will not have lost all its energy in the 
initial collision, the emerging deuteron will have a 
smal le r momentum than those considered in this paper . 
Such secondary deuterons should be smal le r in number 
than the fast protons observed in the same bombard­
ment and be l e s s peaked in angular dis tr ibut ion. The 
data is inadequate at p resen t to check such fac ts . 
P rac t ica l ly all of York 's 45o deuterons could be s e c ­
ondary, and we may have ser ious ly overes t imated 
the high momentum components of the proton wave 
function in attempting to fit at this ang l e . " 
It now appears that the re i s , as suggested, a competing react ion 

for producing deuterons . The p re sence of indi rec t pickup deuterons would 
confuse the ana lys is . A reexaminat ion of the data of Hadley and York 
using the same method as Chew and Goldberger was made . This is a 
simple k inemat ics problem, which r e l a t e s the yield of 62 Mev deuterons 
at the severa l angles m e a s u r e d to the number of nucleons having the 
respec t ive momenta requ i red by the k inemat ics . The nuclear momentum 
distr ibut ion der ived this way i s shown in F ig . 26. If, as is suspected, 
the deuterons observed by Hadley and York at 45o a r e predominantly in­
d i rec t pickup deuterons , then the momentum distr ibut ion der ived by Chew 
and Goldberger considering all the observed deuterons to be formed by 
the d i rec t pickup p r o c e s s contained too many high momentum components . 
That the Chew and Goldberger distr ibution contains too many high momentum 
components seems to be borne out on F ig . 26. A be t te r fit to the expe r i ­
mental data would be the 12 Mev Gaussian. The excited F e r m i gas m o ­
mentum distr ibut ion having Ef = 24 and T = 8 Mev* seems to have too 

*The completely degenera te F e r m i momentum dis t r ibut ion has been shown 
by var ious invest igations to contain too few high momentum components. 
The excited F e r m i distr ibution has been used successfully to fit the data 
of Cladis , Hadley, and H e s s , op. c i t . , by Doctor Warren Heckrotte and 
a lso has been used in an analys is of the pickup p r o c e s s by Heidmann (Phys . 
Rev. 80, 171 (1950)). The t empe ra tu r e of the F e r m i gas in this case 
is not due to excitation energy but can be at t r ibuted to par t i c le in terac t ions 
(Watanabe Z fur Phys . 113, 482 (1939)). 



- 7 2 -

Fig. 26 Nucleon Momentum Distribution Inferred 
from the Direct Pickup Deuterons observed 
by Hadley and York. 
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many in termedia te momentum components . If Ef were lowered to about 
10 Mev, it would fit be t t e r . This might not be unreasonable r e m e m b e r ­
ing that the nucleons probed in the d i rec t pickup p r o c e s s a r e surface nucleons 
as demonst ra ted by the A dependence of the c r o s s section. If the nucleus 
density distr ibution is not square but has a tail at the edge of the nucleus, 
then the effective depth of the potential well felt by surface nucleons may 
be sma l l e r than the average well depth. This would lead to a small F e r m i 
l imit . 

F r o m this argument , nucleon momentum distr ibut ions obtained 
from an analys is of d i rec t pickup deuterons would contain too few high 
momentum components because only surface nucleons a r e involved. 
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APPENDIX I 

F r o m the work of Bransden 4 and also from this exper iment , it 
appears that the c r o s s section for deuteron production from protons bom­
barding element A can be wri t ten as a product of a nucleon scat ter ing 
c r o s s section and a pickup probabil i ty. 

The f i r s t t e r m on the r ight above is the contribution from sca t t e red p r o ­
tons picking up neut rons . The second t e rm is due to sca t t e red neutrons 
picking up pro tons . P1 is the probabil i ty for a sca t t e red proton to pick 
up a neutron to form a deuteron and P2 is the probabil i ty for a sca t te red 
neutron to pick up a proton. Similar ly, for neutrons bombarding element 
A we can wri te the following: 

Now if we separa te the scat ter ing in nucleus A into sca t te r ing from p r o ­
tons and neutrons we can wri te 

The subscr ip ts on the c r o s s sections on the right in the above equations 

mean the following. 

