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NUCLEAR REACTIONS OF LOW-Z ELEMENTS WITH 5.7-Bev PROTONS:
NUCLEAR STRUCTURE AND,SIMPLE.NUCLEAR‘REACIIONS

Paul A, Benioff .
(Thes1s)

Lawrence Radlatlon Laboratory and Department of Cheniistry
" University of Callfornla, Berkeley, California

. July 1959
~ ABSTRACT

The first part of this work describes the results of 5.7-Bev
proton bombardments of the target,elemente Be, C, N, O,.F, Na, and Al.

~ Production cross sections were obtainéd for many radioactive products

-with half liveeAbetween.l.Z minutes and 12 years; The p,pn cross

sections for the targets C, N, O, F, and Na were found to be 29 % 3 mb,
7.3 £0.7Tmb, 33 £5 mb, 19 * 2 mb and 31 % 5 mb respectively., Much
of the variation in these values is shown to be due to the dlfferenee
in the number of neutrons available for p,pn,reactibns in the different
target nuclei., The cross sections for other types of reactions studied
do not change as much over the renée of target elements studied ae_do
the p,pn cross sections, Extension of the excitation functions for the

reactions studied up to'5.7 Bev shows that the cross sections seem to

be fairly constant between 1 to 3 Bev and 5.7 Bev. . N

In the second part of this work a theory is developed to de-
scribe'the observed magnitude and variation of the cross sections for
simple nuclear reactions as exemplified by phe p,pd reaction. At multi-
Bev energies to which this treatment. is restricted, the main contri-
bution to the p,pn-reaction cross section.comes from inelastic collisions
between the incident protons -and target neutrons, with eil the p-n col-
lisioh;products escaping without further interaction, Approximations
and assumptions used'include‘the impulse approximation, o°ﬁ1ab scatter-
ing angle for the inelastic pen'cellision products, classical trajec-
tories for the incident and:scattered partlcles, and & quantum-mechanlcal
treatment of the target nucleons. The multl-Bev n-p cloud~chamber data

was used to determine the average total exit cross section for the
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inelastically scattered particles,-’The;only neutron shells in the targes
aucleus contributing to the p;pn .reaction are those. for which the instan-
taneous knocking out -of a neutron cresates a product-neutron hole state .

stable to particle emission The resultant integrals,. ‘evaluated on the

<€)

IBM-70l computer for the 1ndependent partlcle harmonlc-os01llator ‘shell
. model, give the p,pn reactlon cross sectlons as. a’ functlon of the nuclear
density distributlon and the number of avallable shells
- For the low Z nuclei wliere the available shells can be unambig-

uously determlned the results glve a half central density radius param-
eter, r.s of about 1.2 fermls compared to l 02, fermls for the charge half

ladlus from the electron scatterlng work - Use of the requlrement that
ro-be less~than 2 fcrmlo allowc one to set the mzﬁlmumﬁnumher nf6§hells
available . fér some targets For example the Zn , Cu”, and Cu™~ p,pn
cross sectlons require that the lf7/2 neutrons be available, or, equl-
Valently, that a lf7/2 neutron hole state (across a major shell) in the

product nucleus have less than 8 to 9-Mev excitation energy. The Celuz'

p,pn and p,2p reaction cross sections suggest that Celu consists of a
Lel © core with at most a small surface, and a diffuse surface generated
by the two 2f7/2 neutrons. The results alsé show that the energy as-
sociated with nuclear'rearrangementAto particle. stable product states
must be less than 8 to 9-Mev, In several ‘cases, the upper 1121t can ie
1 l

lowered considerably (to 1.5 Mev and O Mev 1n the cases of O

respectively).

53
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NUCLEAR  REACTIONS OF LOW-Z ELEMENTS WITH 5.7-Bev PROTONS:
NUCLEAR STRUCTURE AND SIMPLE NUCLEAR REACTIONS

Paul A, Benioff -
(Thesis)
Lawrence Radiation Laboratory -and Department .of Chemistry
University of California, Berkeley, California

. July 1959

) Part}I
NUCLEAR REACTIONS OF LOW=Z ELEMENTS WITH 5,7-Bev PROTONS
1. INTRODUCTION

The understanding. of -the structure of the atomic nucleus over

the past several years has proved so elusive that many different avenues

.of approach, both theoretical and experimental, have been developed. The

theoretical approaches have led to the development of the statistical

' 1
model, the optical model, and shell model; the .collective model, -etc.

The .experimental approaches have included the study of the scattering of

and nuclear reactions initiated by various parficles incident on nuclei,
Most .work on nuclear reactions has been divided into the study of either
the angular distribution of reaction products, or the total production
cross section for different types of reactions, These studies are car-
ried out with the tyﬁesandvenergies of particles available on the exist-
ing accelefators, As soon as an gccelerator of higher maximum energy

or different particle type is available, many of the experimental studies
are repeated where feasible to see if a‘new type of reaction sets in, or
to investigate the energy dependence .of the various processes studied.

This study is an ‘example of the latter type of experiment., It

was declded to repeat various measurements .of spallation .cross sections

done at lower incident-proton energies (3 Bev and lower) on selected
target nuclei at the Bevatron with a pfoton energy bf 5.7 Bev, 1In the
first section, the experimental method and results will be presented,
and results .will be analyzed to investigate the energy dependence of

various spallation cross sections, In the second section, a theoretical

. treatment of certain types of "simple" nuclear reactions, as exemplified
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by thé p,ph reactioﬁs,'will Be.pfeééh%é&, The target nucléi chosen were
Be, C, N, O, Fy Na, aﬁd'Ai,z' These élemehts were chosen because .of the
relative simplicity of analysis of the bombarded targets (no chemistry
was -necessary), Also by measdriﬁg the spallation cross .sections for

- several neighboring elemehts,.the.dependénce of the various reaction

cross sections on the atomic weight of the target can be investigated,

&)
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II, EXPERIMENTAL METHOD AND APPARATUS

The experimental results are obtained from several bombardmenté
of foils .or powders of suitable compounds'of the different elements,
Each bombardment consists of placing the appropriate weighed -foil of
powder of the eiements-to be studied in a target holder ana then bom- .
barding the target in- the internal proton beam .of the Bevatron After
bombardment the foils or powder are .removed from the holder and placed
on cards for counting. Each_f01l.or powder is then counted several -

times in a gemma-ray pulse-height .analyzer. The resulting'decay curves

.of the different peaks are then resolved and supplementary data (counter

éfficiency, foil weight, etc.) are used to determine the different cross

sections,

A. Target Holder

A diagram.of the -target holder is given in Fig. 1. The front end
has a channél.cut into the lucite and a threaded hole for help in align-
ing and securing the foils to the.holdor; The back end of the holder is
designed for rapid attachment to and removal from the pneumatic target
plunger on the Bevatron. ‘ o

A diagram of the powder-targeﬂ holdér is given in Fig. 2. The.
hole in the back is used to attach this supplementary holder in the chan-
nel of the target holder in Fig, 1. The powder and monitor foils are |

placed in the front end of the powder holder.

B, Counter

Most of the samples were gemma counted by a l- by l- -1/2-inch Nal
(T1) crystal and Dumont 6292 phototube used with a preampl;fler, emplifier,
and 50-channel pulse-height analyzer, Later the 50-channel analyzor wés

replaced by a faster 100-channel analyzer with a magnetic-core memory.,

The crystal and phototube were mounted on a sample holder with several

shelves so that the sample-to-crystal distance could be varied, The whole

detector assembly was surrounded by two inches of lead,
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C. Mounting of Target Material

For each bombardment the target foils and powder were arranged
in order of increasing atbmic weight, with the proton beam entering the
lowest-étomic-weight side of the foil .packet. This was done so that
contamination from spallation products recoiling out of the target foil

.and secondary neutron and proton contributions to the beam could be held
to a minimum. The majority of secondary products come out in the forward
direction<and.the aﬁount of secondary neutrons and protbns emitted per
nuclear reaction increases with incressing atomic welght of the target
nucleus.3 Guard foils were used in front of and behind each type .of
experimental foil to keep recoiling spallation products of vne target
element from contaminating the adjacent target foil., The guard foils

also served to prbtéct the Lurgebifuil sandwiched in between from product-
recoil loss, because -as much -product recoiled in from the guard foils as
recoilled out of the targeﬁ foil, Secondary neutrons and.protonS‘are not
stopped in this manner, however. The best way to minimize formation .of
spallation products by secondaries is to keep the target thickness as

low as possible, It has been shown that the secondary neutron contri-
bution caﬁ bée kept to less than 10% if the target thickness is held

below 2 to 3 gms/cmz. 4 ~ The maximum target thickness used in these ex-
periments was about 800 mg/cmz. This included the thickness of the powder
as well as the holder and other foils. |

The appropriate l/z-inch-wide foils were cut from sheet material
for the foil holder, The leading édges of the foils were aligned and
then secured with cellophane tape.' After mounting the foils untd the
target holder the whole aséembly was ready for bombardment.

It was soon found that the powder holder made a convenient device
for aligning the leading edges of the foil stack, CQnsequently, for
bombardments with or without powders, foils were cut to fit the width of
the compartment in the holder but to extend out beyond the leading edge.

" After taping the foils securely in the bottom of the chamber (down-beam
side) with cellophane tape, the leading edges were trimmed flush with
£he end of the holder by means of a razor blade.
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“Whenever posders were ‘used as target materials they were first
dried at llOoC and Kept in a desiccator, ‘The holder was filled by tamping
the po&der into the  space between the foil étack at the bottom of the
holder and the cover. After.any excess pbwdef was scraped off the end was
sealed with,éeiloﬁhane tape and the whole assembly was reédy for mounting

- .and ‘bombardment .,

D. Length of Bombardment and Sample Preparation
" The length of time of bombardment varied greatly because it de -
pended on the half life of the isotope being studied. For short-lived

isotopes such as 2-l-min'015 and 10-min Nl3, the bombardment times were

1l to 2 min at whatever beam intensity was available. After bombardment,
the target holder was removed immediately from the- Bevatron, the foils
.were separated and mounted without weighing, and the intensity ﬁeasuré—
ments of the .0.51-Mev annihilation radiation were begﬁn immediately:: For
determination of the short-lived activities, 1l.2-min Olh'and Zolﬂnin-Ols,
the samples were counted as quickly as possible after the end of bombard-
ment, The minimum time delay between the .end of bombardment and the
begining of the first count was 5 to 6 minutes, This time .delay was suf-
ficiently short to see the 1.,2- and 2,l-min activities. The resolution
of these activities is described in more detail later.

For longer-liVed activities, the bombardment times varied from 2
min to .l hour. After bombardment, the foils were'separated and weighed,
and their areas were measured, Then they were mounted on aluminum cards

" for counting. The powder'was.weighed and mounted on an aluminum card with
a small depression in the middle -to contain the powder. Cellophane tape
was placed over the powder.toAkeep it in place. The powder thickness in
.mg/cmz.was determined from the dimensions of the target holder and the
powder weight. The samples were thén covered with a sufficient thickness
of stainless steel to annihilate the positrons immediately above the
sample, Both the geometry correction factors (due to the point of origin
of the .0.51 Mev.gamma rays in the steel instead of the semple) and loss

by gamma absorption in the steel were negligible,
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E. Counting

The intensity of gamma rays .within alqertaiﬁ energy range was
then determined for each.sample,under known geometry conditions. This
was done by calibrating the energy scale of the pulse-height analyzer with
‘e’ standard whose decay schemeAis'weil:knoﬁn, e.g., Nazz; For this work
the particular chahnel range was determinedfwhich.;ﬁcludgdgall the counts
resultihg from photoeleqfric interéctiohs in the crystélxcaused by the
.gamma rays resulting from the Nazz ﬁositroﬂ annihiiaﬁion. Tﬁe same chan-
nel range plus a few adjacent channels on thé high-enérgy side -were used
to measure the O0.51-Mev.activity level of the'samples;u The activity
level of the adjacent channels above was determined “in ordertfb measure
contribullous 'Lu the d;tivity;lcﬁcl ih the d;Sl-Meﬁ channeT range which
erise from other than. simple photoeléctric'interaction'processés. These
contributions afise.frqm several other types of -interactions: -

(a) Compton.intefactions in the crystal from gammas emanating
from the sample with greater than 0,51 Mev energy,

(b) General background, This includes cosmic radiation, stray
activity, and natural actiVityvin the materials around the
counter, spurious pulses, etc. |

(c) Any.interacfioﬁs of the type where one of the two gammas
from the positron annihilation undergoes a Compton inter-
action in the crystal and the ?ﬁackscattered gamma from
a Compton interaction of the otﬁer gamma is captured .

' photoelectricdlly in .the c#yStal. The sample mount end
the housing are the main places where the backscattered
.gamma would be produced. '

(a) Annihilation of the positron_in‘flight; In this case the
energy of the gamma would include with the rest-mass enérgy
one half of thevkinetic energy of the positron at the time
of anﬁihilation. The loss from.this source .of annihilation
gammas from the main peak is quite small, of the order of

l%.5 F PO A S SEPR PP
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The correction for.these four contributions'was applied by deter-

jmining the activity per channel in the channels adjacent to the peak on

the ‘high-energy side ~and subtrﬁcting-this activity level -from each chan-
‘nel in Wthh the main photopeak occurs, The validity'of-such a subtrac-
tion is based on the assumptlon that the activity. level of the channel
-under the peak from the above contribution is the same as it is in the
channels 1mmed1ately gbove the peak, " An examlnatlon of  the Naz pulse—
height spectrum 1ndlcates that the above assumptlon is valid for the first
contrlbutlon mentioned, ‘ However,‘for the next three contr;butlons the
act1v1ty level will vary with the energy. Examination'of background
spectra shovs thaﬁ the count»rate per .channel increases with decreasing
ehergy. Thé.aqtivity level as a function of energy coming from the other
two contributions is undetermined, but is probably not too far from being
constant; The contfibution from these last two causes to the high-energy
channels adjacént to those under the peak was determined by taking the
pulse-helght spectrum of a fairly intense source .0of a pure positron emitter
“such as CT and was found to be about 1% for the worst case (smallest
source-to-crystal distance), Thus even if the activity level does vary
with energy, the correction will be some fraction of 1%, which is quite
small enough to be meglected. For fairly active samples in which the back-
ground was .a small fraction of the total activity, the correction for the
variation of background—count‘rateAwith energy was neglected as it was less
.thanll%{' For samples with a low cdunt rate, the correction was included by
obtaining background spectra.and determining the variation in count rate
.per channel over the.channel’rangé'desiréd,

For éounting‘shOrt-lived activities, 'the samples. obtained from a

given run were‘set up in a rotating-series; -Each sample .was counted for

1 min; the data were recorded, and the .sample was then removed and the next
one was counted for 1 min,letc. As the count rate decreased, the counting
time was increased, if necessary to total a minimum of 2000 counts per de-
termination. In this way a decay curve .was built up which contained a suf-
~ficient number of points to determlne the 10-min N 13 fairly well and also
the 2.1l-min Ols, which was seen as a tail on top of the 10-min N 13 + 20-min

Cll decay.
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For the long-lived activities, the count rates were quite low —
from 2 to 20 counts per minute (cpm). These samples were counted for
long periods of time (about 10 hr) on the pulse-height analyzér, and then

.a background was run for the seame length of time. The background-per-
channel.count.rate was subtracted from the sample-per-channel count rate,
and if any net activity remained in thé few channels immedistely above
the peak, it was .averaged and-subtragted from the peak, An avéragelof
four points, or enough to give a net count rate with a fairly small
standard -deviation were taken tor each sample.

Before the actual decay curves were drawn two more corrections
to the data were made if necessary: For some samples with high count
rates on the 50-channel pulse-height analyser, a dead time correction
had to be appiied. This correcllou of 7% per 100 cpm was added to the
observed count rate. If C is the corrected count'rate'and.B is the

observed count rate then we have
C=B+7x10F B2, (1)

" In a few other cases the sample count rate for some isotopes was
sufficiently low so that the duratipn.of'counting time was an appreci-
able fraction of the isotope half 1life,. A correction for decay during

counting was then applied as follows:

'Let A = count rate al the time at which the count is
started,
C = total number of counts (sample and background)
obtained during time t,
Bg = total number of background counts obtained
during time t from a separate run,

and A

decay constant for the isotope in question.

Then we.have
A=§C~-Bg)>\.

1-e Mt

. (2)
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After the corrections were applied to the data,Athe decay curve
for the gpamma-ray peak in question was plotted, and the components of

different half lives were resolved,

F, Resolution of Product Activities

1. Aluminum. _
The target element with the most products, which was bombarded

in this work, was aluminum, ~TheAdecay curve of the 0.51-Mev peak con-
tained contributions from Nazz, Be7, Nazu (pair production by the high-
energy gammas external to the éryétal and capture of one of the annihi-
) 78 ¢, w13, and (if the semple was

15 and Nezu. 7 Samples which

lation gammas in the crystal
counted soon enoﬁgh‘after bombardment) O
were bombarded for only a few minutes in order to see the-O15 did not

have detectable amounts of Na22 or Be! so that the only "long-lived"

component was NaZA. The 0.51-Mev decay curV¥e was resolved by first.‘

subtracting out the Nazu contribution, The next component which could
he easiiy subtracted out was the 118~-min FlB‘as the resultant tail

| contains Fl8 only (usuélly-several hundred cpm). Because the.‘Cll (tl/2
equals 20.4 min) and N13 (tl/2 equals 10.0 min) have such similar half
lives they cannot be resolved by the ‘usual method., PFor the separation.

of .these two isotopes, the portion'of the decay curve left after the

Nazu and F18 subtraction. and more than 30 min after the end of bombard-

ment was chosen., This curve was analyzed by a method developéd,by
W. F. Biller.8 This method depends on the fact that at any time t
after the end of bombardment, the total activity C is given by

At At
C=Ae" > ;Be °
O»: O :

rklt)

 Multiplying through by (e (xl > kz) gives

At (N, = AT -
1 1 2 : :
Ce = Ao + Boe . (3)
xlt
F?r eac? point, C and t are known, so that a plot of Ce vs
TN AT o . .
e - 2 gives a straight line with a slope Bo'and intercept Ao. Decay
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At At _ '
curves A e and B e are then'constructed If these two curves

. are added together and the total subtracted from thc portion of the
curve taker less than 30 m1n after bombardment a- short half-life com-
ponent is found of.2 to 3 min., It is assumed that thls component rep-
resents ‘4 sum of 2. l-mln 0" . and 3 min. Neau, and consequently the method

descrlbed‘above is used Xo separate the two 1sotopes The values ob-

15

tained for 07 and” Nezu gre not’ very accurate, because of all the previ-

ous shbtractlons that haye heen madé, Also, these isotopes have decayed
Lonsiderahl§ before'the~countings are~begun Consequcntly, the count
rates obtalned have a larger error assoc1ated w1th them than do the
velues for the-other. 1sotopes ‘ o

The Nazh count rate is determlned by measurlng the decay of the

e

L. 58-Mev photopeak and subtracting any i, 8-Msv contrlhntwnn from Nadd

" decay. Thls is determlned by measuring: thé act1v1ty 1n the correspond-

ing energy range after the I\Iazl+ has ‘decayed:

The Nazz count rate is found byameasuring the activity level in
the 1.28-Mev photopeak. . The activity level of .the 0.51-Mev pesk is taken

at the same time as that of the 1.28-Mev peak: The spectrum of a pure
Na22 standard is then determined, and the ratio of the integrated
activity level in the 0.51-Mev peak'to that in the 1.28-Mev peak is

determined for the standard., This ratio in'the-sample is usually about

7

“twice that of the standard, and the excess is ascribed to Be' activity.

A few decay points teken indicate that this excese does deeay wilh the

requisite half life for Be7

Magnesium-27 (t = 9.6 min) was looked for in a couple of runs

1/2
by taking decay points of the act1v1ty level in a few channels centered
about 0,85 Mev. The decay curve had a small component of approximately
the right half life, 'Because of the low count rate at this energy range,

a7

the values obtained for Mg~' are uncertain and hava a larger error as-
sociated with them than do the other isotopes.

A couple of targets which underwent 1ohg bombardments were sent

v

to L, Currie who kindly analyzed them for trrtigm;_ These numbers are

also included.
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2, Sodium
The next?highest-atomic~weight target studied was sodium. This

was bombarded as anhydrous Na CO. in the powder holder, (The correc-

3

" tions for the contributions to the product act1v1t1es from the carbon

and oxygen are discussed later.) . After bombardment, the powder was
weighed and transferred to aluminﬁm cards for counting. DUriﬁg this

time, the powder was covered with cellophane tape so that the:water pick- ¢

“up would be small for the length of time the sample was cuunted The

decay curve was analyzed 1in exactly the same way as was the curve for

2L 27

aluninum except that Na® and Mg"' were absent,
3. Fluorine

A 30-mil Teflon foil was used as ‘a fiuorine target. The Teflon
was analyzed spectrographically and found to contain less tha@ 1 pﬁn
of Na, Mg, Al; si, P, Ca, Fe, and Cu, .It was‘assumed that these elements
would be the major contaminations. The decay curve was analyied in the
same. way as that for aluminum except that Mg27; Na?h, Ne ZM, and Na.22 were

not bresent.

L. Oxygen

Anhydrous oxallc acid was used as an oxygen target. A spectro-l
graphlc analysis for the same elements as those looked for in: Teflon
yilelded the same results, each element not detectable or present at less
than 1 ppn. For those runs in which the cross-sections for short-lived
activities were desired, the powder was.placed on an aluminum card,
covered with cellephane tape to prevent water pickup.and immediately
counted,. The weighing of the powder was deferred until all the decay
points needed were taken. The anhydrous acid was stored in a desiccator
and removed only for packlng into the holder The decay data were resol-

ved by the same methods as were used for fluorlne targets

5. Nitrogen
"For a nitrogen target, the compound, 5 amino tetrazole (City

Chemical Corp.) wes used. A spectrpgraphic analysis for the same elements
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as were determined for:fluorine ylelded the seame limits of detection
results, . Theccompound was obtained.as'the_monohydrate‘and was dried
in an ouen-at llOOC and then kept in a desiccator The compound ap—
.peared to lose 1ts water of hydrogen qu1te ea31ly, because the crystals
qulckly changed to powder as heat was applled ' ThlS compound ‘has one
yposs;bleqha;ard,—;f. some: of the tetrazole derlvatlves are explosives 9
"It melts with decompos1tlon at 203 C. After bombardment in the Bevatron
1t seemed to behaye perfectly and d1d not d1scolor ' The compound has a

'hlgh ratlo of nitrogen. fo carbon and hydrogen Its formula is CH. H

5.
10
N

or.. .. ..

‘Bombardment of this compound even for more than 1 hr produced
no visible change. The decachurve~resolution:was-done'in.the same

manner as for oxalic acid targets.

6::°.Carbon ' . » ‘ ,
Carbon‘was bombarded as foils .of polyethylene Thick foils (50
'’

mg/cm ) were used for Be cross sectlon determ1nat10ns and thin foils

(6 mg/cm ) were used for ctt cross-section determlnatlons Again a
spectrographic analysis of both,foils for the elements Na, Mg, Al, Si,
P,'Ca, Fe, and Cu, gave less than 1 ppn for any one of them~(i,e., they
were not detected), The decay curves were analyzed also in the same |
. manner as those for fluorine. One thick target with' the alumlnum
monitor was sent to .. L. Currlel+ who. kindly analyzed the sample for

tritium.

7. Berxlll

One ‘bombardment of a thick berylllum foil was done. Be7 and Cll
were the only two isotopes found. The foil was not analyzed for tritium.
" Analysis of uhe decay curves was quite simple'hecause.only two components

were present,
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G, Cross-Section Ratio Determination

After the counts per minute of all the isotopes produced in the
different target foils inAa-given run were obtained, the ratio of each .
cross sectlon to that of a selected monitor reaction was calculated.

This was done by flrst determlnlng the disintegrations per minute (dpm)

“for eachAlsotQpe by dividing the counts per minute by the counting ef-

"ficieney for the radiation.in question. These efficiencies and counter

geometry as a function of samplé—to-cf‘ystél distance-were already. debeimined",'lo
The geometry was redetermined by D. Barr of this labogatory.ll He cali-
brated a Naz)+ source by beta-gamme coincidence counting and used it to
determine'the geometry of each shelf in the -sample holder. His results-'
agreed to within 2% of the values in the previous'work.

The number of étoms per cm2 of target material was determined

- .from- the dimensions of the foil or in the case of powders, of the space

in the powder holder, and the weight of the materigl. For the powders
which would absorb water such as Na2C03 (anhydrous), ﬁhe weighing‘was
done as quickly as possible to avoid uptakg of water., During the weigh-
ing no visible change in the weight due to water uptake was observed.
The correction for decay during bombardment was often complicated
by the fact that during all but the shoftest runs the beam would go.off
several times during a run. These interruptions were always temporary
and were corrected in a few minuteé. For long-lived activities (Naaz,
Be7, and sometimes NaZh), the decay during these interruptions was neg-
ligible and waé neglected. For the short-lived“activities; this decay
was not negligible. Consequently, a long bombardment withAinterruptions
was treated as a series of short bombardments with appropriate decay
factofs(applied to correct each member of the series to the end of the

run. This factor was equal to

n At At -Ab
T £ (1-e e B (1-e
i=1 :

2n+ly , (u)’
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where number of interruptions

B
I

decay constant of the isotope in question

(t duration. of the ith short bombardmerit_

il

Zi-l)

]

ﬁ2n+l duration of the last short bombardment

t2i

time elapsed from the end of the ith short bombardment
to the end of the last short bombardment,
In order to be'exactJ a factor should be included in the above sum to
account for the change in beam intensity from one to another of the short
bombardments comprising a run. However, a check by use of a pulse inte-
vgrator which gave the number of protons in each pulse showed that within
2 min of rumming time; the variation from pulse to pulse averaged itself
out. ' ' '
The equation for calculation of the production.cross sectlon,

o, of A disintegrations per mlnute of an activity with decay constant,

N, and length of bombardment t, from a target with N atoms/cm2 with
a beam intensity of ¢ particles/min is

St
= goN(l-e ) - | (5)

For 1nterrupted bombardments, the factor T given by Eq. (4) is substi-

tuted for the exponential term, g1v1ng
= @OoNT,

This equation may be rearranged td give

A : : .
90 = T (6)

where @ and ¢ are the unknowns in this equation. In each bombardment

the act;vities in the monitor foil were determined in the same way as

are the activities in the other foils and powder. The above equation

is of exactly the same form for the monitor reaction: A, N, and T

are different; ¢ is the same. Instead of determining ¢ from the
monitor cross section, @ was removed by dividing the expression fof

"0 for the unknown activity by @o for the monitor resulting in the
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cancellation of @. The result was expressed as a ratio of the production
¢ross section of.the pafticular activity to that of the monitor. The
reason for using this method rather than calculating ¢ directly fof each .
run was that the monitor cross section was not known until‘the work was
well along. It was decided to keep the data in this form for all the
bombardments -and activities and convert to cross sections only at .the end
of:the work.

' For many of the activities in the powder tafgets and Teflon, the - ::
ratio determined in the above manner for the production cross section was
a weighted average of the contributions from each element preéent. Thus
in-Naz'CO3{ for instance, Cll is pfoduced from the carbon and oxygén as
well as the sodium and the production-cross-section ratio found was a
weighted average of the three individual ratios. The porrectiqn for the
contributions éf the other elements occurring was made as follows: The
N appearing in'Eq° (6) represented the total number of all atbms/cm2
contributing to the particular cross seétion (For Na CO3 N repre-
sented the number of Na%C;O atoms per émz in the target ) The- resultant

averaged production- cross-section ratio, o/cFlg, is given by

Al
o _ e Natle % * Y % (1)
0F18 0Fl8
For Na, CO,, we find Ny = 1/3, No=1/6, Ny = 1/2.

The ratio ¢ /0 18 for the product 1n question was determined from bom-
‘bardments of Al polyethylene, and 0@/0 18 Was determined from bombard-
ments of oxalic acid powder. The ratio Al | o /0 8 was used to

correct for the carbon content of oxalic acid.
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ITI. RESULTS

In the manner described in the previous .psragraphs, a whole
series of ratios of production cross. sections to the monitor cross
section were obtained for each bomberdment. Almost all of the ratios

were determined. more than once, and a few were determined many times,

A, Data Rejection

On examining the results it was found that, in some casés; the
group of determinations of a given cross-section would have a reasonable
" spread except for one datum which was quite different. If this partic-

ular determination could not be rejected because of some known experi-
mental error, a statistical rejection criterlu.wasvapplicd to the group
-to see if the outlying datum could be‘rejected. This test was applied
by division of the difference between the outlying datum and the
determination closest to it in magnitude by the range of the data set
(largest minus smallest datum), This number is compared to another
number, Q, whose magnitude‘depends on -the number of determinations in.
the set and the confidence level of rejection.12 If the former number
is larger than the latter? the outlying obéervation.is rejected. Other-
wise it is retained, The confidence level of the rejection is 90%° Out
of all the cross-section ratios determined, only five had an outlying

datum that could be rejected by the above test.

B. Standard Deviation

For eéch prbduct from each target element, the fesults after
applying the above rejection test. were averaged, and the standard.devi-

ation computed. .For those few products with more than ten determinations,
the standard deviation, S, was computed in the usual way, i.e.',13
n ‘(xi - ;)2 4
s =(-z

i=l

y1/2
n -1 ’

where x is the average of the individual ratios, xi,-and n is the

number of determinations of a given ratio. For the bulk of the products,
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ten or less determinations were made, so another method, more accurate

' ' 1k .
than the above formula, was used to determine S. This method consists
of finding the raége of determinations in each data set and multiplying

it by.a number K to get the standard deviation. The value of K

. depends on the number of samples in a set. Table I contains the liter-

ature values of‘Q and vaor.different set s'izés,lz’14

© Table I

Values of the rejection-criteriaufactor.and'

standard-deviation factor for Aifferent sample sizes

Rejection: . Standard-

, . factor .deviation

f:?gie | QO,9O | . féétor
2 - ‘ 10.89
3 0,94 B 0.59
4 0.76 . 0.49
5 0.64 - . 0.43,
6 0.56 ' 0.40
T 0.51 co 0.37
8 0.7 - = T 0.35
9 , o,44 . 0.34
0 S o 0.33
% ' 0 0

C. Monitor Reaction .Cross Section

' For most spallation work the cross section for the reaction
Alz7(p,3pn)1\ha.2’1+ has been used as a standard, and its excitation function
is .well known. This reaction is éhosen-because of the convenient half-
life (15-hr) and beta-decay characteristics, However, for this work

24

many of the irradiations were too short to use Na“" and also it was

" desired to use a source of annihilation radiation for direct comparison

with the'many positron emitters of interest to this study. For these
reasons, Fl8 formed in the reaction A127(p,XjF18 was chosen as a monitor.

Use of this reaction as a monitor removes the counting-efficiency
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correction for many‘determinations,'hecause.Fls is a positron emitter
(97% of the Fl' decays ‘are by positron and 3%‘by'eiectron capture), 7
The count1ng-eff1c1ency correction, however, must be made to determlne

the F /Naz%

Nza.glL gamme. counted,j;38 Mev, is higher than the Fl8 positron;annihilation

production-cross-section ratioi because the energy of the.
geamma, energy, 0.51 Mev, The 1nclu51on of thls correctlon gave a value
for the F /Na.zlL production- cross~sectlon ramlo of. O 732 0.063 (standard
derivation). The pricduction cross section for the reactlon Al 7(p,2pn)Na2u
for 5.7-Bev protons was taken to be 10,5 millibarns (mb)° . Recent accu- .
rate work gives the eross sections for the abeve'reactione as 10,4 + 0,6~
mb at EP = 2,0 .Bev and 10.0 £ 0.6 mb at Ep = 3.0 Bev.15 These results
comblned witli lowereenergy work arc statefl to be consistent with a constant
cross section of 10,7+ 0.6 mb for a proton energy range of 0,3 to 3 Bev,

A prellmlnary absolute value for the cross section for the reaction -

c'2(p,pn)ctt at 4.1 Bev has been determined to be 30.5 + 4,1 mb 16 o

' this work the ratlo of the cross sections for the reactions, ¢t (p, )Cll
and A127( ,x)F 5 ocll/c 18 was found to be 3.83. (See Table II below).
Combining this with the © 18/0 zu ratio given above and the lO 5 mb

production cross section for Na 2 from aluminum gives o 12( )
p,pn ct
equal to 29.4 * 3,3 mb, This value is in quite satisfactory agreement

with the value of 30.5 * 4,1 mb, The error limit on the value of 10.5 mb
will be taken to be 0.6 mb in agreement with the results at lower energies,
The standard deviation taken here to be one half the error limit, is then

1/2 (0.6 mb) = 0.3 mb, ™

D, Final Results

Table II contains . the results of the 5.7-Bev proton bombardments

The two tritium determlnatlons were done by L. Currie and one of the Na22

determinations from the aluminum target was done my M. Kalkstein, The
first column lists the target elements studied., The reaction type for
each product is given in column_é. The "X" appearing in some entries,
refers to any group of emitted perticles which conserves charge end

nucleon number, Cross sections were determined for all the radioactive
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Table II

Summary of experimental results

Number of Cross- Standard Cross Standerd Error
Target Re:;;iou Product gizzs?iza- gectiong— devigtion, ssction, . e;ror, lémit,
. ratio\ gy mb 1 a
Be (impurities) O 1 0.0057 - " o.ouy - -
(p,p2n) Be 1 1.92 - 15 - -
c (seconaary)r'w ' 2 0.0013 ' 0.0003 0.0L 0.0014 0.003
(p,pn) 13 3.83 0.h4 29 1 3
(p,pna) Be' 5 . L5 0.16 1 0.6 1.5.
(2x) B 1 1.6 - 17 - -
N (secondaryF® 2 0.0006 0.00015 0.0050  0.0007 0.0014
(p,pn) N3 3" 0.9k 0.02 7.3 0.2 0.7 .
(»,2p20) C* 6 1.75 0.58 13 1.8 "
(p,X) Bl 3* 1.90. 0.18 . 14 0.8 2
o (secondary P8 2 0.007k ' 0.0025 0.06 0.014 0.03
(p,p0) O 3 b.3h 0.53 33 2.2 5
(p,p20) ot 3 1.k2 0.34 1 1.5 3
(p,2p2a) ©3 5 0.82 0.31 6 1.1 2
(p,pna) ¢ T 1.52 0.k2 12 1.2 3
(5,0 BT 2 '1.38 0.50 10 2.6 5
F (p,p) F8 00 2 0.9 19° 0.6 2
(,p20cr) N3 3 0.193 0.052 1.5 0.2 - 0.5
(o,x) o 3* 0.70  0.06 ° 5.4 0.3 0.7
(0,X) Bel 6 1.20 . o.22 9.2 0.7 1.6
Na' (p,pn) Ne%2 2 401 . 0.35 31 ‘ 2.0 : 5
(p,pna) ¥8 2 1.35 " 0.06 10 0.k - 1
(p,x) Be! 2 1.7 0.20 13 1.1 2
AL (pedt) Mgz7 2 0.0L7 0.01h , 0.1 0.07 0.1
(p,4) ne?* 2 0.28 0.1 1.6 0.6 1.2
(p,mm0) Na?l 6 C 1537 0.28 17 1.3 3
mx) 8 15 o.732" 0.063 7.68 0.17 0.57
(,x) oY 2 0.59 0.33 R 1.8 3.6
(2,x) w3 : 5% - 0.216 0.042 1.7 02 . 0.3
(p,x) ot a 0.77 0.13 6.0 ok 0.9
(0,%) Bel y* 0.767" 0.0k 8.3 0.3 0.9
(p,x) B 1 wat - w5 - .

* .
An outlying datum has been rejected from this set.

+ .
This is the number o£7product a%gms produced per number of target atoms per square centimeter
divided by o for Al (p,3pn)Nas®, :
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products'éiveh in columh:3 . The fourth‘columh giVes the -number of bom-
- bardments made to. determlne the .cross- sectlon ratlo for. the. llsted
product ‘ The statlstlcal reJectlon cr1ter1a descrlbed prev1ously was
applled to each set, and any outlylng datum Wthh could be' rejected was
not 1ncluded "The . asterlsks denote sets from whlch an’ outlylng -datum -~
was. regected In these cases, n ,excludes the reJected datum, The
arlthmetlc average of the n determlnatlons of ‘the™ cross sectlon ratio;
des1gnated <: > is glven in column 5 The Values marked w1th the
lsuperscrlpt t are the number'of product atoms produced per- number of
"target atoms. per square centlmeter d1v1ded by the same quantity, 0y for
the Alz7(p,3n )Na % reactlon These samples were not counted until. all
the - P : act1v1ty was gone, All the other va1nes -are based on the F18
.production cross sectlon from aLumlnum The fifth column lisls the
standard . deviation of. an. 1nd1v1dual determlnatlon assoc1ated with the
average For, most. of the ratios, thls number was dlrectly determined
elther by use of Table I or by the usual. equatlon For-those ratios
for whlch & correction due to contributions. to the act1v1ty from
. other atoms in the molecule had to be made, the' 'standard deviation was

13

obtained by the usual rules for combining stahdard deviatiohs, i.e.,

G

P
[
1+
Q

o
1
Q
>
H
a
Q

© 2, 1/2
+ 0, )

°

The standard deviation of the cross- séction.ratio for the contribution

to be removed was obtained from- the approprlate entry in column 5-and
divided by. J 1. to obtain the standard error. of the mean, 13 This number
was used as the standard deviation of the cross-sectlon ratio of the
contributing activity. For example tO‘find‘the Cll~cross section’ratio
from fluorine in Teflon (C F ) n’ the contributicn from the carbon must

be accounted for, It X ~ is the contrlbution to .the Cll cross-section

ratio from fluorine, then we have
1/2

Xicx=' y——(383)]{( | o\l}l_t_z']' s (8)
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where y % cy'islthelobserved'cross¥section ragtio with its standard
deviation for C~ produced in Teflon and 3.83 + 0,44 is the cross-
section ratio and standard deViation for C 1L produced in polyethylene,

The seventh column lists the production cross sections for the
given reactions The ¢ross, sections are obtained from the ratios given
in column 5 and-10.5 mb for Al 7(p, 3pn)Ne % or 7.68'mb for A127(p,X)F18
whic¢hever' is appropriate, The standard errors of the. mean cross .sections
are given in column 8. This number, S y glves the contribution’ of all

the random errors in. this work. For the results ‘based on F 18 as a

1, (oudryz |
[j <T :> n. | 7,§§".4

13 ‘ 24

g based on Na

monitor we have

. and for the few results

The individual standard deviation, S, is givén in column 3.

Column 9 gives the error ‘limit, Eo’ assoc1ated w1th the given
cross section. Besides the random errors,. Sl’ this includes the error
in the Al 2t p,3pn)Na?u monitor-reaction cross. section and an estimate
. of systematic errors.due to- theiposs1ble experimental bias, This latter
category includes such items as the small amount of water pickup in’
powder samples,during_weighing,'the'slightygeometry effect of positron
annihilationiin.the steel disks on top of the sample, systematic errors
in the method used to obtain the integrated count rate under a gemma
peak on the pulse-height anelyzer, ete. Individually each of these
errors is.less than- l% and they may work in opp051te directions. Some-
what arbitrarily a fractional error limit of 6% has been taken -to rep-
resent the contribution of these sources, Since the standard deviation

13.

is taken as .one half the error limit we get"
' s 1/2
_ G2 |
s, =20 | .02+ 3%+ (D) (9)
as the error limit to be assoc1ated with the glven cross section, For

those cases which exclude an outlying datum E has the 90% confidence
1limit associlated with it .



-29-
IV. DISCUSSION -

. Among the many different methods that can be'used to systemsti-
cally evaluate the experimental spallation data;~three appear to be the
.most widely used. The first consists of studying the dependence of the
cross section for a particular type of reaction (e.g. the p,pn reaction)
on various parameterslof‘tne target and product'muclei; The .second
method consists of a study of the energy dependence of the cross section
for a particular reaction and target element‘ The third is a study of
the dependence of the cross section on nuclear-reaction .and product
'parameters for a given target element The first two methods will be
used here, as they appear to,be-most suitedvfor.low Z target elements,
The third iswusnally nsed-for.higher Z targets, 'First, cross sections
. for particular types of reactions'for different target and product’
nuclei will be discussed (secondaryﬂreactions are included). The ex-
<c1tat10n functions will be glven for most of the cross sections deter-

m1ned in this work,

A, Secondary Reactions

9

The cross section for the production of Cll from Be” contains

contributions from the secondary reaction Be9(oc,2n)Cll and the primary

16(PyX)Cll and Clz(p,pn)cll. Literature values for the

reactions, 0
oxygen and carbon content in beryllium metal (not pressing from
beryllium powder) are O 65% and 0.06% respectively. o Applying these
values to the beryllium target used in this work and using the ap-
'propriate entries in Table II allows one to estimate a Cll,productlon
cross section of 0.093 mb from carbon and oxygen. This is more than
the observed cross section of 0,04l mb, so one may conclude that the
obserred'cross section probably consists mainly of contributions from
1mpur1ties

The cross sections for F18 production from 5.7-Bev proton oom-
bardment of polyethylene and 5 amino tetrazole, 10 * 3 pb and 4 + l.h~ub'
respectively, cannot be explained as being due to impurities, If one

assumes a 10-mb cross section- for F18 production from the impurities,
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500 ppm total impurities would be required, which is much more than was
found. Crude estimates of F18 production by the most likely secondary
reactions give crosé sections. for Fl production from carbon and nitrogen
as 0,04 pb and 0.1 ub respectively. These numbers are also much too
small to account forAthe observed cross sections.