Incident Particle + Struck Nucleon in Nucleus→Observed Scat tered Pa r t i c l e 
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The c r o s s sections on the right above a r e nucleon - nucleon c ross 
sections averaged over a range of energies due to the internal momen­
tum of the s t ruck nucleon. The effect of multiple coll isions on the sca t ­
te red pa r t i c l e s along their path out of the nucleus has been included in 
these c r o s s sect ions . 

In these equations f is a number l e s s than 1 which c o r r e c t s for attenuation of the beam of incident pa r t i c l e s going through the nucleus . Because the mean free paths for neutrons and protons in nuclear matter are nearly the same,17 the same f is used for both neutrons and protons. 

In the course of the exper iment we m e a s u r e four c r o s s sect ions . 

σp+A→d(θ) , σp+A→d(θ) 

σn+A→d(θ) , σn+A→d(θ) 

Using t h i s da t a and above e q u a t i o n s , we m u s t m a k e two s impl i fy ing a s ­
s u m p t i o n s in o r d e r to p r o c e e d . 

σn+n→n(θ) = σp+p→p(θ) (43) 

σp+n→p(θ) = σn+p→p(θ) = σp+n→n(θ) = σn+p→n(θ) (44) 

Equation 43 says that n - n forces a r e the same as p - p fo rces . There 
is considerable evidence in favor of th is . Equation 44 says that the n - p 
differential c r o s s section in the center of m a s s system is symmet r i ca l 
about 9 0 o . This is believed to be t rue in the case of free n - p coll is ions2 8 

for angles from 40o cm to 140o cm. The fact that these events take place 
in the nucleus r a the r than as isolated events should not change the pic ture 
appreciably. 

The effect of multiple col l is ions on these c r o s s sect ions, as 
mentioned ea r l i e r , probably does not affect the validity of the assumptions 
much. As before, the mean free paths for protons and neutrons a r e 
s imi la r and therefore the changes introduced by multiple coll is ions should 
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c a n c e l when r a t i o s of t h e s e c r o s s s e c t i o n s a r e u s e d . F o r s i m p l i c i t y we 
shall call the cross section in Eq. 43 σpp and in Eq. 44 σnp. These should 
not be taken to be free nucleon - nucleon cross sections. 

Subs t i tu t ing in to Eq . 41, we ge t 

σp+A→d(θ) = f Z σPP P1 + f (A - Z) σnp P1 + f (A - Z) σnp P2 
(45a) 

σn+A→d(θ) = f Z σnP P1 + f (A - Z) σpp P2 + f Z σnp P2 
(45b) 

Now l e t u s c o n s i d e r the p ickup p r o b a b i l i t i e s . 

P = k N N = n u m b e r of a v a i l a b l e p a r t n e r n u c l e o n s (46) 

k = p r o p o r t i o n a l i t y c o n s t a n t ( i n c l u d e s m a t r i c e l e m e n t ) 

The p r o p o r t i o n a l i t y c o n s t a n t , k, i s t he s a m e for a p r o t o n p i c k i n g up a 
n e u t r o n a s for a n e u t r o n p i ck ing up a p r o t o n . 

Pl = k N l (47a) 

P 2 = k N 2 (47b) 

N1 = Vρ x (48a) 

N 2 = Vρ (1 - x) (48b) 

N1 = n u m b e r of a v a i l a b l e n e u t r o n s 
N2 = n u m b e r of a v a i l a b l e p r o t o n s 
V = effect ive n u c l e a r v o l u m e for p ickup 
ρ = n u c l e a r d e n s i t y a t V 
x = f r a c t i o n of n u c l e o n s in V tha t a r e n e u t r o n s 

The v o l u m e V i s known to be on the n u c l e a r s u r f a c e f r o m the A d e p e n d e n c e 
of the d e u t e r o n c r o s s s e c t i o n s . T h e r e f o r e , the n u c l e o n s invo lved in X 
a r e s u r f a c e n u c l e o n s . Subs t i tu t ing into Eq . 45 and t ak ing a r a t i o , we 
ge t : 
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Taking the rat io of the measu red proton production c r o s s section 

substituting Eq. 50 into Eq. 49 and solving for X, we get: 

This shows that we can find the fraction of " su r face" nucleons that a r e 
neutrons from the c r o s s sections measu red in this exper iment . 
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