Thé foil st&cks, from which these cross sections were determined
after bombardment, contained thick Teflon foils which were separated from
the polyethylene by a 5 mg/cm2 polyethylene guard foil and from the 5
amino tetrazole by a 5 mg/cm (CH ) guard foil and one layer of cello-
phane tape, It is possible that some of the F 18 recoiledfor migrated
‘into the carbon or nitrogen target. The lower cross section for the
'nitrogen target, which:had tﬁicker guard foils, supports this possibility.
Consequently, the experimental cross sections should be taken as upper
limits. '
| The oxygen target shows the first real evidence of F 18 production
by nuclear reactlons, because the contributions for F 18 rec01ls and migra-
tion should be the same as for the carbon and nltrogen targets whereas the

observed cross section is 60 * 30 pb, The pr1nc1pal reactlons leadlng to

F:L8 production from oxygen targets would be 0 (a d)F (H ,n)F

l .

6(He3,p)Fl and the primary reaction ot (p, )F18 The contribution
from the Olg(p,n)F reaction can be shown to be small, At 400 Mev,

18

the cross section for the reaction Bll(p,n)Cll is 1.5 mb,”~ and at a
proton bombarding energy of 420 Mev, Fl =produc+10n cross section from
oxygen targets is 0.083 mb.l9 If the reaction ot (p,n)F is teken to
be the main source of FlB, then the observed cross section, corrected
for the sbundance of Ol8 in'oxygen,7 becomes 40 mb. The difference
between the ‘Bll(p,n)C:Ll amd. OlB(p,n)Fl8 resction cross section is too
great to be ascribed to differences in the target element, Consequently,
the bulk of the LO mb must come from secondary reactions on Ol6 and, as
a first guess, the1018(p,n)F18-reabtion.cross section will be taken to
be 1.5 mb at 420 Mev, This cross section will be taken to be the same
at 5.7-Bev bombarding energy. The value.of 1,5 mb gives a contribution

) L
of 3 pb from the Ols(p,n)F 8 reaction in natural oxygen.
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The cross section for the three secondary reactions is given by

g = Ol‘ 0'2‘ R

where‘cl is the productioﬁ cross section for the secondary bombarding

particles, o, is an average secondary-reaction cross section, and R is-

an average rzhge over which the secondaries are effective in producing
the ?roduct. The tritium-, He3-,iand alpha—produétion cross sectiong
will be taken as 30 mb,J+ 50 mb, and 400 mb20 respectively (assumingA
the 'H3°He3'Heh ratio for'oxygen is between that for befyllium and
alumlhum and not too different at 5.7 Bev from its value at 335 Mev)
The Q values for the three reactions O (t n)F®, 0% (a3, p)F*8, ana
O (a d or pn)F 18 are 1,7 Mev, 2.0 Mev, and -l6,3AMev, respectlvely.21
Consequently, the entire range of the H3 and H¢3‘ions contributes to
production of FlB, but for alphas only that ﬁart of the range in which
the alpha energy is greater than 16.3 Mev cbntribﬁtes‘to the reaction.
The values of 7 Mev for H3 and 28 Mev for He3 as rough average initial
energiesu’zo yield ranges in air of 40 mg/cm2 and 100 mg/cm2 respec-
tively.22 fhe conversion of these figures into atoms of oxalic-acid
oxygen per square centimetex in the target and the use of 100 mb for

3

the (t,n) and (Hes,p) reaction cross sectionsz3‘(the He” reéaction cross

section is taken équal to that for H3 reaction) gives, from the pre-
ceding equation, contrlbutions of 4 pb for the reaction 016(t,n)F
and 7 pb for the 016(

spectrun of alphas produced from light nuclei in film by 1-Bev protons,

p)F 18 reaction, From a published energy

it is found that about 10% of the alphas produced have energies above
16'Mev,,zlL Taking the whole’10% as produced at 2 Mev, the range in air
necessgry to slow a 24-Mev alpha to 16 Mev as 3O.mg/cm2, 2% and a

guess of 100 mb for the reaction cross section gives a contribution of

3 pb for the reaction 016(a,d)Fl8, ‘Because the oxalic acid was bom-
barded under the same conditions with respect to guard foils and posi-
tion in the foil stack as the 5 amino tetrazole, the maximum F'= contri-
Eution from pbssible recoil and migration wiil be taken aé 5 b, The
eddition of all these contributioﬁs, which are thought to be .upper
limits, gives a total estimate of 22 pub., It is difficult to say whether
this is significantly lower than 60 * 30 ub, Mofe work would be neces-

sary to decide this question..
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B. p,pn Reaction

The most noticeable feature of the p,pn-reaction cross sections

is their large variastion for phe different target elements, Bombard-
ments by Burcham, Symonds, Warren, and Young @ with 980-Mev protons -also
show the same variation.26 In this 980-Mev work it is suggested that
the veriation may be correlated with the level structure of the product
nuclide and that the deposition energy in thé product nuclide must be
less than the excitation energy of the first partiCIe—emitting level,
The same fluctuation of the (p,pn) cross section for different target
elements is shown by recent work with O % to 3 Bev protons. 21 ThlS
work also suggests a correlation of the p,pn cross. section with the
separation energies of the most loosely bound particles.in the products
and with. nuclear shell sfructure. These general ideas continue to be
borne out by the data in Table II.: In a later section, a theoretical
approach to the p,pn and other types of "simple" reactions through the
.use of a combination of the shell and optical models will be,developedf
Here a further correlation ean be developed by usinhg the ideas already
brought forth, The separation energy of .the least-bound particle in
the product can be used to determine which of the uppermost neutron
shells in the nucleus contribute to: the p,pn reaction. Only those shells
would be allowed that left the residual nucleus Wlth 1nsufflclent energy
to-emit another nucleon. Consequently, it might be expected that, for
a given energy and over a restricted atomic-weight range of targets, the
total p,pn cross section divided by the number of "available nucleons,
where known, might be constant,28 For some of these light'e1Emen£s the
- excitation energy of nucleon holes in the "buried" shells can be deter-
mined fairly uhambiguously from data in the literature,

A careful energy analysis .of p,2p reactions on several low-Z
elements with 185-Mev protons has demonstrated the scattering of protons

29 For c'? the 1p3/2 - 1sl/2 shell

from protons in the buried shells,
spacing was shown to be 16 Mev. This is more than the Binding energy
(7.5 Mev) of an alpha particle in.Cllo Consequently, the 1sl/2

nucleons are unavailable, and only the four lp3/2 neutrons are avail~-

. . 14 .
able for the p,pn reaction., The case of N is unambiguous hecause
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only the ground state of N13 is bound'21 gll the other levels have
much .larger particle-emission widths than gamma-em1s31on w1dths This
means that only the 1pl/2 neutron.of N 14 can contribute. For N 15 the
lsl/2 and lp3/2 proton-hole states are more than 15 Mev and 6 Mev above
the grqund state. Since N 1 and O 15 are mlrror nuclei and the -Coulomb
energies are small, these excitation energiesﬁshould;be“srmllar,to those
for the corresponding neutron-hole stateS‘iniolﬁe.pThis.means that in

l6 the lsl/2 neutrons are unavailable but the lp3/2 (and 1pl/2) neutrons
are avallable because the O 15 proton biﬁdiﬂg energy is 7.3 Mev, The

availability of the lp3/2 level is supported by other studies .of the 0
30

15

level structure, ) .
Determinations of the availablé neutron levels in P19 from the

. excited state configurations of F18 and the blndlng energy of the least—

bound partlcle (4,41 Mev for an alpha and 5.61 Mev for a proton) is -

not as easy as in the previous cases because. less is known about F

level structure, However, isotopic spin, parity, and spin requirements

can be used {neglecting collective effects) to help’decidepif the

known excited states can be "buried- shell" hole states, For example,

the parent 1pl/2 neutron hole F 18 .states of the ground state of F 19

can have values of the isotopic spin, T, equal to 1l or O, negative

parity and values of the spio, I, egqual to 1 or O. -The probebility

of producing any one of these stated. .with “3specific values.of T. and.

I is given-bj,the appropriate fractional percentage coefficients, All

the F18 excited states below and including the 5,60-Mev-state have

= 0 except two, which have T = 1, However, these two, at 1,08.and

21,31 Neither the isotopic spin nor. the

3.07 Mev have positive/parity°
parity of the adjaeent 5.67-Mev level are known. If the isotopic-spin
selection rules hold, it prdbably has T = 0 as it is formed by Heh bom~
bardment of Nlh el The higher levels are known to be particle emit-
tlng.Zl The above data on the'F18 excited states 1ndicate that all the
parent.lpl/z neutron-hole F18 states with T = 1 are particle-emitting

states as. all the particle-stable F 18 states with T = 1 have positive

parity. This means that the lpl/Z neutrons. are unavailable whenever a



T = l F 18 parent state is produced. It is not possiﬁle to decide at
present from the F 18 level seheme whether the_perent states with T = O
are particle emitting or not. Consequently the twe 1pl/2 neutrons in
F19 appear to be at least partlally unavailable and may be .completely
unavailaeble. In order to-have & number. to work with, it'will be assumed
‘here that 1pl/2 neutrons are_completely'unayallable. The lp3/2 and
1s1/2 neutrons should also be unavailable,‘becauee as lp3/2'and 1sl/2
~hole states would have even higher exciﬁatidn.energies than the 1pl/2
nole state., ~ A .

Much less is known about Nazz levels, All fhe excited states
below 3 5 Mev should have.T = O by the isotopic spin selectlon rules
because they are directly populated by the MgZh(d a)Na ‘ reac-tlon.32
No states have yet been found between 3.5 and 795 Mev (the proton bind-
ing energy in NaZ? is 6.74 Mev,. The spin, perity, and emission width
of the T7.5-Mev state are not given. In-the absenee of further infof-
mation it will be assumed here that the 1pl/2 neutrons are unavailable.

-The discussion in the. previous peragraphs has shown that. the
number of available neutrons for'p,pn reactions can be taken as four
1p3/2 neutrons.for carbon, one 1pl/2 neutron for nitrogen, four 1p3/2
and two lpi/z neutrons for oxygen, two 1d5/2 neutrons forAFl9, and four
ld5/2 neutrons for N323, Teble III hes been prepared using theseAnumbers
of available neutrons, Columns 1 and 2 list.the target element and the
- product nuclide, The third and fourth columns list the p,pn reéction
cross sectiqn.in millibarns and the number of available neutrons. The
tentative nature of the values given for the number of'aveiiable neutroqs
for Fl9 and sodium is indicated by the parentheses, The fifth column
gives the p,pn reaction cross section per availeble neutron o It is
Jmmedlately seen that 9 is much more constent than is Up,pn’ indicating
that thére is indeed some correlation between the number of available
neutruns and cp,pn' The variation outside of the error llmlts remaining
indicates that, as would be expected, o5 varies with the atomic weight of

the target and with the ishell quantum numbers of the available -neutrons.
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Table IIT

p,pn cross sections per availaeble neutron .for low-Z elements

' p,pn cross
: section per
Available - available

Target . Product | . ,"p,pn(mb) . neutrons . neutron o,
¢ B " 7.2+ .8
N 3 7.3+.7 - 73 E
0 07 33 £ 5 6 '-‘5,,5168
F o g0 19 £ 2 (z) 041
Na Na2? 31 £ 5 (%) | 8 +1.0

A very plausible mechanism for the p,pn reactions which accounts
‘ for the lack of vafidfioh in 9 is that the incident proton collides witn
one of the availaﬁlé‘ﬁeutrons in the nucleus, and the proton, neutron,
and any‘mesons produced leave without further intersction in the nucleus.
This would mean that the total p,pn cross section would be approkimately
equal to some constant times the number of available neutrons, which is
just what is observed. One would expect contributions to'the cross '
section to be small from proton-neutron collisions in which the proton
(or neutron) is left in the nucleus with enough energy to excite the
nucleus to a proton- (or neutron-) emitting state, This is due to the
small probability of such nucleon-nucleon collisions leaving one particle
behind with a kinetic energy such that the nucleus will emit one but not
two particles, More will be éaid about these considerations in the

second section,

C. p,p2n Reactions

Cross sections for only two examples of this type of reaction were
determined. For the reactions Be9(p,p2n)Be7 and,0;6(p,p2n)olu the cross
sections are 15 mb and 11 * 3 mb, respectively. This type of reaction is

not' so easy to interpret as the p,pn reaction, as one would expect two
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main contributing mechanisms. One of these would consist of the incident
proton knocking out & neutron from a "buried shell", which leaves the
residual nucleus in a sufficiently excited state to emit another neutron
(the 1s shell in c*? is a possible example). The other mechanism con-
sists of a proton knocking out a neutron‘availablé fér the p,pn reaction
and then one of the collision products knocking out another neutron from
a shell, which leaves the'residuél nucleus with'iﬁsufficient energy to
emit another particle, It.is aifficult to estimate the relative contri-

bution:iof these mechanisms to the observed cross sections,

D. p,2p2n Reactions

. Two examples of this reaction were 1ncluded nemely, the cross
sections for the reactions N 14’(p,~2p2n)C and . 0 (p,2p2n)Nl3 equal to
13 + b mb and 6 * 2 mb, respectivély. The'contrlbutlng mechanisms for
this reaction are numerous. Besides one, two, or ‘three successive col-
lisions followed by emission of two, one, or no particles, respectively,
from the excited nuclear state, deuterons can be emitted. The initial
collision can be either with a neutron or & .proton, etc, T It appears
from the above two cross sections that the fact that N 13 has only one
bound state, whereas Cll has several, is influenciing the cross section.
Thls can be seen from a general study of the data in Table II, i.e.,
-from any given target element the N 3-productlon cross sections are

15

always less than those for C.l or O

E. p,pna;Reactions

Cross sections for four examples of this type of-reaction.weré
dete;minéd. For the reactions A127(p,pna)Na22,'Na23(p,pna)F18,
16(b, na)Cll, and Cll(p;bna)Be7 cross sections of 17 + 3 mb, 10 * 1 mb,
. 3 mb, and 11 * 1. 5 mb, respectlvely, were found. Conﬁrary to the
' p,pn reactions, these values are all fairly uniform. There does not
appear to be any correlation .with.: the number of bound levels in the

Be7 11 . 18

has two, C* has seven or eight, ' has ten or

21,31,32 pivision of the total

!

products, i.e.,

2
eleven, and Na 2 has more than eleven.
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cross sections by the same nUmber of aveilable neutronS'as'wes taken
for the p,pn reactions gives eross.section.cbntributions per available
neutron of 2.1 % 0.3, 2:5 * 0.3, 2:0'% 0.5, and 2. 8 0.k mb /neutron,
for alumlnum, sodlum ‘oxygen,, and’ Larbon targets, respectlvely There .
are probably eight. neutrons avallable for Al 21 because the ld5/2
neutron:shell is closed.33 It is seen that thesé values are almost
constaﬁt within the error limits., The fact,of:tﬁevconstaney of these
numbers is of doubtful use, however, because fhere gre even more
mechanisms leading to the final ﬁroduct.than in tﬁe’previous case. The
writing of this reaction as a p,pnazreection is_qot'meant to imply that
after a proton-neutron collision an alﬁha partiele is emitted for all
the reactions leading to the p,pnx product. The alpha may be emitted
as single nﬁcleons by knock<on c¢ollisions or deexcitation, or deuterons,

3

tritons, or He” may be emitted, Because of the large alpha~particle
binding energy, it is possible that the proton_ﬁeutron-collision fol-
lowed by excitationaby the collisioﬁ,broducts df an alpha~emitting
'md@e of the nucleus with or withoﬁt any further-ﬁuEleon-nucleon col-
lisions is a likely mechanism, , 4 o

There are several other types .of reactlons each represented in
.Table IT by one or two examples Again the large number of pathways
from target to product as well as the small number of examples for each
reaction type precludes any definite conclusion sbout the likelihood of
the possible mechanisms,

This work extends -the cross-section measurements for spallation.
reactions on low-Z target elements up to a proton kinetic énergy of
5.7 Bev. It is, consequently, worthwhile to extend the excitatlon
functions to 5.7 Bev and look for any intereeting‘energy-dependent

effects .on the cross sections.

F. Excitation Functions
‘ Figures 3 to 10 inclusive, give the energy dependence of the

cross section for the various reactions studied in this work and in-

clude literature data, The excitation functions are plotted for a
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proton energy greater than 100 to 300 Mev, Each-point has an error

limit associated with it which was taken from the literature. For the
points which were bbtained frbm the literature as rétios of product-
to-monitor cross sections and combined with newer monitor cross sections,
the error limits do not include the (relatively small) error on the
monitor cross section. The points without any error limit given are
either the result of only one bombardment (for this work) or had no
error limit given in the litersture. Thg smooth curve drawn through
each set of points is only meant to serve as a rough guide, and in a

few cascs, e.g., Be9(p,p2u)Be7 has hardly any meaning, For reactions

written as target (p,X), product X refers to any combination.of nucleons

and fragments emitted that conserves charge and nucleon number,

1. Beryllium.. Figure 3 gives the excitation function for.the
. 1
reaction Be9(p,p2n)Be7 from the literature data and this work. 9,3k
Except for the Bev point'from this work, the cross-section .appears to

be .decreasing stronglyAwith increasing energy. More work is definitely

needed to see if the minimum around 3 to 40O Mev is real.

. 11
2. Carbon. The excitation functions for the reactions Clzﬁbpn)c
1 b
4 c z(p,pnot)Be7 15,16,19,26,35-41 ond

this work are given in Fig. 4., As can be seen the Clz(p,pﬁ)cll reaction

obtained from the literature data

has been fairly extensiveiy studied, The.eﬁcitation-function‘for this
reaction appears to go through a slight minimum in the .l to 2-Bev energy
range. The Clz(p,pna)BeT-excitation function .is remarkably flat over a
wide energy range. '

3. Nitrogen. Figure 5 gives the literature data26’z7

and the
results of this work for spallation reactions on nitrogen. The exist-
ence of & minimum in the Nlh(p,pn)Nl3 excitation function is not defi-
nite necause of the error limits on the data points. -Mofe work is
necessary to clear up this point. The excitation function for the re-
action.Nlll'(p,X)Cll apﬁears:to decrease in a uniform manner with in-~

creasing energy.
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h;"Oxxgen. The spallation data for oxygen from this work are
19,26 '

15

to give in Fig. 6 the excitation

and 016(p,X)Nl3. The p,pn ex-

combined with the llterature data
function for the reactions O (p,pn 0
'c1tation function does not appear to show the same minimum as :do the
nitrogen and carbon points.‘ However, there is no data in the 1 to 5-Bev
region where the minimum would exist, if present. The general slope of
both excitation functions in Fig. 6 seems to be less then that of the
data for nitrogen and the Cla(p,pn)cll reaction, The points for the
reaction 016(§,X)Cll which are not shown reveal almost the same magni-

oL
tude and energy .dependence as do those for NlJ l9’°§

5. Fluorine, The most noticeable feature of the fluorine data
in Fig. 7 is the scatter of the points, ‘especially for the p,pn i
action. 19,26,27 The p01nts for the p,pn reaction appear. to go throuWh
a minimum at 1 Bev and a maximum at 3 Bev, There are no known Téasons
why the result from tAis work should be lower for the p,pn reaction than
the other work The Teflon foil used in this,work was thicker (165 mg/cm )
than the f01l used by Markowitz et al, 21 (2.7 mg/cm )} or Symonds et al,
(51. 5 mg/cm ) .Also as mentloned before, the alumlnum monltor foils were
placed .on the down-beam side. of the foil stack rather than the up-beam
side as was done by Markowitz et al. 7. Secondary reactions by slow '
nucleons in the monitor foil can not be the reason, because the cross
section for the monitor reaction A127(p, )Fla wasAdemérmined undexr the
same conditions. If the monitor reaction cross section were affected
by secondaries influencing the Al 7(p,3pn)Na 2 cross section, the Fl8
monitor cross section would be lOWx This doés'not seem to ba fhe case
(See Fig. 8). Also the A127(p,X)F monitor reaction should be rela-
tively free from secondary influence. -

No points are given for N13 productioh from Fl9 because work
done at a proton energy of 420 to 980 Mev gives only an upper limit of
0.4 to 0.6 mb.26 Nitrogen-13 activity was definitely resolved from the
decay curves for fluorine targets bombarded by 5.7 Bev protons ﬁo give

a production cross section of 1.5 % 0.5 mb (Table II). In view of the
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independence or slight decrease of the excitation functions with in-
creasing energy for most of the reactions studied, it is difficult to

explain this opposite trend of the Nl3 data,

6. Sodium., No curves are given for sodium, because there

appears to be no cross-section data at high energies in the literature.

7. Aluminum. Of the low-Z elements studied in this work,

aluminum is the most extensively studied., Figure 8 gives' the cross-

15,19,36,40, 42
19,43

section data for the often-used monitor reaction
AIZT(p,3pn)Na2h'and the reaction'A127(p,pna)Na2.l
tion function: for'NaZA'production is a combination of the graphs given

by Cumming et :al‘,.l5 and Hicks et alhuz and the 10 /5<mb point-at 5.7 -Bev,

The excita-

This éurve-wae then used to convert into absolute cross sections the
. literature values of ratios of various reactibn,éross<Sections to the
monitor cross section for Nazu production from aluminum.ho’h3 The data
of Prokoshkin and Tiapkin for Nazh productioh,'given as raﬁios of the
cross section at a giGen prétonAenergy to .that at 660 Mev,ho was conven-
ted by means of the above curve, and the resulting éross-section points
-were added, Ratios were also given for Na?z préduction, They were not
included;-because the.Nazz.excitation_functidh in Fig. 8 is not re-
liable enoughlto use to convert these ratios.into cross sections,
Inspection of Fig, 8 shows that the excitation function for
Nazu production is flat above 0.5 Bev within the error limits, whereas
the Nazz data show a decrease in value with increasing energy. The
éurious minimum in the Ale(p,3pn)Na2u excitation curve may be an ex-
pression of a possible increase in the cross section due to thé onset of
meson productionj39 although the work of frékoshkin-and Tiapkin does
not show such a minimum, ‘ . '
Figufe 9 shows the excitatién functionsk%sgusfor the reaction
'Alz7(p,X)Fl8 and A127(p,X)Nl3. No points are giVen.forlols, because
at the time that the work in the literature was.done, the existence of
3.4-min Nezu was not’known.7 ‘The points for F18 production taken from

L 19

- .
the works of Friedlander et al, - and Marquez ~ were increased by 3%
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to account for the 3% electron-capture decay branch7 in 7, The F
points above .l Bev show little variation with énergy, with the "usual"
increase with decreasing energy below l Bev. Contrary to mbst of the
data, the N 13 points indicate an increase in cross section with increas-
ing proton energy. N 13 may be a sufficient number of mass unlts away
from the target atdmic mass that;higheenérgymincidént particles would
be needed to cause the emission of the requisité'number of nucleons,
elther singly or in chunks |
[

productlon from alumlnum in Fig. 10

The points for C : and Be
/)3 h’3

show au even stronger 1ncreasélwith_1ncreasing proton energy.
Again, as has been suggested, the incident energy necessary to cause the
required mass change may be high, 43 Because  the rise in cross sectlon
continues into the Bev reglon, it seems quite possible that the increase
in average number of mesons produced per nucleon-nucleon. colllslon in

the nucleus is important,
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V. SUMMARY

In general the spallation cross sections.for 5.7-Bev protons
incident on low-Z elements .show no striking difference from those ob-
‘tained on the same elements at 500 Mev and up. Sémelof the reactions,
in particular those which” lead to products 1l atomic maés unit (amu)
away from the target, yield cross sections which vary quite a bit from
element to element. Other reactions yield cross .sections that are quite
independent of the target atomic number, The excitation functions, when
extended up ﬁo 5.7 Bev, exhibit no discontinuities or strong energy
dependence. Most .of them are either independént of or decrease somewhat
“with increasing bombarding energy in the Bev energy range. A couple .of
.p;pn excitation'functioné seem to have a slight minimum in -the 1 to 2-
Bev energy region, but the minimum is within the error limits, There
are also a few excitation functions. that increase with inéreasing energy
in the Bev region. These are all for products whose mess is at least
14 emu less than that of the target. It appears (See Table III) that
there ie a sfrong correlation between the magnitudc.of’thc p;Pn .Croos -
section and the number ofvavailable.nucleons in~the target nucleus..

In the next section an attempt will be made to develop a theory to ex-

plain<the:magnitude and variation of the p,pn and related cross .sections.
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NUCLEAR REACTIONS OF LOW-Z ELEMENTS WITH 5.7-Bev PROTONS:
NUCLEAR STRUCTURE AND SIMPLE NUCLEAR:REACTIONS L

PMTII

NUCLEAR STRUCTURE AND.. SIMPLE NUCLEAR "REACTIONS -
'Tit INTRODUCTION

In recent years a large number of cross sectlons for various types
of spallation reactlons has accumulat d. ll 26 4h=50. The Monte Carlo
metho d5 »52 coupled with: a Ferm1 gas model of the nucleus has been used to
interpret the-experlmental results At medlum and hlgh bombarding energies
(hundreds of Mev and up) and for products whose mass 1s more than a very
few atomic mass un1ts less than that of the target, the existing calcula-
tions are in fair agreement with the experlmental results 11,52,53 How-
ever, for (p,pn) and (p,2p) reaction products whose mess is .one unit less
than that of the target, the calculated cross sectlons, when compared to
experimental values, are low by a factor of two to three 11,52,54 Also
the calculations predict a smooth dependence ‘of the cross sectlon with the
atomic mass of the target, Whereasrthe experlmental p,pn and p,2p cross
sections show quite an erratic varlationg It has been suggested that add-

ing a diffuse nuclear boundary‘to the existing Monte-Carlo calculations

52

would correct .this discrepancy. ‘Possible shell-structure effects have

heen advanced as an explanation for the apparent irregularlty in the ex-
perimental values. 26 »27
Because of the existing discrepancy, it was thought worthwhile to
try a method of calculating p,pn-cross sections based on the optical and
shell models with a diffuse nuclear surface, Recentcwork has shown that
such an approach is profitable, and proton scattering by protons in buried
shells has been descri-bed.29’55 Throughout the restnof this work the dis-
cussion is restricted mainly to p,pn cross sections because of the pre-
ponderance of p,pn over p,2p cross-section data in the literature. How-
ever, with minor changes, the theoretical results apply just as well to
P,2p, p,pn- Qincluding p,n), p,pn+, and possibﬂj p,p*? reaction cross-
section data.' In order to simplify certain aspects .of the calculation,

the theory is developed to be valid.in the multi-Bev region of bombarding
energies,
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II. p,pn REACTION PATHS

A consideration of p,pn readtions'indicates}that there are several
possible paths by which an isotope containing one neuﬁronzless than the
target nuclei can be produced.,.If the proton-neutron.collision is in-
elastic, the p,pn product can beffqrmed as fdllowsﬁ ' .

(a) All the collision; products can eécapé without further inter-

.;action in the nucleus. The neutron must have been knocked
out of a shell which leaves the nucleus.in .an excited "hole"
state stable to particle emlsglon,‘ :

(b) A neutron can be left.behind with an‘énergy:iﬂcreése (about

8 to 16 Mev).such that the primary collision is followed by

nuclear emission of only one neutron. The Coulomb barrier

suppresses proton emissién for all but the low-Z elements,
A proton-proton inelastic colliéion can also ?Qrm the p,pn product By:

(c). Leaving a proton behind with an €nergy increase (also about

8 to 16 Mev) such that the prlmary collision is followed by
nuclear emission of a neutron,
Elastic p-n and p-p collisions form the p,pn-product by the same pathways
as for the inelastic p-n collisions. Similar pathways also hold for the
p,2p reaction cross section, ’ | |

An estimate of the relative contribution of processes (a) and (b)
can be made by reference to the experimental cloud chamber data on p-n. and
p-p collisions. -Out of 134 inelastic events caused by 1,72«Bev negtrons on

hydrogen gas,56

86 events.produced neutrons by the reactioh (np , nprt =7).
The rest of the events consisted of the reactlons (np, ppn ) and (np,

ppn L ). Only two out of the 86 events, whlch aré the only ones that can
contribute to the p,pn cross section by processi(b) produced protons with
en ehergy as low as 40 Mev, The lowest-ene:gy_neutrdn.had.a kinetic energy
as low as T4 Mev. A study of 201 inelastic events caused by 3.8 = 2.4-Bev

57 o - . + -

neutrons on protons showed that there were 35 ppmt events, 97 pnw =«

events, 34 bnn+n_ﬁ .... events (the dots refer to other possible neutral
pions), and 35 events of various types that produce between two and five
pions. The 131 pnﬁ+n— and pnn+n7no-~ events provided only one proton with

a kinetic energy less than 20 Mev.
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These results can be used in the following manner: For 1,72-Bev
neutrons on hydrogen,. no-protonsjfrom~86tevents were found with kinetic
energies in the 8-to 16-Mev rahge. For'the.3,8-Bev neutrons on hydrogen,
one proton from 131 eVents_had a kKinetic energy within the 8- to 16-Mev »
rénge. These numbers are forAhigh-epergy neufrons oﬁ protons, For high-
energy.protons,incident,on neutfdns,ethesefssmeunesﬁltsbshould hold if
neutrons are exéhanged for protons in the:pﬁﬁ+ﬂ--an§ pﬁﬂ+ﬂfﬁo events only;
These numbers give a relative contribution from process (b) which is < 2%
of process (a). .

The relative contribution of-process,Lc)zis more difficult to
estimate, as there -are ho iaboratory-system scatter'diagrams for inelastic
©=p collisions in the literaturc. ﬁowcvef, one can use the n-p scatter-
disgram data by assuming_that'the'energy and angular disfributions for
the scattered particles in the ppn  and ppﬂ—ﬂo reactions from n-p colli- -
u1ons.can be used for the pnn+ and pnn+n reactions from pP-p collls1ons
respectively.’ An analys1s of 2.,75-Bev p-p events58 shows that slow protons
are produced in pnn+ and pnn+ﬁo events (the neutrons have high momentum).
Since the majority of two-prong inelastic events'are_pnﬂ+ and pnn+no types,
the fraction of the inelastic events from 6,2-Bev p-p collisions59 which
are two-pronged, 0.32, was assumed to appiy to pnn+ and pnﬂ+no events
only. Out of 35 ppt  events from 3.8 * 2.4-Bev neutrons on hydrogen,
three produced protons with kinetic energles between 8 and 16 Mev., The
above assumptions and the assumptlon that a PP colllslon in a nucleus is
equally probable to a p-n collision gives the value of the relative contri-
bution of process (c). This is < 0.32 x 3/35 = 3% of process (1). Conse-
quently, the relative contribution .of processes (b) and (c) is.< 5% of

process (a) and can be neglected.
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III. APPROXIMATIONS

A, Impulse;épprox1matlon

At high incident energles the 1mpuﬂse approx1matlon should be
.valid:6o 1.e,, the wavelength,of the 1n01dent.protonnls,sufflclently
short that the proton may be .considered to interact with only one nucleon
at a time in the nucleus, The effect of the rest of the. nucleons is the
prov1sion of a potential well and resultant momentum distribution for the
particular target nucleon‘con31dered. Also .the -time it takes the incident
nucleon to .cross the nucleus .is .so short that the nucleus would not have
time to rearrange.itself_or affect the course of the elementary collision.
The exclusion principle has a negligible effect'on the elementary nucleon-
nucleon collision, as the amount of momentum-space forbidden is negligible
.compared to the volume available, The .incident proton,can.then-be con-
sidered to have -™snatched" a nucleon from the nucleus so fast that the
only effect is to leave the target nucleus .in an excited nucleonehole
state°6l If the products of the elementary collision get out .of the
nucleus without fuither interaction, and the resultant exgited state of
the nucleus is not a particle-emitting state, the product nucleus contri-

butes to the p;pn or p,2p cross section,

B. Zero-Degree Scattening-Angle Approximation

Another epproximation which greatly simplifles.the.calculations is
that, for inelastic n-p and p-p collisions, the particles are\scattered at
zero degrees in thellaboretory system° The validity of this approximation
can be .seen from an examination of the~free n-p and p-p collision data,
Cloud~-chamber data taken for l.72-Bev-average-energy‘neutfons.on hydrogen?6
show that ‘three ~-fourths .of the doubly produced mesons have a median lab-
oratory scaettering angle.of 36 degrees, .The nucleons associated with these
mesons have a median.leboratory scattering angle of l7Ideg'rees° Singly
produced mesons and the associated nucleons heve.median laborstory scat-
tering angles of 34 degrees .and 20 degrees respectively. Inelastic events
ST

.produced by 3. 8~Bev—average=energy neutrons on hydrogen show that .one

half the particles .are emitted . w1th1n 20 degrees laboratory of the primary
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beam, and two . thirds within 30 degrees of the primary beam., Roughly one-
half of the inelastic events emit all particles within 35 degrees of the
forward direction, and there are only a few events whlch emit two or more
particles at an angle greater than 35 degreesi Three-fourths .of the
_charged particles produced by 5.3-Bev pwp coiilslons emergelw1th1n 20
degrees. of the incident beam, 2 Other work indicates & medién laboratory
scatterlng angle of 32 degrees for neutral pions produced by 6. ZwBev
proton-nucleon collisions. 63 Cosmic-ray work indicates that for higher
incident energies, the médian laboralory scaltering angle io oo emall as,
or smaller than, the values given above, 3,68 |
Contrary to the case for inelastic colllslons, the approximation
of a Aelo—deg;ee scattering angle for the prnducts is definitely invalid
for n~p and p-p elastic collisons, iine coste angular dependence token to
be the same in the forward c.m. hemisphere for p-n as for p-p collisions,

65,66

(Appendix I) ensures that at high energies (n>>1) either one or the
other of the nucleons has a very high probability of being scattered at
large angles (close to 90 degrees) and having a low energy in the lab-
oratory system, At 5°7jBev, the energy and scattering angle of the
target particle in the laboratory system oorrespondﬁng to the angle in
the c.m, syétem at which most nucleoné are emitted (the maximum of cosne

65,66 is 39 Mev and 80 degrees (Appendix I), The same

sin © were n = 36)
cosine dependence of the scattering anglé ensures that the other nucleon.
is scattered at almost zero degrees in the laboratory system;

The .invalidity of the zero-degree laboratory scattering-angle
approximation for elastic p-n and p-p collisions is one of the reasons
the ensuing treatment is restricted to mulbi-Bev»bombarding,energies-where
the elastic fraction of.the total collision oross“section.is low, Since
the contribution to the p,pn cross section ffom elastic p-n collisions can
be only crudely estimated, restriction of the bombarding energy to the

multi-Bev region mininmizes the error in this estimation.

C. Use of_Classical Trajectories

Another helpful approximation depends on .the fact that at Bev

energies the wavelength of the incident nucleon is small compéred to
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nuclear dimensions (R is 0,03 fermis for a 6-Bev nucleon) Consequently,
the incident nucleon may be considered to have a classical trajectory in
the nucleus. The particles scattered in the inelastic p-n or p-p col-
lision in the nucleus will also be assumed to have classical trajectories
CK is 1.1.and 0.4 fermls for 100-Mev - plons and fiucleons respectlvely) oL
On-the. other hand, all ‘the target nucleons have. 1nsuff1c1ent momentum,
.especially in the. surface reglon, to: be treated class1cally and will be

treated quantum mechanlcally

D, Other Approximatlons

The use in thls ‘work of the ‘high-energy cloud-chamber scatter-
diagrem. data depends on the assumption that-the‘energy and angular distri-
butions. of the scattered partlcles for free n-p collisions can be : in-
verted" to describe p-n collisions and then' lifted into the nucleus with
only small resultant changes. The.lnvers1on can be accomplished by ex-
changing the forward c.m, hemisphere for the backward c.m. hemisphere,

The angular and energy disﬁributionsaof the scattered particles in the
nucleus will be affected by & number of factors such as the Pauli ex-
clusion principle, motion of the target nucleon, ete. It will be shown
later that most of the contributions to the p}pn.reactionﬁcomeifrom the

nuclear surface where the effect of theseAfactors is small.
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“IV. THEORY

A, Development

' By the use of the previously discussed approximations, the cofitri-
bution to the p,pn cross section from'inelaétic p}n-collisions [process
(H)]‘can be found. Consider a cylindrical coordinate system whose origin
coincides with the center of a nucleus and in which a proton is céming in
parallel to the z éxis. Then, -for a given p-n inelastic .interaction which
produces 2 nucleons and t-2 mesons, the probability per unit path length,'
P

Ttk
collides with the kth nucleon, and ‘all the collision products escape with-

that the incident proton gets to a point ryz,p without interacting,

out further interaction is

1

% t .z

Py, = XD (-clfp(B)dy) exp (—'z cif p'(R)ay) o, P, (r z 9). (10)

z i= =00 '

The firsts exponential. factor gives the probability that the proton gets
to r;z,p without colliding with any nucleons, and the second exponential
gives‘the probebility that all the collision products escape (with o°
scattering angle) without further interaction. The.iﬁcrement of path
length, .dy, is along the path of the incident and emefgent particles,
. Here 02 (r z ¢$is the;probablllty per unit path length that the .inci-
dent proton collides 1pelast1cally with the kth nucleon at r z ¢, The

inelastic p-nucleon interaction cross section 1s v and P (r z ¢) is

3
the normalized probablllty per unit volume .of flnding the kth nucleon

at r; z, . The term p(R) (R =% 4 yz,. where y is equivalent to z)
gives the total nuclear density distribution in the target nucleus and

p* (R); is the same as p(R) except that the kth nucleon has been removed
from the total nucleon density distribution, because after the collision
it is one of the collision products. The total interaction cross section
for the 1nc1deht proton with a 'target nucleon is ci The o, are the
free nucleon-nucleon and pion-nucleon total collision cross sectlons, and
the sum is over all the t particles produced in the particular type of

p-nucleon interaction under consideration, The integrals in the exponents
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give the total ﬂumber of nucleons per unit area along the path lengths

of the 1n01dent and emergent partlcles _ The two. expOnehtial terms are

the equivalent of factors used in the optlcal model to-give the damping
67

of the incident and .emergent partlcle waves:,
If the target nucleus is in. a ‘uniform- beam of bombardlng protons,

the cross-section contrlbutlon, tk’ to s1ngle collls1on processes from
the kth. nucleon is obtained by 1ntegrat1ng P k along the path length and
then welghtlng the result by rdrdw and 1ntegrat1ng over all r and Q.

ThlS gives

Type fdcpfrdrfexp(of(R)dy)

exp ( Ej JF (R) dy) o, (r z @) dz. - ‘ (11)
The constant_o2 can be-mdved outside the,integrals; -If-‘one sets Tk
equal to 02 ) then 02 can be ignored'at thio otage. An avcrage of

. (11) over the inelastic. collision types. (different values of. t)
and energy spectrum of the scattered partlcles (dlfferent values of

each o, ) gives the result

27 -] 0 'oo

M=M= f aQp frdr fexp (-rolf o(R) ay _
_ o o) ) Z .
- z . S ' -
' exp (-aljp-pv<3) ay) B (rz 9) dz , (12)
where ¢ is an appropriate average of EE%, and.Mk may. be regarded as
the fractional availability of the i=1l Eth nucleon in thejnucleus

for single-collision processes,

The factor Pk is given by

. * - o ' : '
Pk=f‘l’A ¥, a7 . : (13)
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where Y is the antisymmetric nuolear wave function. Because the integrand
in Eq. (12) depends only on the space coordinates of “the kth nucleon, the

~ integration in-Eq. (13) is over the spin coordinatés.of all the nucleons
and the space coordinates of all nucleons except those of the kth, If the

nucleus is regarded as an assembly of 1ndependent particles, is equal

b4
A

to the normallzed Slater determinant. Substitution of this determinant

into Eq, (13) and performance of the 1ntegrat10ns over. the coordlnates of

all nucleons (kth excluded) gives

N AR T AR TR ()
» q pin space : : -
The w (T ) represents the 51ngle-part1cle wave functlons of the kth nucleon,
and q stands for a set of quantum numbers needed to spe01fy a nucleon com-
pletely. The sum is .over all A sets .of q,-where A is the number of nucleons
in .the nncleus. -The experimental evidence indicates.that nucleons in the
‘nucleus show strong spin-orbit coupling. 68 Conseqpently, if the w (T )
represent 1nd1v1dual-partlcle wave functlons that are spln-orblt-coupled
they- must be transformed so that the space and Spin coordlnates appear
expléc1tly. This is .done by use of the Clebsch Gordan coeff1c1ents to
09

£give

vy (1) =) Clasgmym m)

Ny
TnEj (Rk) Ylms (quk) Xs ;m ., -m. | (15)
where T (R ) is the radial part of the wave function, Y i (quk is a

normallzed spherical harmonic, and - 1s the spin. func%lon For a

‘s,m,-m.,
given mj, the sum over ml is restrlctad £ by the requirement that mj
equal m, + m_, where m_ is either + 1/2 or - 1/2. |

A given term in the q sum in Eq. (14) refers to a specific single-

nucleon state with quantum numbers n,ﬂ,j,mj; There #re (n+p)n,ij terms in



-604
the g sum whieh~differ:only byuuj; where'(n+p)nzj‘&s the uumber of nucleons
in the- nﬂj shell (the subscript n is the principal quantum‘number) Because
each nucleon in & given.shell may assume any. one of . the mj values, an av-
'erage over the mJ values must be taken - The target nucleus is bombarded in
an . essentlally fleld -free reg1on as far as its allgnment is concerned, so
that each one of the mJ states in, equally probable . Substltutlon .of Eq.
(15) into Eq. (lh) breaklng up the sum 1nto 8 Sum over an shells, and

averaglng over the mJ values using the operator h

’ : : J
1

23+l

o=

. J J

gives the result s

_— ey S
Py =% Z" Z éﬁj+ln£J' : fCz(”‘SJ:mA’;,m -, )
TnLJ (Rk) Y (ek‘pk) (qu’k)':' a8

.The equal probability that mJ assume any value between -j and J allows
m‘8 to assume all of its values between -ﬂ and &.. The mj sum can be done
by use of standard procedures69 for manlpulatlng Clebsch-Gordan coeffi-

cients to give

: Cu+p) . . ' - ‘ '
. _ - n3j g2 * :
Py =2 Z Z 1 Tty B ¥ in, (&) Ym.]g (6 9)
HZJ m. == . o . . §
1 .
Use of the spherlcal-harmonlc addition theorem,70
* ZB+l
) Vi, 00 Y 00 -
m, =-4. .
Y/
gives
1\ 2 '

s
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Substituting Eq. (17)-into Eq. (12) and summing over .all nucleons gives
for the fractional availability, M, of all the nucleons in the nucleus

for single collisions.(Rk? =,rk2 + 2z 2)

K - 4
= rix i Z (n+p 7 J. f:cp ﬁdrf exp ( -0y f«"p.(R)'dy)

k=1 nk Lo CZ

exp (-E'k/ﬁz p' (R) ay) Tznyj (rkz + ZkZZ] dz;. (18) -

In Appendix II it is shown that Eqs. (17) and (18) hold also for
j-j-coupled shell-model wave functions., The k sum may be done im-
mediately, as'each term is identical, which removes the 1/A, Likewise
the ¢ integration may be dbne, as the integrand is azimuthally symmetric,
The part of M which contributes to the p,pn reaction by processes

of type (a) is obtained by limiting (n+p) to néutrons only and limit-

. . n#j
ing the sets nl}j to those for which the sudden removal of a neutron with
guantum numbers nygj leaves the nucleus in an excited state stable to

particle emission. This gives, for M_: L, pr?
)

= ' . s e (1
Mi)',pn 2 nn.BJ Mn.zq |« 9A)
allowed -
n%j values
The fractional availability per neutron in the nﬁj shell for single-col-

lision processes, M is given by

nt.j

® .00 o

1 ' oy
= = ) -
Magi =3 frdl_h. ﬂe_x‘p'( olfp,(B) dy)
0’ - pA
Z .
- . 2 -2 2 . :
exp (-0 p'(R) dy) T 043 (17 %=2") ) dz . (20)
Y A
The avallability, M‘w , for target protons is also given by Bq. (20) if

the correct value of T and form of T ﬁJ (r +2z ) are inserted.
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Equation (20) holds for a variety of notential-well shapes, such
as the square, harmonic-osc1llator, exponential wells, etc. In this’
.work the harmonic-0501llator well will be used for two reasons. First,
it gives a finite gradient to the nuclear surface, something which has
been postulated to explain the difference between the calculated and
observed p,pn cross sections, 27 52 ShA Second, solutions to the
Schrodinger equation can be obtained in an analytic form " This simpli-~
fies the numerical evaluation of. Eq. (20). Ani additional<simplification
'is introduced by the fact that. for the harmonic-osc1llator well, inclus-
ion of a spin-orbit coupling term in the’ wave equation changes only the
eigenvalues and not the wave functions For this reason, the J sub-
_script 'will be dropped from M and T 1n Eq° (20) from now on,

‘The normalized radial harmonic-OSCillator wave functions for
the first three radial shells areTl .

T, = p h‘z | (s (rl4z )ﬂi/zxp ( M__)_> (21)

nk =\ M2 (apsc)t

where ¢ and B are a numerical constant and 51mple polynominal respec-
tively, both depending on n, Equation (21) is normalized to give 2 upon
nintegration over‘the r and z coordinates This 1is necessary to remove
the factor of 1/2 brought in. from the, removal of .the spherical harmonics,
This factor of 2 appears because of the change from spherical coordinates
used in the addition theoremm to cylindrical coordinates_used in Egs. (20)
and (21). The validity of this argument can be shown by:removing the
exponential factors from. Eq. (20), substituting Eq. (21) into Eq.. (20),
and integrating over the r and 2z cbordinates}to get,unify.‘

The density term o (r?+y2) is obtained from Eq..(21) by putting

Yy = z and :
- 2v_1\ o me .
p (r® +y )'E'Z (pnz + Pnﬂ)Tn,Z/)-m ) . (22)
ng. ‘
where nnB and p i are the neutron- and proton -shell occupation numbers

" for the Target nucleus, For a given n and 4, n z+p 7 is the number of
nucleons in the two shells obtained by setting J=2 + 1/2 and j = &- 1/2

The l/hn comes from the normalization requirement that we have
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2 2y o
p(r+y)dT=.A,.
all Space ’ s 2
where A is the number of nucleons in the target nucleus, and p (r°+y°) is
obtained from Eq. (22) by subtracting one from that value of nnE whose

subscripts are the same as those on'M g

Equatlon (22) was used for the nuclear-density. dlstrlbutlon rather

than the simpler ' \ -1
. o] R-c
o (R) =p [exp(‘T + l]

obtained for most target nuclei from the electron-scattéring results72
for two reasons. One is that a single model is used by which the complex
dependence of Eqs. (20), (21), and (22) on B can be removed, and the other
is that there is only one adjustuble parameter £ rathef than three -- R,
c, and‘a. This also ensures a consistent nucleus whose total density
‘distribution is built up out of the distributions of the iﬁdividual
nucleons, A B

The substitutions u = pr, v = Bv, w = By, simplify the complex B
dependénce remarksbly., Making these substitutions and puttlng Egs. (22)
and (21) into Eq. (20) gives '

2+1 ® * ‘
M. = — b/ﬂudu-‘jp B 2 (u2+v2)£
ng ~ . (2%4c)ll / J n .

N

(23)
2 - 00
o B =
2 .2 2 . 2 0
ex e S A u 4w )dw - u W dw | »dv
p[ 3/2fp(,). Wfp( )]} )
v .
where )
| | 2% B ° s pd 2.2
p (F) =) () Tgmeyrr (e e (2h)
ng
v (2.2 . : ' . . 2,2
and p' (u“+w”) bears the previously mentioned relationship to p (u™+w ).
The following table gives the values of an and ¢ for the different values

of n:



c 'Bn?’
A R 1 |
2 3 2 {(43/e- - (uf +[v or, w2]))2. -

3 5 2 (( 15/2)(143/2)- (2Ja+5)(u +Iv® or w ])+(u £[v& or w¥1)?) 2,

The double factorial stands for the product of all the odd integers < 2k+c,
For ease in 1nterpret1ng the results, the harmonlc—osc1llator

spring constant ‘B in the exponents of Eq. (23)‘can be written .as

2

2. B ()
‘ ‘Al 3‘, ’ o L '
where g is given by ' S : .
g = L - (26)
- T 4 o s
o

and fo is the half centfal-density'radius oonstant. Equations (25) and
(26) are derived in Appendix III. As is discassed there, Eq..(26) -is

only . approximately correct .and. gives wvalues. of ¥ which are. in .error: by
from #, 3% for F 7 to - 9% for Celh when - compa.reg. to,values of r_ obtained

in an exact manner,

B, Integral Evaluatlon

Equation (23) can not be 1ntegrated analytlcally, so it-was inte-
vrated using Slmpson s rule by means of the IBM-?Ol electronic computer.
The interval size for Slmpson.s_rule and the’ upper.llmlts of. integration
were chosen such that thé accnfaoy of Mﬁl ﬁas ;ess than or equal to 1%.
The accuracy and program testing are helped‘considerably by noting that
if both w integrations are removed, we obtaln M 3 " Also the u and
W 1ntegratlons of p(u’ +W2) +p H(alw ) w1th .the limits, v, on the w
1ntegratlon replaced by infinity and all the multlpllcatlve constants
replaced by ZAJ' gives M 3 2A-l Us1ng both these checks, it was found
that replac1ng the upper u. limit by b and the other 1nf1n1te limits
by (b -u ), where b ranged from k4 for Cl to 5 for 16} 3 ) gave~results
for the-checks‘accurate'to‘aboUt 1/2%. In order to obtain this accuracy,

it was necessary for the’Simpson‘s-rulelprog;am to divide the range of
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the U integration into 32 -intervals, Because the checks, each of which
consisted of two integrations,. gave results abcurate”tol/z%, it was lelt
that adding a third integrétion wouid give results.accurate to 1%. The
time it took the machine to compute a single value of M - ranged from 8 min
xor C12 to 40 min for U 38, w1th most of the’ medlum-welght nuclides re-
qulrlng 30 min.per case. . The computer was also: programmed Lo print out the
values of the 1ntegrand of ‘the u,v integration given in Eq. (23) and the

" values of u and v, This was done to find out by means of contour plots

what part of the nucleus éontributed musl bo Mn-!,"

G, Input Parameters

For any given computation theré are .the three input parameters,
l’ b and g, The value of o was taken 'to be.30'mb 66 This is slightly

lower than the preliminary experlmental value of 32 % 3 mb of the total
n-p collls1on cross section for neutrons of 4 5-Bev average energy. 73
This difference will be corrected for' later,

The average total exit cross section, E was determined by first
jlndlng the distribution of the values of E cl from the experimental
laboratory scatter diagrams of the hlgh-eée%gy n-p inelastic collisions
in the following manner: The analysis of inelastic events caused by
3.8 % 2.4-Bev neutrons on protons57 shows that 83% of -the events con51st
of the reactions pn — ppR (18%), pn —apnn 1 (48%), and pn — pnx O
(17%). The rest of the events (17%) consi'st of small amounts ‘of scveral
types of two-, three-, and four-meson producing evenfs. Because there
are so many different types of these events, the lY%-Wiil be neglected
and the inélastic.events,will be assumed to consist only of the three main
types of events given above (with their percentage occurrence increased by
100/83). The analjsis further shows that in the c.m. system the intensity
distribution of the emitted protons from the.ppn- reaction is strongly
peaked forward and backward, and that of the pions is peaked forward., .The
neutron and negative-pion intensity is peaked forward for the pnn+ﬂ- re-~
action; while the intensity for thenprotons and positive pions is peaked
in the backward.direction. For the pnﬁfﬁnno reactions, the proton distri-

bution is peakéd in the forward direction, and the pion distributions are
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isotropic; The mOmentum.distribution in-the'laboratory system for each
of the various particles emitted for each type of:,.in_e-lastic.event57 was
divided into several'Sections, andhthe number and'midpoint kinetic energy
of the particles in each section was tabulated From the published pion-

44 52;7lt

nucleon and nucleon-nucleon eXCitation functions . a.cross section,

o, i2 was assoc1ated With the: mideint energy for the given type of particle
'pass1ng through nuclear matter that is assumed to be half neutrons and
half protons. By. the use of the fact that forward and backward c.m, dis-
tributions correspond to high and Tow kinetic-energy laboratory distri-
butions, "events" were reconstructed For the p,pn reaction, -a proton
and 1~ out of the highest energy range. were combined with & proton in the
lowest energy’ range the three values of o were found end the three
particles were removed from the distribution This process wes repeated
until all the particles were used up.’ Similarly for the pns n events,

'a neutron and ﬂ each .from their respective highest—kinetic-energy section
were combined with a proton and n- each from their respective Jlowest-
kinetic-energy section, and .the four Values of. o5 were found, ete. Scatter
diagrams were not available for the neutrons and #°%1s firom the pnﬁ+n 1
reaction., Somewhat arbitrarily'the_n+’s.and'n 's ‘were considered to have
the same forward peaking in the cqu~system,_and the n_ distribution was
taken to be peaked in the}backwards,C.m; direction. ' Then a‘proton and

n+ and 4° from their respective highestskinetic-energy sections were
combined with a x° and neutron in their respective lowest—kinetic-energy

_ sections, and the five values of o were found ete, -

The.distribution of values of oy is not affected by the previously
discussed "inversion"‘of the nep scattering deta to give. p-n date, The
correction on oy due to the exclusion principle cen"be roughly estimated
by finding what the maximum nucleon kinetic energy, T o is at the pOint
R = w2v®)/2/8 for wnich M »

purposes of correction, that the’ nucleus is a degenerate Fermi gas. Use

is.a maximum, ‘and ‘by assuming, for the

" of the kinetic energy and particle type associated. With each cross section,

T5576,TT

055 and T in the published equations gives the cross-section

reduction factor, Tm may be determined from
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1" oo 1 2 .
T = [2(n-1)+£+3/2] h o - "———‘g— e rrmw RZ, (27)
. hmoe | _(g1). j=g-1/2

The first two terms on thé hight<hand side78’79 give the kinetic energy
of the least-bound shell (with quentum numbers n and £) relative to the
lowest point in the well, and the last term gives. the decrease in well
depth relative to the lowest point. The nucleon mass is m, and A\ equals
25.Tg Use of Eqs.((25)4and (26)_and of Rm fof K givesle gs a4 function
of g. Values of R were chosen from contour plots of M 2 for' three
cases, the 1d shell of Fl9, the 1f shell of Cu65, and thz 1h shell of
Celuz. From the obtained distribution of the o (and 'gl ci) T was esti-
mated to be 180 mb without including the exclusion-pri;;iple éffect or-
mesdn absorption. -Table IV gives Vélues of Tm as a function of g for
the three shells mentioned,

Table IV

14 shell of Flg‘ 1f shell of Cu§5 1h shell of Celhz
g 0.5 0.8 0.5 0.8 1.0 .5
T (Mev) 13 15 10 11 12° 16

The value of Th was taken to be 1z Mev. With this value, the g, were now
corrected and, for Oy associated with mesons, the mgsonfabsorption Cross
section was included. The o5 values were then combined according to the
"event reconstruction"” mentioned to give a distribution of values of
Eilci where t = 3, 4, and 5 for the ppx , pnn+n-; and pnn x n° reactions,
respectively. ' A
This distribution of Z oy must still be weighted by the vglue of
an associated with each Z Ui' This was done by computing values of Mﬁg
for the three shells given in Table IV for values of o ranging from 90 mb

to 40O mb, Plots of M.n against o were made and used to weight the Z'ci

£
distribution, This gave a final averaged value of o equal to 168 mb, a
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value which was found to be;qhite insensitive to changes in g and to
be the same for each of the three shells forAWhich‘E'was-derived. This
value was sufficiently close to the 180 mb previously chosén so that

o = 180 mb was also used for all the subsequent IBM-TOl calculétions.

It turned out that corréecting for this difference in o is very easy,. and
such a correction will be included when the'calculatedAan values and

the experimental ppn cross sections are combined,
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-V. RESULTS

Table V gives a possible choice of neutron- and proton-shell

occupation numbers, n and p for the target elements for which values

nt ng’

of M " were'calculated Except for  those -of uranium, the numbers were

taken from Reference 33 The U 238 occupatlon numbers were obtained fron
a Nilsson dlagram for a deformed nucleus 8 The 1d: and 2s occupation

numbers for F 9 (and possibly Na 3) are open to question as one work
9'nualeons«1n the 2s shell. &1 And another work

o

places all three extra F
keeps the occupatlon numbers glven in Teble V but shows that F~ may be
deformed, 2 Us1ng these ‘numbers, values of M ") for several shells for
several values of g for different isotopes were determlned and contour
Aplots vbtained. for socme cooco. For a few shells, va]ues of N&z for dif-

ferent values of 0 with g constant were obtained.

A. Contour Plots

Figures 11 throughl3 .are contour. plots for tnree cases -- the
F ? id shell, the Cu65 if shell, and the Celll'2 2f shell of the integrand

of Ba. (23), i.e., of

ot

Q = B 2'(u2+v2)
ng (284c)'? n

U g
exp [ -u Vo l 3 3 = u 4w ) aw

o

v
Z& , o! (uz+w2) aw ] (28)
1/3 3/2
A bid ' .
: -00
for various values of r = u/B and z = V/ﬁ~ The: contour <lines connect
points r,z which give values of Q , from Eq. (28). The dashed .circle

is the locus of points for which the total nuclear den51ty o) (u +v2)

from Eq. (24) (obtained by use of the same value of g as was used to
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Table V

Occupation numbers fo

r neutron and proton shells

Isotopes

Shell

1s

1p

1d

28

1f.

2p

1g

2d lh 3s 2f 3p 1i 2g

13 3d

Clz

Nlh

016

JEP
Na23
AhO

N8
cu®
093

Inlls

2T
ol

,05192.

U238

2n 2p In bp

"

5n 5p
én 6p

2n

kn 3p

10n 8p

10n 10p

1p

2n 2p

2n
8n 8p

12n 8p

2n

kn 1p

lin 1kp 6n 6p 10n

18n
16n

18n

1p 2n
9p én 2n
12p 6én 1p 10n
18p 10n 12n 2n Zn
10n 6p Zén 12p 2n 1lln én In

10n 10p 22n 16p 2n 2p 1lbn 2p 6n 18n 4p 6én

80 2n
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obtain the contour lines) is one half its value at the center df the
nucleus. The three-dimensional "picture" is obtained by rotéting'the
contour maps asbout the z axis. '

It is immediately apparent from Figs. 11 to 13 that the main

contribution to M.n comes from regions .of the nucleus .outside of the

half-density circle% In fact for the 2f Celll'2 shell the main contri-
bution is quite far out from the half-density circle. Because the p)pﬁ
reaction is .limited to the topmost féw shells, these contour plots

" clearly indicate that the p,pn reaction is a surface reaction. This is
why the errors introduced by "lifting" the free n-p scattering data into
the nucleus are small., The contours indicate shapes ranging from two
rounded peaks rising somewhat above a high pass for‘the.Flh 1d. shell to-
two high isolated peaks separated by a deep gorge for the Cell‘2 2f shell,
The secondary peak in Fig. 13 for the Ce’lu2 2f shell is not visible, as
it is too far inside the nucleus and is .suppressed by the .exponent inte-
grals in Eq., (28). The contours also show that most of the contribution
to_Mhz comes from the downbeam side of the nucleus, This asymmetric
distribution about the z = 0 plané comes from the fact that ¢ is much

bigger'than.c the distribution becomes symmetric about the z = 0 plane

13
"as O approaches cl.
B, M _, Results

nt

' Figures 14 and 15 are plots of gan for different shells of Flg,
65 '
Cu

curves indicate that the following relation holds approximately:

,‘and.Celhz as a function of g, the SPring constant parameter. The

gan = constant. ' ‘ (29§)

This equation turns out to be very useful for interpolation of values of

an for other targef elements to other values of g than the ones for

which an
correct values of gan'for the slight g dependence. They show also

was calculated, If desired, Figs. 14 and 15 can be used to

that the values of Mnﬁ for the outermost shells are less.affected by

.changes in g than are the inner shells.
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19

Figure 16 shows the dependence of M £_for the F'7 14 shell, the
65 142

Cu” 1f shell, and the Ce 1h shell on 0. It can be seen that the
dependence of M

ng
on 0 can be well represented by

on o is not as strong as .that on g. The dependence

G)l/z M , = constant, (29v)

For these three shells as well as a few others, an was determined for

o, = 50 mb. The results show that, similarly, we have

(cl)l/z.Mhz

= constant. . (29¢)
‘It would he expected, from an examination of Egs. (23) and (26) that the
g dependence would be greualer Lhan the oy or o dcpcndcnce beca.usp g
occurs as a factor of both exponent integrals, whereas oy and o each
occur as a factor of only one of the integrals, Also the points of

max1mum contribution to M obtained from the contour plots are points

at which the two exponent fntegrals, each with their associated factoné,
would appear to be similar in value, Figure 16 contains the curves which
were used to obtain the final average value of 0 as was discussed previ-
ously. ‘ . '
Figures 17 and 18 show the-dependenéé of M_,
A, of the target nucleus for two values of g, 0.50 and 1.00. These-

on the atomic weight

curves may be used for interpolating to target isotopes other than those

for which M_, values were computed. The difference hetween the values

nt
of M W due to different neutron and proton occupation numbers for isobaric
target elements for any given shell would be expected to be small, This

was shown by computing values of le for Ga65 4nd N4 (c =::30. mb,.

= 180.mb, g .= 1.00).. The value of" M foi. Ga65 (two less:1f.’5/2 néutrons

lhz

£
ang two more: 2p- 3/2 protons than Cu65) was found to be less than le or
Cu 2 by.0.3%, and M. for Nd142 (no 2f 7/2 neutrons and two 24 5/2 protons)

1h
was higher than Mlh for Ce‘l)+2 by 1.2%. The effect of changlng the conflg-

1
2 from Ll@s/z) 2s1/2
sl/2 was found by computlng M, for both forms. The value of M
for the ‘(ldS/Z 231/2) configuration was lower than that for | 251/2)3

by 1.4% (cl = 30 mb, 6 = 180 mb, g = 0,50).

uration of ﬁhe top three nucleons of F
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The shell structure in Figs, 17 and 18 is quite evident in that
for a given A there appears to be a close correlation between .the values
of an and the total energy of the‘n,z'shell,in.the potential well., The
correlation is due to the fact that for a potential well with sloping
sides, the mean square radius’' of a shell is larger the higher the shell
is in the potential well, _Here MhZ would be expected to be.larger for
bigger values of the mean square radius, because the exponent-integrals
in Eq. (23) are smaller. In Figs, 17 and 18 ?he curves of M, as a
function of a target atomic welghl were uul extended beyond tho point
at which the shells are so far down in ﬁhe.well that tﬁeir gvailability
to the p,pn cross sections is highly imprébable, his is the reason

why all thc curvec appear to have a cutaff at the low Mnﬂ end,

C. ‘Elastic p,pn Collls1on Contrlbutlon
Figures 13 to 18 coupled with Egs, (19) and (29&), (29b), and

(29¢) allow one to determine the contribution of the,elastlc p-n ¢ol-

lisions to the p,pn reaction cross section by process (a)., As mentioned
before, the contributions .of processes (b) and (c) relative to () are
less than 5% and will be conseguently neglected. The evaluation of the
contribution to the p,pn reaction cross section from elastic p-n col-
lisions is more difficult than for inelastic collisions. This is .due
to the invalidity of the zero degree scattering-angle spproximation
used to derive Eq, (23). As has been previouSly shown,  a much better
assumption for the elastlic collisions is to take the scattering angle'to
Be 90O laboratory. To evaluate an expression like that of Eq. (23) which
would héve a double 1ntegral in ‘the exponent and a more complex integrand
would be prohlbltlvely long in terms .of machine time, ’ Also the effect of
the Pauli exclusion ‘principle would have to be’ 1ncluded*specifically in
(22) because the target neutron has a high probability of being
scattered with relativeiy low energy. [For 5,7-Bev protons on free
neutrons one-half the elastlcally scattered neutrons. have kinetic energies
of 60 Mev or less, See Appendix I, Eq. (A4)].. Consequently, the follow-

ing approximate method will be used,

N
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The p,pn cross section, Uppn’ is equal to [see Eq. (19)]

cppn =::z:‘ (Mhz’oinel_ + N cel) Png ? : (30)
allowed )
shells

where-fhe second term on the left gives the contribution from the part

of the p-n collision which is elastic.. A factor Nn similar to Mn for

y £

elastic p¥n collisions can be approximated by

. ; .
an — ng ’
where F is independent of the shéll guantum numbers and target afomic

weight. The term M' , is given by Eq., (23) with .0 set equal to &, end

. £ . i il
accounts for the entrance, elastic collision, and exit .of the intident

proton which suffers negligible energy loss and angular deviation. The

factor F is the amount by which M'nz should be reduced to account for

the .escape of the struck neutron. Use of Eq. (29b) gives the result

' _ o \1l/z . .
Sy "(ol ) Mg

(31)

L~ 30 mb this
equation is correct to within 10% when summatibn.over the "allowed shells

in .Eq, (30) is allowed for. Combining the above three equationsiand

using %ot = %inel. T %l gi#es
- 1/2 ‘
. _ o RO 3
S on = ot (1 +1 (F () 1)] .Ej LY M, . (32)
: : . allowed
shells

where f is the fraction of the total p,n cross settion which is elastic,
The factor F can be estimated by dividing the spectrum of the

energy gain of the struck neutron into three_parts; If the struck

nucleon gains less -than 8 Mev, .it can not‘eséape.from4the nucleué,'so [

that collision does not contribute to the p,pn reaction. If the struck
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nucleon gains between 8 and 18 Mev, the .collision will always contribute
to the p,pn reaction because if it does not escape, the resultant excited
nucleus will usﬁéli&.eVaporate,only one neutron, Finally, if the target
nucleon gains 18‘Mev or more it must escépé. This division into three
parts with boundaries of 8 and 18 Mev 1s not meant to be accurate. It
does, however, allow F to be easily estimated. ‘ |

The fraction of elastic 5.7-Bev p-n collisions that gives the
struck neutron a gain of > 18 Mev (similar to process (a) for inelastic
p-n collisions) is ealeulaled Lrum Bg, (A4) (n = 36)65’66 to be 0.79,

For this fraction M'nz will be assumed to be reduced by roughly one half,
This is arrived at.by assuming that, similar to the inelastic collisions,
mosl of the contribution toAan comes from collisions in the nuclear-
surface region. For an elastic surface cullisien, the etruck nuclenn
has roughly a probability of one half to be going away from .or towards a
lot of nuclear matter. If it is ﬁoV&hg towards most of the nucleus it
will probably interact, because compound nucleus formation is likely for
nucleons with kinetic energies of < 50 Mev incidént on nuclei.83 If it
is moving away from most of the nucleus, it is likely to escape without
interaction, Various other effects such as the exclusion principle,
reflection at the nuclear surface, production of the > 18-Mev energy-
gaih neutron further inside the nucleus, etc., are ignored for this
rough determination. -Consequently, the contribution to F from this
part'of the elastic p-n collisions is 1/2(0,79) =0.k.

Elastic 5.7-Bev p-n collisions that give the struck ﬁeutron
between 8 and 18 Mev (a procéss similar to process (b) have a probability
of occurrence of 0,1 [Eq. (AL4), Appendix I]. Since all of these colli-
sions contribute to the p,pn case, as far as the struck neutron is con-
cerned, the contfibution to F is 0.1. There is a.smaller cdhtribution
from a process similar to process (c) for the iﬁelastic p-p Ccase .where
a p-p collision occurs leaving a proton with a kinetic energy gain
between 8 and 18 Mev, This contribution will be neglected, as .the 0.1

giﬁen'above which also holds for p-p collisions must be multiplied by

factors that take account of the fact that the slow proton must not
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leave and the p-p collisions with low nuclear excitation resulting are
less likely than are p-n collisions for all but the low Z elements.
Consequently, F is set equal to the sum of the first two contributions,

which is 0.5.

D. p,pn Reaction Cross-Section Equations

The fraction of 5 7-Bev p=n collisions that are elastic is not
known, so. f will be taken from the 6.2-Bev p-p scattering data as

equal to 0.24 % 0.06.65 As was mentioned béfore, an was calculated

from Eq. (23) with a value of the total p-n collision cross -section,

, equal to 30 mb. The value of Mnﬂ can be.egsily corrected

to 32 * 3 mb for 4 * 1,5-Bev neutrons on hydrogen.

91 = %ot

for the change in o

73
1
Use of Eq (29¢) gives the result

an nﬁ

for(cl = 32 mb) : for(ql = 30 mb)

(30 /2

The previously mentioned correctlon stemmlng from the fact that o should
be 168 mb instead of 180 mb can now be included by use of Eq. (29b).

The values of Mnﬁlobta;ned from Figs, 17 and 18,,when multiplied by
'(30/32)1/2 (180’168)1/2, can consequently be used in Eq, (32)., Sub-

stitution of the values given above for f and F (o = 168 mb and .o.

1
= 32 mb) gives the result
qppn = (33 % 3) ;}Z "ne an mb (33)
allowed .

shells

Use of other 6.2-Bev p-p scattering data to. determine f gives'the same
numerical constant in Eq. (33).?9 " Even though F is determined quite
roughly it can be seen from Eq. (32) that errors in F are scaled down
roughly by the factor f. If F is changed fo;i/k or 3/4, the numerical
constant in Eq. (33) changes to.29 mb and 38 mb respectively.

; .For 3-Bev data, the numerical constant in Eq. (33) can also be

determined from Eq. (32) and experimental data. A determination of )
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from the 1,72-Bev neutron-hydrogen collision work” in the same manner

as for the .3,8-Bev neutron data including'the exclugion‘principlequr
T 12 Mev givesAE = 160 mb:; . The values of cl will be taken to be -
h

,36 4 3 mb, This value is .a linear 1nterpolat10n between the 1.4 Bev

and 4 Bev73 n-p cross sections .for a bombarding energy of 3 Bev, The
fraction, f, of ol which is elastic is taken from the 2,75-Bev p-p
collision data to be 0,37 % 0.04, 58 As before, .F 1is approximately
0.5, ‘Substituting these values into Eq..(32),and cdrrecting,by the

previously discussed methods for Llhe Cfaclt that Mhﬂ ic caleulated for

= 180 mb and cl = 30 mb gives for S-Bev.protons incident on nuclei
. = + . : :
L (36 + 3) z n M, W . (34)
allowed
shells

.E., Energy Independence of oppn in the Bev Region

Equations (33) and (34) show that the theory developed here
Satisfiaglthe.requirementAthat the p,;pn cross sections be indepeﬁdeﬁt
of the bombarding energy’ in the Bev region. . The decrease with in-
creasing energy shown in these .equations is less than 10% and is within
the experimental -error limits on the experimental p,pn cross .sections,
-At first sight it seems .surprising that -the cross .sections do not de-
creage -with increasing energy,.because the nmeson multiplicity, which
.affects ;, is .dependent on the bombarding energy. However; this de-
pendence is not strong, as can be seen from the mean meson multiplicit-
ies of 1.8 and 2.2 for neutrons of 1,7-Bev and 4-Bev average energy,
respectively,56’57 The effect of the extra O.4 meson at. .4 Bev is
further reduced by the fact that, as has been discussed, all the % ci
terms, which make up o, are.weighted by M

ng”
suppress reactions with high meson multiplicity whose abundance is quite

.This weighting tends to

senéitive to the bombarding energy,

The p,pn cross section is also.dependent.on.cll/z,as.can be seen

from Eqs. (29c) and (32). The square-root dependence and the relative
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constancy of o, in the Bev region (c equals 42, h mb and 32 mb for 1.4
7

‘Bev and L Bev n-p reactions respectlvely 3,74 ) help to give the .inde-

pendence of can from the bombarding energy.

'F. Inherent Uncertainties Due to Nuclear Model Chosen

Before ‘the theoretical results are compared with experimental
date it is worthwhile to stress the fact that.the nuclear model used in
the foregoing éalculations does not represent real nuclei, One fault of
the model used in -the calculations is that the harmonic-oscillator well ‘.. pe;
was used instead of the more realistic inverse e#pdnential well, It is
difficult to esfimate how much the values of Mhz would be .changed if the
inverse .exponential well were used, .Both the ‘density-distribution terms
and the radial wave .functions in.Eq., (21) et seq., would be affected,
Furthermore, the degeneracy in the two values of an for different
but same nf values would be removed,

: Another fault is that .some effects of nucleannucleon inteps
actions, e.g., Jj=j coupling, have been‘neglected,“EVen'though Egs. (17)
and (18) hold for j=-J couplihg,;the radial wave functions.and the density
terms would be altered in a complex manner, .This would induce further
changes in M ,. In eddition to this effec£,~Eqs, (19), (30), and (32 to\
34) would have to be altered under any nucleon-nuclgon coupling scheme,
.This change arises because the .sudden removel of a nucleon from a shell
will leave the,prodﬁct nucleus in any one of sevéral possible parent
states., Any one of theée parent states, when coupled to the nfj nucleon,
gives the ground state of the target nucleus., Sinck some of thése.parent
states may be unstable to particle emission, a factor < 1 should be in-
cluded inside the ngj sum .of Eq. (19) and the sum should be extended over
all ntj shells of the hucleus° -This féctdr is the sum of the squares qf
the appropriate fractional-parentage coefficients of all the parent stétes
stable to particle emission, This factor tends to unity or zero as the
' nucleon-nucleon interaction becomes weaker ana, in the limit of the
independent-particle model, becomes equal to either O or 1, giving Eq. (19)
et seq, .For closed-shell target nuclei, Egs. (19), (30), and (32 to 34)
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are valid as .they are, because there .is only one poésiblé parent state
.even .with nucleon-nucleon coupling. : . ' '

The difficulties mentioned above which are caused~by'differences
between .real nuclei and the model chdsenAhere add an element of uncer-
tainty to any comparison .of theory with experiment, In'sPite of fhis,
we shall proceed to see .what:can be learned from a simple independent-

~partiéle.model.while keeping the above .discussion in mind,

~
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VI, USE OF EXPERIMENTAL DATA WITH THEORY

“Two veriables are now left in Egs. (33) and (34) -- which shells
are'available end the value of g (or ro’by.Eq. (26), -the nuclear-
density-distribution parsmeter. A correct calculation of which shells
.are availabie, i,e., which neutroﬁ-hole states of the product nucleus
have small particle-emission widths compared to the gemma-emission
widths, is quité~beyond'the scope of this work. However, .one can use
the eigenvalues .of a reasoneble ‘independent particle model as a guide
to determine which. shells are-availgble and then use the p,pn cross
sections with Egs, (29&) and (33) or (34) and Figs. 17 or 18 to deter-.
mine g or ?o' These values of‘ro can be compared with values ob-
tained by other experimental methods. Later another method of treating
the data which considers both the shell availability and r, as unknowns

-will be discussed.

A, Radius'Paraméter.Determinations

| The .independent particle calculations of Ross, Mark, and Lawson,
which appear to be .successful in predicting the experimentally observed
'shell filling, will be used here -as a guide-to'depermine the excitation
energy of neutfon—holeAstates,in.various shells, ‘The avallability of a
shell is determined by subtraction of the excitatioh.energy of the neutron-
shell hole state from the highest particle-stable .excitation energy of the
'pr‘oduc-:t.° Only if the result is greater than zero ié the shell available,
.The highest particle-stable excitation energy of the product is
merely that excitation energy for which the total particle-emission width
is roughly'equql to its gamma-emission width, If a neutron is the legst-
. boundéparticle,.its.binding.energy'is usually the highest particle-stable
.excitation .energy. If a proton is the least-bound particle, an appropriate
bérr;er correction must be added and the suﬁ comparea to the neutron bind-
iﬁg energy. Except for a few cases, alpha perticles need not be‘consideredf
Appendix IV gives a,possible method of estimating the effective barrier.
‘ Table VI lists the particle binding enérgies and highest particle-

stable excitatioh-energies for the p,pn products for which cross sections



Table VI

A Partlﬂle b1nding energies and effectlve barrlers

Product-nucleus particle binding Effectlve coulomb
barrier (Mev)

energies (Mev)

Lowest pa:rticle emit-
ting excitation- of

product alpha proton neutron alpha proton  product rucleus (Mev) Reference
ot 7.55 . 8.70 13.11 ‘ ~80a 21
N3 9.50  1.9% S 20.4 < 0.43 <2.3Tp 21
o’ 10.26  7.35 13,30 < 0.26 < 7.6l p 21
F;B ok 5,61 9,16 - 4451h'a ' 21
Na2l 8.48  6.74 10.9 1.8 0.4 7.1'p 21,32,86
Fe? 3 7.620.2  10.6%0.2 1.7 9.3 p 85
o 7.5620.62  8.940,02 1.8 8:9420.02 n. 85
N7 7.610,4 11.1 1.9 9.5 p 85
cu? © 5.920.L 8.9%0. k4 2.5 €hp 85
Cu6LL 7.1920.02 7.9140,02 2.5 7.9140.,02 n 85
703 4.0 6.5140,10  8,9720.10 7.7 2.5 £.9720.01 n 85
99+N'b99 1.7 5,17 10.5 9.8 3.4 ‘8.5 p - 86,87
i 9.72, 7.89, 7.9, B 86,87
In _ 3.k 6.36 7.0 5.9 7.0 n 86 .
1126° 1.6 5.94 6.87 5.6 6.9 n 86
cel 1.65  8.4140.07 . 5.4420.07 5.4440,07 n 86,88
taiui“ 0.4 7.62 6,7640.07 5.76io.b7 n 8,88
g 1600 -0.89  5.47 6.21 18 8.2 5.2 n \ 86,87

a p,2p product,




) =

are available for proton bombarding energies of 3 Bev or more, Column
one gives the p,pn products for which cross sections were measured,
Both the p,pn and p,2p products are included for the target Moloo, be -
cause the experimental cross section is the sum of both, The subscript
"a" refers to the p,2p product. The next three columns give the
binding energies for the product nucleus. Error limits are given for
the data taken from References 85 and 88 only. Error limits are not
given in Reference 21, and a comparison of error limits given in Ref-
erences 85 and 86 indicates that it is inappropriate to use error limits
on total binding energies to determine error limits on the last-particle
binding energies. Columns five and six give the effective Coulomb bar-
rier computed from the results of Appendix IV, For the nuclel with Z
less than 9, no entries are needed, because the available shells can be
better determined from the level schemes?l and buried-shell nucleon
scattering29 (See Part I). For the entries with Z greater than 9,
proton barriers were computed for those cases for which the proton
binding energy was less than the neutron binding energy. A few alpha
barriers were also determined, Column seven gives the lowest excitation
energies at which particle emission from the product competes favorably
with gamma decay. The particle to which this excitation energy refers
is also given., This energy is determined by adding the barrier cor-
rections in columns five and six to the binding energies in columns two
to four and choosing the smallest of the resulting excitation energies,
The centrifugal barrier can also be neglected for most cases, because
it is small, A case will be discussed later for which this barrier
should be included. The references from which the binding energies were
obtained are given ih column five, _

Table VII gives the experimental p,pn reaction cross sections
and the values of g and Ty derived from the cross sections, the

number of available shells, and values of Mh Column one gives the

p,pn product (p,2p product in the case of La{hl). Column two gives the

proton bombarding energies in Bev at which the cross sections in column

three were determined. The cross sections at both 3 to 4 Bev and 5.7
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Table VII

p,pn cross sections and nuclear-density-distribution ,paz‘ametersa

Proton p,pn cross

P,pn bombarding section r
product energxfBev) mb Reference Available shells g o
1p
o 3.0 26,71 15 (h)/ 0.650.06  1.1440.05
3/2
1p
L d 2943 Part I (%) 0.55%0.07 1.25%0.08
. lpJ./z
N 3.0 L.of2.h 27 (2) 0.98£0.58 1.10#0.36
lp1/2 .
5.7 T.3%0.7 Part I (2) 0.48t0.07 1.34%0,10
llJl/z lp3/2
o’ 5.7 3315 Part I (2) (%) 0.58£0,10 1.21#0.09
s 189/2
F 3.0 284 27 (2) 0.3540.06  1.57#0.1k
185/2
5.7 1942 Part I (2) 0.47£0,06  1.35%0.09
22 37/2
Na 5.7 3145 Part I  (4) 0.48+0,09  1.35%0.13
127/2 o3/ L1z ]
53
F 3.0 L5x7 27 (8) (%) (2) 0.72£0.13  1.10£0.10
a2 g.0/2 53/
wt 6.2 410 89 (z) ® (W 0.7580,20  1,07:0.1%
/% 172 132
N7 3.0 3726 27 (2) (8) ) 0.91#0.17 0.98%0.09
19/2 32 1T/2
Cu62 3.0 66£114 a7 (2) (%) (8) 0.56£0.12  1.25%0.1%
1£5/2  3/2 .7/2
5.7 L6tT 1 (2) (%) (8) 0.73%0,13  1.09%0.10
% 169/2 pp3/2  17/2
Cu 3.0 66+7 27 (%) (%) (8) 0.62£0.07  1.17£0.07
T T e
5.7 716 11 (%) (%) (8) 0.53%0.06  1.27%0.0T
¢ 19/2 g3/2 /2
7n®3 3.0 6811 27 (2) () (8) 0.54£0,10  1.27£0.12
1612 292 192
99
o 3.0 Te£12 27 (2) (6) (0) 0.99£0.18  0.9440.09
) 19/ /2 1452 302
(2) (2) (6) (%)
lhll/z l7/2
11hm
In 4,1 5749 47 (2)1.8% (8?7.05 (6)5.35 0.57£0.10  1.23+0.11
1572 pa5/2
6.2 63£10 g (2)1.8% (8?7.05 (6)5.35 0.48+0.09 1.35%0.12
- 2 gale " gpile
T 4.0 59£15 18 (0) (8) () 0.86£0.22  1.02£0.13
lhu/z 157/2 265/2
6.2 45%11 48 (10) (8) (6) 1.03t0,28 0.93t0.13
2el/2  253/2  31/2
141
Ce 3.0 2443 54 (2)/ (u)/ (2) 0.86t0.15 1.00£0.08
7/2 1/2
1lg
1t 3.0 4.2%0.6 5k (8) (2) 2.34£0.39  0.61%0.05
1433/2 3,9/2  .T/2
180m
Ta 3.0 L7£12 27 (8) (10) (8) 1.06+0.26 0.92+0.11
1133/2 1.9/2 5.7/2
5.1 4612 45 (8) (10) (8) 0.99£0.25  0.95+0.12

®The nuclear density distribution parameters, g and r,, given in this table are partly based oghthe
number of available shells determined from the shell spacings given by Ross, Mark, and Lawson“" and
the entries in Table VI. A different nuclear model than the one used by Ross, Mark, and Lawson, would
give different shell spacmﬁ and consequently different values of g and T, than are given here.
(The value of g equals B2 A 3, where B is the hai mic-oscillator spring constant, and r_, the
half-central-density radius parameter, equals R/A™/>, vhere R is the nuclear radius at whgch the
density 1s one half the central value.)
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to 6.2 Bev are given, if available, to indicate the spread in the éxperi-
mental data, Equation (34) was used for the 4-Bev data, The references
to the experimental cross-section values are given in column four., Column
five gives a possible choice of available shells determined, as has been
discussed, from the eigenvalue calculations of Ross, Mark, and Lawson
and the highest particle-stable excitation energies given in Table VI,
The target neutron occupation numbers are given in parentheses immediately
below each shell, Values of g and ok derived from the cross sections
by the use of Egs, (26), (29a), (33), or (34), and Figs. 17 or 18, are
given in columns six and seven respectively, Figures LU and 15 can be
used to interpolate for errors made in using Eq, (29a) if desired. 1In
this work, the only targets for which such an interpolation was made were
f19 and Celhzu

The values for g determined for the target Inll5 must be corrected
for the fact that the measured p,pn cross section refers only to the isomer
Inllllm (J = 5+) and does not include contributions from Inlllt (J = l+)°7
This correction can be determined by adding vectorially the j value of the
neutron hole in a given shell, jl, to the spin of the target nucleus j2
to get resultant J's between j;+Jj, and ]jl-jzj, The fraction of each J
state which decays to either one or the other of the isomers is found by
considering the decay to proceed by emission for a gamma ray of the ap-
propriate multipolarity and comparing by means of the published formulas9o
the lifetimes for such gammae decays. It turns out that, except for the
state with a J value midway between the spins of the two isomers, the
states decay essentially entirely into one or the other of the isomers,
For a given neutron shell, the number of neutrons effective in producing
one of the isomers is obtained by weighting each J state by the fraction
decaying into the isomer and the statistical weight, 2J+1, summing over
all allowed J states, and dividing by Z (2J+1). This final fraction is
multiplied by the total number of neutrons in the shall. For Inlls(p,pn)
Inllhm,
found by taking the ground-state spin of In115 to be 9/2+ (due to a 1lg

9/2 proton hole).7 The effective number of neutrons so obtained for each

the effective number of neutrons for each available shell was



-93-
shell are given in column five, Table VII, to the right of the neutron
occupation numbers, It is not possible to make such a correction for
TalBOm because the spins of the two isomers are not avaeilable. Conse-
quently, values of g and r , computed as if the only product were
Tal8om, represent upper and iower limits respectively.

Figure 19 is a plot of the half-density radius parameter, L
given in Table VII, as a function of the target atomic weight. Points
for 3 to 4 Bev, Mot v 2 and 5.7- to 6.2-Bev data are denoted
by triangles and circles respectively. 'lhe éerror llmlls given on cach
point are the experimental error limits only. The dashed lines connecl
half-density radius parameters as given by the electron-scattering

fe

results, The solid lines connect a few radius parameters, L calcu-
lated to be necessary to give the observed p,pn cross sections for nuclei
containing a degenerate Fermi gas with a uniform density distribution.
This is the nuclear model used in the Monte Carlo ca.lculations.52 The
radius parameter, r,, was calculated from the observed p,pn cross sections
at 3 Bev by the use of the equations derived in Appendix V with Gl = 36 mb
and ¢ = 150 mb, The value of o was lowered by an estimated 10 mb from the
value used in Eq. (34) .to account for the greater effect of the exclusion
principle for a square well,

A number of interesting points are revealed on examination of Fig.
19. The very large values of T, needed for the uniform-density model
(roughly 1.8 fermis) to reproduce the experimental p,pn cross sections,
compared with the points for the harmonic-oscillator model, the electron-
scattering results, and literature data obtained from total nuclear cross

91

sections, show that the p,pn reaction cross sections cannot be explained

without the diffuse nuclear surface, This has already been suspected from

e The values for the half-density radius

the Monte Carlo calculations,
parameters {120 45-1.3 fermis) determined from the harmonic-oscillator
well lie fairly close to the half-density radius paraméters (1.0 to 1.1
fermis) determined from electron scattering work. Other determinations

of nuclear radii give values for ro of 1.07 fermis (exponential-well half-
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denisty radius parameters)92 and 1,25 fermis (square density distribution)?



radius parameter r,

lear half-density

~
v

Nu:

2 V\If—r\v

1.60 % :
H :

_l20F

2 gkl Tl Tie el = T R e e e ..~~‘.

.é ./'.—_'. ————— P g ey ey o 5. B

il AT S N

o

o

080 |
040 "
0 | | | y

v 40 80 120 160 300

Target atomic weight, A

MU-17814

Fig. 19. The half-central-density radius parameter, r,, as

a function of target atomic weight. The points are
obtained from experimental 3.0-Bev (A) and 5.7-Bev

(©) p,pn-reaction cross sections (Egs. 33 or 34), and
the static level spacings of Ross, Mark, and Lawson. 5%
The broken line comnnects values %‘ ) of r, obtained from
the electron scattering results. 2 The solid line
connects values (V) of square-density radii, calculated
from the formulae in Appendix V, necessary to give the
observed p,pn cross sections. These square demnsity radii
are the ones which would have to be used in the Monte
Carlo calculations to give agreement between experimental
and calculated p,pn cross sections,
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The agreement between these values of the half-density radii and the values
found in this work is quite satisfactory, especially in the light of the
discussed uncertainties contributed by the use of the harmonic-oscillator
model, It is, of course, not correct to compare half-density radii direct-
ly with square-density radii. However, the comparisons made above are
rough enough so that errors from this source are relatively small,

Unlike the other nuclei studied in this work, the half-density

radius parameters obtained from the p,pn cross sections for Clz, Nlh,

and
OLb can be directly compared with those obtained from Lhe rcsultsc of the
electron scattering from these three nuclei, One recason is that the
electron-scattering results were analyzed in terms of a harmonic-oscillator
well, as was used here, Anolher reason is that the available neutron
shells are known. Also, as has been discussed, kgs. (33) and (34) arc
valid under j-j coupling for C12 and 016 because they are closed=-shell
nuclei, The séme holds for Nlh even though it is not a closed~shell nucle-
us, This is due to the fact that only the one neutron outside the closed
shells is available, Finally, there is no numerical error made in using

Eqs. (25) and (26) for % and 016, This can be shown by substituting the

values of 1/B for C12 and 016, given as a, in Table I of Reference T2, into
Eqs. (25) and (26), solving for r_, and comparing the values so obtained
with those given in Table IV, Column 8, of Reference 72, No electron-scat-
tering data is given for Nlu, so the value of r for this nucleus is taken
to be midway between that of C12 and 0165 °

A direct comparison (See Fig. 19) between the values of r_ obtained

14

in this work and the electron-scattering work shows that, for Clz, N , and
016, the nucleon half-density radius parameters are larger than the charge
half-density radius parameter by 0.1 to 0.5 fermis (exclusive of the 3-Bev
NllL point because of its large error 1imit), This difference seems to be
somewhat larger than the value of 0.1 * 0.1 fermis obtained by other means
for the differences between the half-nucleon and charge-density radii (the
factor of Al/3 is included in this vza.lue)c,%L It is difficult to say where
this discrepancy comes from., Perhaps the zero degree laboratory scatter-
ing-angle approximation or errors inherenl in the method of computing E,

as are discussed later, are the cause. It would seem that these error
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sources are not sufficient to explain the above discrepancy. The crude
method used to estimate the contribution from elastic p-n collisions may
also be contributing errors.

It is interesting to note that on the basis of the available-shell
assignments made, the p,pn radius parameters show a decrease with increas-
ing A. Some of this decrease is probably due to the error associated with
using Eq, (26). There also appear to be some irregularities associated
with major shells; i.e., Fe5u, Mh55, and N158 all have 28 or less protons
and a smaller value of r than do Cu63, Cués, and Zn6u, which have more
then 28 protons. Similarly, ln115, which has between 28 and 50 protons,
127 1&2, L T8‘181

50 protons. Molybdenum-100 causes some difficulty here, a difficulty

has a larger value of r then does I ', Ce with more than
which could be resolved by a study of more p,pn reactions around mass 100
uncontaminated by p,2p reactions. The low-Z elements again show a value
of ro similar to that of copper, zinc, and indium., Thus it appears as if
nuclei with 20 < Z < 28 protons and Z > 50 protons may have smaller half-
density radius parameters than the other nuclei, Neutron major shells
appear to have less effect, because Mn55, Nisa, Cu63, Cu65 ol a
iLIE aa I127

have between 50 and 82
neutrons., It must be realized that these conclusions regarding shell

, and Zn = all

have more than 28 neutrons, and In

effects on r, are of a most tentative nature as they depend on the nuclear
models used to determine the values of Mhz and which neutron shells are
available,

B. Available=Shell and Radius-Parameter Determinations

It is perhaps more profitable to consider both the availability

of the shells and the radius parameter as unknowns. Then the p,pn cross
sections can be used to determine, for each target isotope, values of
r,asa function of the shells selected to be available. This has been
done by using Egs. (26), (29a), (33), or (34), Figs. 17 and 18, and
occasionally Figs, 14 and 15, The results are given in Fig. 20. The
ordinate gives the half-density radius parameter, and the abscissa gives

1.3318)4'

the neutron shells in the order in which they appear in the shel
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Fig. 20. The half-central-density radius parameter as a
function of shell availability. The points are obtained
from experimental 3.0-Bev (A ) and 5.7-Bev (O)p,pn cross
gsections and Egs. 33 or 34. The s0lid lines connect
points belonging to the same product. The abscissa of each
point gives the lowest shell considered available, i.e. all
shells lower down in the potential well are considered
unavailable, all the shells higher in the potential well
up to the highest occupied neutron shell (represented by
the right hand point of the series for each product) are

also considered available, The heavy solid vertical lines
on the abscissa represent major neutron-shell closures.
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Tﬁe "X coordinate" of each point is the last shell considered available:
i.e,, for that point all shells below are unaveailsble, and all shells up
to the highest neutron-containing shells are available, The lines con-
nect points for a given target in the order of the neutron (proton in the
>case-of Lalul) shell filling in ‘the well, Other than this use, the lines
have no meaning. This is due to the fact that either a whole shell is. .
available or none of it is, so the finite series of points, one for each
shell, gives the total number of points possible., .The series of points
‘for each target ends at the right, corresponding to only the topmost
neutron-containing sheil being_available, .Each series extends to the
left.all the way to the 1s1/2 shell (all the neutrons available). How-
ever, the series were terminated much earlier both to avoid cluttering
the graph and at a point where the number of shells taken to be availsable
was considered to be more than sufficient for any reasonable nuclear
model. The x coordinates for the M099, Nb99-points refer to the lowest
available Moloo neutron shell, The lowest .available Moloo protoﬁ shell
fdr the first point on the left was taken .as lf7/2. The rest of the
points were computed for a 2p3/2 prdton shell as the lowest available,
The Cu62 and Cu6h data were omitted to aVoid.clutter:_points for these
two elements would-be}similar to those for Zﬁ63.< The major neutron shells
are indicated slong the abscissa of Fig. 20. |

Except for the points for C, N, and O, Fig. 20 should be considered
as .only approximately representing the correct situation. Under any cou-...
pling scheme there would be more points than shells, This is because &
given .shell could be .partly available, because some .of the product parent
states with a hole in the given shell may be particle-unstable, ‘The posi-
tion of the pointsﬂmight be somewhat different also if the wave functions
>corresponding to an inverse .exponential well were used. It is to be hoped,
though, that the general characteristics of Fig, 20 would be‘preserved“if
| the .correct model were usedj accordingly the discussionAwill-be limited to
the general features of Fig, 20,

The series of points for each element all show the same character-

istic .of a decrease in r, as more shells are made available, The steepness
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of the initial porfion4on the right of each series is dependent on the
number of nucleons in the topmost occupied shell, -Iodine—127 and Tal81
have many neutrons and protons respectively in the topmost shells, where-
as In115 has only two neutrons, For several elements; the series of

" points make it possible to put lower limits on the number of shells av-
ailable, Thus for Inllum the large value of ro required, if only the
lg7/2 and lhll/2 shells are available, make it quite likely that é large
part or all of the 2d5/2'neutron shell is also aveilable, Similarly the
unreasonable values of r, required for:MnSh,.NiS7, Cu62, Cu6h, and Zn63
if the lf7/2 level is unavaileble show that much of or all the 1f7/2
neutron shell is probably allowed., This is rather striking in that the
1£7/2-1£5/2 spaclug wore Lhun crosses a major shell clodure.

The upper limits on the number of shells availeble can not be
set because .of the flatness of the point series for each element, Con-
versely, by the same token, lpwer.limits on r  can be set which vary
from about 1.0 fermi for the lightest elements down to roughly 0,6 fermi
for TalSom° These lower limits .would correspond to all ‘the neutrons
being available., It is evident from Fig. 20 that if the availsable shells
- correspond to some point in the flat region of the point,series for each
target element, then there appears to be a general decrease in the T,
values from 1.2 fermis for the light elements down to 0,8 fermi for the
heavier elements. (Again these numbers afe model dependent. However
théy should be less sensitive to details of the model than other quanti--. .
ties as they are almost independent of the number of afailable neutrons . )
This decrégse in T, is much the same as the general trend observed in
Fig. 19.

The considerations of the last two paragraphs show that some P,pn

cross sections can be used to determine the availability of certain shells
~and, through the data in Table VI, upper or lower limits on the excita-
tion energy of the neutron-hole states in these shelis° It has already
been shown how the zinc and copper p,pn cross sections were used to show
that at least a considerable part of the lf7/2 neutron shell is probably
availeble, From Table VI it aﬁpears that the excitation energies of at

least most 1f7/2 neutron-hole parent states, relative to the p,pn-product
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"ground state formed by the removal of a 1f5/2 neutron, are less than 8
Mev. The same results are obtained from the mangese and nickél cross
sections .for the P,pn-product ground states (removal of a 2p3/2 neutron),
Similar considerations apply to the 2d5/2 hole state rélative to the
Inll)+ ground state. Othér, as yet unmeasured, p,pﬁ cross sections would
yield more similar upper limits, For example the p,pn cross sections of
Nb93 or Ru96 would show whether the lg9/2,neutroﬁ shell_ié available or

"~ not. From these results, limits on the excitation energies of many of
the lg9/2 neutron-hole parent states across the N = 50 major shell
compared to removal of a 2d5/2 neutron can be set, The fact that the
MolOO result conteins p,2p contributions mskes it difficult to use it to
draw conclusions about the.lg9/2-lg7/2 hole-state .energy difference,.

C. The Problem of Cel)+2 3

The values of r, given in Fig. 20 and obtained from the cross

142 (szp)Lall;l and .Cell;z

sections for the reactions Ce (p,pn)Celhl pose
a problem in that the maximum value of r, obtained for La.l)+l (0.67 %
0,05 fermis) is unreasonably small, The values of r obtained from the
~Celul production cross section range from less than 8.67 fermis to 1.5
- fermis, A possible explanation for the small value of ro,obtainedlfor

Lalhl is that there is & strong coupling between the two 2f7/2 neutrons

.and the lg7/2 proton hole in Lalul, Therefore many of the Lalul parent
‘states are unstable‘tb particle emission. This would decrease the
number of available neutronsAandAihcrease the value of ro. A similar
strong coupling can also be allowed hetween the two 2f7/2 neutrons and
1hl1l/2, 3s1/2, and 2d3/2 neutron-hole states of Celhl'if one assumes
that the three closely spaced 1lhll/2, 3s1/2, and 24d3/2 neutron shells8u

ere aveilable, However the effect of this coupling qn.Lal . seems un-

reasonably‘large.when compared to the effect on other nuclei represented

. in Fig. 20.
.There are several other possible .explanations. of the small maxi-
" mum value of ro»obtained for Lalul. The nucleus can be large, with a

diffuse surface‘(only>the 2f7/2 neutrons availeble for Celul production)
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“and with the protons ‘strongly concentrated towards. ‘the .center. This
concentration is ‘beyond that already given by the sum.dver squared
harmonic-oscillator wave furctions for N > Z [Eq. (22)]. This seems
unlikely, because the concentrétion required to fit the:Lalhl Ccross
_section is unreasonably large; Also other work shows that .the radial
neutron and proton density distributions 'are not too .different from .one
ea.nother‘,,gh"g5 “Another alternative isAthat.the Celhz_nucieus is quite
small and has relatively little surface. 'This also seems unlikely in
that .a half-density radius of 0.6 to 0.8 fermis is an extreme reduction
4compared to other nuclear radii., A third alternative is that the order
' of proton-shell filling in Celle is wrong, and the highest filling
proton shell is some shell other than the 1g7/2 chell with st = few
protons in it. However,.this alternative is contradicted by the ob-
served ground-state spins and parities of the 0dd-Z; -odd-A nucleilfrom
'ahtimony through lanthanum, | :
It is interesting to examine the possibility that the-Ce’,ll.L2
nucleus consists .of an essentially square-density Cel)+O core with a
diffuse .surface generated by the two 2f7/2 neutrons outside the core.
Thus -the Lalhl production eross section and the.Cel ~core.contfibution
to the Celhl-production~crOSS sections can be determined by the square=-
density results given in Appendlx X By theuuse of the-higheSt particle-
141 141

stable .excitation energies for Ce and La from Table VI and Egs.
(E3), (E4), (E6), and (E7) in Appendix V [for Lalul, N is replaced by

7 in Eq, (E6)] the L™ ana the-Cel“O-cofe part of the Célhl'productibn
cross section turn out to be both equal to 3,7 mb (r was taken to be
1.3 fermis). The surface contrlbutlon of the two 2f7/2 neutrons to the
Celulpproductlon cross section can be estimated from Fig. 17 and Eq.
(26) (RO = 1,3 fermis) and Eq. (34).to be 12.5 mb, These results give
cross sections .for the reactions Celu?(p,pn)cé;hl and Célhz(p,zgﬁLalhl
of roughly 16 and 4 mb, respectively, .These numbers are in satisfactory
o4 The -validity
139

. agreement with the experimental values of 24 and h 2 mb,
of this model can be checked by measuring the Ce (p,pn)Ce reaction

" cross section because this model would .predict & cross section -about
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equal to that for Lalhl. The other alternatives mentioned before all

139 140 141

giveAaAlarger cross section for Ce production from .Ce™ than for Ce

production from Celuz.

D, Nuclear Rearrangement

The approximations used in der1v1ng Eqs (22) and (32) to (34)
and their use with the experimental hlgh-energy p,pn cross sections reveal
an interesting result., In this work p,pn reactions have been ‘assumed to
occur when & multi-Bev incident proton enters a nucleon and strikes a
, neutron in a given shell, and the reaction products leave the nucleus all
in a time short compared to nuelear rearrangement .time, This allows. one
to consider the nucleus .as a container for nucleons whose momenta and
'shell dietributibn can be taken to be that of an-unperturbednucleus°
After the collision products have escaped, the nucleus is left in any one
of a number of excited parent states whose minimum excitation energy is
that of the independent-particle neutron-shellvhole:state. .The energy
distribution of thesé states is equal to the .excitation energy of the
neutron-hele state plus the distribution of the rearfangement‘energyo96‘
In this context, the rearrangement energy consists of all the energy re-
leased when the nucleus goes from the ground state .of .the target minus
one neutron.from'a given shell to the corresponding neutron hole states
of the product. This energy comes from such sources as the recoupling
of the nuclei in open shells-when a.neutron‘is removed, & slight radial shrinkage
of the nuclear potential well, etc. The point in this work is that the
nuclear rearrangement associated with the snatching of a neutron from an
available shell mﬁst predominantly populate product .states whose excitation
energy is less than the highest .particle-stable excitation energy of the )
product nucleus, .or about 8 Mev, If the fearrangement were such that all - -
populated proddct states were more than 8 Mev sbove the ground state, all
p,pn cross sections would be equal to.'zero,96 )
It is possible .in several cases to set the upper limit .on the rear-~
rangement. energy essoc%ated with'the states predominantly populated by

nuclear reorganization at less than,fhe highest particle-stable .excitation
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energy of the product nucleus, As has been discussed in Part I, the
only particle-stable state of Nl3 is the ground state, the proton bind-
ing. energy (1.95 Mev) being below the first excited state (2.37 M.ev).21
Further, the low value of the p,pn cross section for Nlu is explained
satisfactorally by the low number of available neutrons (See Table VII
and Figs, 19 and 20), Consequently, thé nuclear rearrangément associ-
ateéd with the snatching of a lpl/z neutroﬁ,from Nll+ must predominantly
populate the ground state of N 3 The energy associated .with this re-
arrangement to the N ground state must be zero Mev, .

A similar situation exists for the product 0 5 From Table VI
and Figs, 19 and 20 it can be seen that the O (p,pn)o 1 cross section
is satisfactardlly’ explained by taking Lhe lpl/? and 1p3/2 neutron shells
to be available., If one assumes that, because of a large rearrangement
energy, the lp3/2 shell is not available, the density radius parameter,
r_, from Eqs. (26), (29a),.and (33) and Fig. 17 would have to be 2,1
fermis to give the p,pn cross section observed. The lgrge discrepancy
between this value and others (See Figs, 19 and 20 and ensuing discus-
sion) supports strongly the availability of the lp3/2 shell, The 1p3/2
-'néufrothole state of Ol5 is at 6,14 Mev; there is one more level at
6.82 Mev before the first particle-emitting level at 7.61 Mev is reached
(Part I) This part of the level scheme shows that the nuclear re-
arrangement occurring after a lp3/2 neutron has been snatched out must
predominantly populate either the 6.14-Mev level or the 6.82-Mev level
of 015° The respective energies associaped with rearrangement to these
two levels are zero Mev and 0,68 Mev.

' This .same argument can be carried into heavier nuclei. It has
already been shown how the buried lf7/2 neutron shell in Cu63, Cués,
and Zri6l1L is probably available, because its exclusion gives unreasonably
large values of ro. Snatching a neutron from the lf7/2 closed shell of
. zinc or copper would give a product hole state with appreciable exci-
tatiOn‘energy (roughly 5,Mev),8u because it is across -both a major and
minor (the 2p3/2) shell, -Since the highest particle-stable excitation

“energy for zinc and copper is 8 to 9 Mev (Table VI), there must be no
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large population of states whose associated rearrangement energy is
greater fhan.3 to 4 Mev., AThis'figure is quite approximate and is only
a rough first guess. This same argument .can be applied to other cases

such as the 235/2 shell .of I and possibly the 1hll/2 shell of .Celh'z.

E. .Fﬁrther Usés‘ofgp,pn.Cross-Sections

There are other ways in which experimental p,pn cross sections

combined with the results.of this work can yield-more information -about

nuclei, It has.already been shown how the .total p,pn cross .sections

can yield information about the availability of the uppermost shells,

A study of those targets that yield p,pn products with isomeric states
for which cross sections can be obtained for each'isoﬁer.allows-the
group of avaeilable shells to be ﬁfdkéh.into two smal;er groups, Under
the assumptions of this work, the ingtantaneous removal of a neutron
from an even-N, even=Z tafgetAleaves the nucleus .in an excited state

with the spin and parity of the shell from which the neutron was re-

moved. The strong dependence of the gamma-decay lifetime on the type

and multipolarity indicates that neutron-hole states.in shells having
high angular momentum would decay predominately into high-spin .isomers

and conversely. This splits the available group into shells of high

and low angular momentum which .are aveileble to only the hlgh- and low-

spin isomers, respectively. .This method of studylng available shells
having high and low angular momentum separately QOes not apply to odd-z,

even-N targets, because the odd prdton.can.combing.with the odd neutron

.of the p,pnAproduct~to give states with a largé rénée of spins,.which

then‘decay'into the isomers, It is.then quite pesgsible for both high-

‘and low-spin neutron-hole states to populate both -low=- and high-spin

~isomers, and no such division .of the available shells occurs as with

the even-N, even-Z- targets, The case of In 1 has already demonstrated

this p01nt If the odd proton is in & low spin state, the situation

for even—N 0dd~Z targets. approaﬁhes that of even-N, even-z targets.
Another way the p,pn cross-section data mlght ‘be -used to give

usefhl information .is revealed from examination of ‘Egs, (32) to (34).
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If a sequence .of p,pn.cross Secfions,is obtained for an isotopic series

of targets in .which a neutron shell is filling 'up, Eqs. (32) to (34)

predict that.a-ploﬁ-of‘the p,pn Cross,sectioﬁvzg.~the neutron occupation

" number of the unfilled Shell will give‘a,straigﬁt line, From j@;. (32)
the slope of the straightulihe wguia be equal to ‘ '

o ' 1/2 T
cM=9-_[1+ (F (—%—) / 'l)] M:
1 ‘

tot ~unfilled neutron shell, (35)

The intercept would be equal to the sum overfaﬁailable neutron shells
exclusive of the one being filled. This assumes that no- change in shell
availability.is occurring ﬁhrdughout the beries. vSuqh a change is not
likely to oceur unless thé[higheét purticle-stablc,excitation energy
changes a lot or is 9lose'to the excitation energy of a hole state.
Neither of these facto;é.would‘be expectéd to be very likely. ‘Thus it
may be possible to éxperimentally determine the values of o M for 4if-
ferent shells. This argument aésumes that.the.effects of nucleon-
nucleon coupling are small, If the4distribution in energy of the parent-
product states is largé, and the valugaof the sum over the squareg.of
the appropriate fractional parentage coefficients is strongly dependent
on the number of neutrons in the unfilied shéll, then this argument
fails completely,. ' ' ' '

A good.illustration of the ways discussed in which p,pn cross
sections might be used exists in the series of téllurium isotbpes with

.an even number of neutroné. The p,pn produéts of all these isotoupes

have two isomeric states of spins'll/z-iand l/2+ or 3/2+,.7 Except
possibly for Tel3o, the lhll/z neutron shell is £illing throughout the
series .and is probably filled at Te128. .iellurium—l30.contains in

.addition two 3sl/2 or 2d3/2 neutrons{7{33 If one assumes that .the
1h11/2, 1g7/2, and 2d5/2 neutron shells are availsble but the 1g9/2
shell is unavailable, then the lhll/Z:aﬁd lg7/2 shells are available
to the 11/2- isomer and the 2d5/2 shell is .probably availsble to the
1/2+ isomer, If the low-spin isomer is a 3/2+,'then the'lg7/2 shell

2
wogld probably be available to the low-spin isomer, For TelJO, the
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. . \
3sl/2 or 2d3/2 neutrons would be available to the low-spin isomer, The
‘choice from the I point series for'thé-saﬁe set of available shells
qf T = 0,95 fermis, -the above'gssumptions,.EqS. (29a) and (33), and
Fig. 18 allows the determination of the D,pn Cross sections (neglecting
nucleon-nucleon coupling effects). The results of these computations
are given .in Table VIII for 5.7-Bev protons. .The cross sections given
in ¢dlumn 3 illustrate how the isomer ratio can change depending on the
spins of the isomers. .It is unlikely that the cross section .of the low-
spin isomer would be larger than the values given, but it could be small-

er if the 2d5/2 neutron shell were partially availaeble .to both shells,

Table VIIT

Estimated isomer p,pn cross sections for even-N tellurium isotopes

Target Product ‘ Predicted isomer
isotope ‘ isomer spin : cross section
(mb)
pe 120 11/2- (2) 22
L 12+ - 16
Tel2? 11/2- ' - et
: 1/2+ ‘ ‘ 16
Tel2H 11/2- 31
1/2+ : 15
126 ’
Te 11/2- 36
_ 1/2+ ‘ : 15
128 : ’
Te ‘ 11/2- , 29
3/2+ 25
et 11/2- ' 28
3/e+ 29

For shells such as this .one with j values midway between the isomer spins,
.the availability to one or the othgr of the isomers would be expected to
depend sensitively on the details .of the excited-state level scheme. The

slope, 2 mb (1hll/2 neutron) is independent of which shells are available,
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If the lg9/2 neutron shell were available, the cross .section of the high-
spin isomer would remain the same, but thefdross section of the low-spin
isomer would decrease, This conclusion is based on the requirement that
the lg9/2 shell would then probebly be available in 1127 also, which
necessitates a decrease in ro, These result; given .in Taeble VIII are
rather speculative as they depend on several assumptions and are not
meant to be quantitatively accurate. Rather, .they serve to illustrate

the kinds of information which might be obtained from such a study.
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VII. POSSIBLE FRROR SOURCES

) It has been shown how the results of the theory embodied in Egs.
(32) to (34) and Figs. 17 and 18 may help to understand nuclear structure
more clearlj by yielding information about nuclear radii and hole-state ‘
excitation energies. These results have»been.derived from a theofy'based
on several simplifying assumptions, such as the impulée approximation,
single nucleon-nucleon collisions, and .classical nucleon and pion tra-
jectories inside the nucleus. Besides these assumptions and the @iffi-
culties inherent in using the independent-particle harmonic-oscillator
model to represent real nuclei, there are other implicit approximations
in the theoretical results, A discussion of these points will help to
put.this‘work in a bettér perspective,

There are a few sources .of possible error in the assumption made
that the effective average exit cross section, E, is a sum of cross
sections for pion-nucleon and nucleon-nucleon collisions averaged over
event types and particle energies and corrected for the.exclusion prin-
ciple. .One source stems from the neglect of the wave properties of
high-energy pions and nuéleons, If a nucleon and a pion are scattered
at an included angle of 200 and 300 Mev kinetic energy each -- not .un-

56,57

reasonable figures, -- then the nucleon and pion must travel 0,8
and 1,1 fermis respecﬁively before their separatién.is greater than
the pion reduced wavelength. This is an .appreciable distance of travel
compared to nuclear dimensions. For this -part of their paths where the
particles are closer than a wavelength apart, the cross section for
interactiohAwith nucleons would not be just a sum .of individual nucleon-
nucleon and pion-nucleon collision cross sections becaﬁse there would be
interference of some sort between the pion.and nucleon.

‘Another source of error which also arises from the neglect of
the.wave.properties of the colliding nucleons is that, depending on -the
angular distribution of the emitted nucleons and mesons, the momentum
transfer to the target nucleon along the incident-particle direction

can be very small for high incident energies. The uncértainty principle’
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then shows that it can be impossible to localize the collision to within
a nucleon dimension; or even nuclear dimensions .as has beeﬁ done in Egs,
(10) et seq. This problem has been treated in the literautre and con-
ditions given to determine if the collisioné can be locaiized.97 "The
meson energies in the'"fecohstfuétédﬁ'évéﬁts" used to determine o, were
used in the appropriape,condition equation;97 _;t appears- that on .the
whole the picture of a collision localized ig»wifhin nuclear dimensions
has approximate validity.- For about one half of the ppn- events and
many of the pnx'n and pnrxiw x| evpnfq'éﬁ Ey = 3.8 * 2.4 Bev, the, eol-
lisions are localized to nucleon dlmen51ons ‘ ' A '

An error source affeutlng o mey ex1st 1f the 1qobar model of
pion production frum hlghuencrgy‘nucleons‘ls valid inside the nucleus.hh’SY.
Since the isobar states have small but tinite lifellues, .the nﬁcleon—
nucleon collision.products traverse the first part of the ﬁath as .isobars
which then each decay into pions and a nucleon. Consequently for the
first part of the path, o consists of cross sectlons for- nucleon isobar -
nucleon collisions. No error is 1ntroduced ‘only if these cross sections
are equal to the sum of the 1nd1vidual LTOSS sectlons for isobar decay
product-nucleon collisions, '

.The assumption made that the pion-nucleon-collisiaon cross sections
used to determine o are'the;same'inside the nucleﬁs as out may~be a fur-
ther source of error, .Recent»thebretical work shows that various paramr
eters describing pion interactions inside a nucleus vary stroogly with |
energy?g? However, the errors made in assuming the free pion-nucleon
cross sections to hold inside the nucleus would be small, except pos-

98

sibly near the resonance, The.free n-p scattering data do not show
strong peaking in the produged‘meson intensity at the resonance energy.
For this reason and possible similar hard—to-correct errors in "lifting"
the free n-p scattering data into the nucleus; no correction was made
for this error source. 4

The magnitude of the .error arising from these sources .in the ap~-

proximations used to develop -the -theory is .very difficult to determine,
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It is hoped that it .is small, possibly through cancellation effects of

the individual errors. Perhaps in the future it w1ll be - p0551ble to

.evaluate the -uncertainties arising from these sources

There are several small errors. arising frém the experimental.

input p-n collision data and the methods .of handllng it. A main un-

certainty in the input data is .that, for pn -9pnn+n 7 and other less
57
For thlsawork, the number of x° particles in each event type.explicitly
stated‘insthe input data was used. There is some evidence that the
average ﬁo.multiplicity is somewhat larger than given by the above

data.63 .Several errors arising from the method of treatment .of the

input data include neglecting the few high meson-multiplicity events

in .the input data (the five-prong and a few of the three-prong events
were neglested),,lettingiA/z,= N =-Z for all target.nuclei, ete, in

the determination of o. These and'other errors .arising from -the method
of evénﬁ,reconstruction-and estimation of the reduction in.o due -to .the

exclusion principle should ‘be small.
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VIITI. ©SUMMARY AND CONCLUSION

The failure of the model used in the Monte Carlo calculations to
predict either the right magnitude or dependence on target element of the:
p,pn cross sections for Bev protons has been evident for some time, The
lack of a nuclear surface and shell structure in the model have ‘been sug-
gested as the most likely reasons for lack of agreement between theory
and experiment, ' ' o ' '

Iu vrder to rcmody this éjtnaminn, a theoretical treatment of
simple nuclear-reaction cross sectioné, as exeﬁplified by that of the
p,pn reaction, was developed which allows the use of several different
nuclear models, The theory is based on several simplifying factors which
appear to be valld in the multi-Bev bombarding-energy range, These fac-
tors are the impulse and ierb-degree.scattering-angle approximations,
use of classical tréjectories for the incident and scattered particles,
and quantum mechanical treatment of the taréet particle; ‘Equations .(19)
and4(20) give the results of the thecoretical treatment using the above.
simplifying approximations,

In order to obtain numerical results, the independent=-particle
harmonic-oscillator nuclear model with spin-orbit'cbupling was chosen
because it gives a diffuse nuclear surface, shell structure, and analytic
wave functions. In the interests of .self consistency, the same wave
functions were used to give the total nucleér_density as well as the
pr bability of finding a nucleon with a given set of quantum labels at a
given point., Equation (23) was integrated on the IBM-T0l for several
shells .and target elements over the periodic table for a .range of values

of the spring constant. Cross sections o0, and 024were set equal to 30 mb

1
and 180 mb respectively; o was determined from the L4-Bev cloud chamber
data. Then for Fl9, Cu§5, and Celhz, Mnﬂ was determined as a function of

o. The Bev cloud chamber data were reworked using the plots of an ngg'
to weight the values of £qobtained, The new values of o obtained (168
mb for 4-Bev neutrons and 160 mb for 1,72-Bev neutrons) were included in

Egs. (33) and (34) by means of Eg. (29b).
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‘These results and a rather crude approximation for the contribution
from the elastic part .of the p-n'collisioh give the p,pn cross section as a -
function of shell availability and nuclear density.distribution [Eq. (33)
or (3%)]. Use of.the experimental cross sections and reasonable chéicés
of shell availebility give reasonable values for the nuclear size, in
contrast to the model used in the Monte -Carlo work which requires too
.large a nucleus to it the observed p,pn cross sections (Fig. 19). This
result confirms the requirement of a diffuse nuclear surface for the ex-
planation of p;pn reaction cross seétibns°

The low-Z elements for which the available shells are known give
values of the nuclear half-density radius parameter of 1.20 % 0,11 fermis
(Fig. 19), larger than the value .of 1,03 fermis for the electron-scatter-
ing charge distribution using the same nuclear model, Since o would have
 to be reduced rather drastically (to about 100 mb) to bring the radius
. parameter of the p,pn nucleon density down to that of the electron-
scatteriﬁg charge density, it seems that nuclear matter may extend some-
what beyond nuclear charge. ,

The,results.(Fig. 20) show also how the idea of a reasonable value
.of the nuclear .radius parameter may be used with some p,pn cross sections
to .determine the minimum number of available shells. Coupled with the
highest particle-stable excitation energy of fhe product nucleus, this
information can be used to help,decide«which nuclear models give more
appropriate energy eigehvalues. For example, this argument shows that

n Zn6h5 Cu§3, and Cu65 the 1£7/2-1f5/2 neutron-level spacing must be
appreciably less than 8 Mev,

The~Celhl and Lalhl data present somewhat .of a problem in that
the p,pn and p,2p cross sections are low. One possible explanation is
that strong nucleon-nucleon coupling reduces the number of availeble ﬁ
nucleons for the p,pn and p,2p reactions. Other possible explanations
are that either the protons are well inside'the neutrons -- more than
given by-the fact that N is greater than Z -- or that the Célho core ‘has
a negligible surface and the two 2f7/2 neutrons genera.te"l:he.Cel,+2 dif-

fuse surface, ‘l‘he»Cel p,pn cross section would allow a choice between

|
these alternatives, (
‘ \
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A general consideration of tihe mechanism .of p,pn reactions at
high energies shows that -the rearrangement energy associated with states
predominantly populated by»nuciear reorganization after a neutron has
been'snatched away must be less than the highest particle-stable exci-
tation energy of the product nucleus(roughly 8 Mev). This upper limit
on the rearrangement energy of largely populated states can be extended

1k 16

even lower for several target nuclei. In particular; for N and O

targets the energy associated with the rearrangement to the Nl3 ground : -

state and the -0 6.1k~ and 6.82-Mev states must be less than zero Mev
and 0.68 Mev respectively, A similar conclusion holds for the targets
70%%, cu®3, and cu®5 for which it is shown that the buried 1£7/2 neutron
shell is very likely available, The appreciable 1f7/2 holc-gctate ex-
citation energy in these targets depressés;the upper limit of the re-
arrangement energy for populous product states well below the highest
particle-stable excitation energy.

The existence of isomeric states of the p,pn products allows
the division of the available shells into high and low angular momentum
groups and the separate study of each group. Even-even farget'uuclei
are much more suitable for this purpose than are even-odd nuclei, This
is due to the fact that there is only one spin and parity possible for
a neutron hole in a given shell, For even-N, odd-Z, targets, a wide
range of spins is usually possible for a hole in a given neutron shell.
A possible series of p,pn cross sections for the even-N tellurium iso-

. topes was computed to show how the isomeric states .can be used. The
series also shows how further information, such as experimental values
of some of the constants tEq. (35)], can be obtained,

The results of this work,ihdicate that & lot of information may
be obtained from p,pn-reaction cross sections .in the multi-Bev region.
Much more experimental data is certainly needed. Furthermore, all but
a small part of this work covered p,pn cross sections, whereas p,Zp,
p,pn+,.and p;pn_(orgbn)reaction cross sections can also be treated in
the same manner as the p,pn cross sections. -Equation (20) holds for
p;2p as well as p,pn reactions'and, with the inclusion .of another

factor can be:also used for p,pﬂ+Aand p,pn reactions., .5 i

*»
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APPENDIX 1

Angular and energy distributions are easily obtained from elastic

p-p collisions because the angular dependence of the scattered products

65,66

at high energies in the c¢.m. system is known, In the absence of

experimental data at Bev energies, the angular depcndence of the p-n
elastic cross section in the c.m, system is taken to be the same as that
of thé p-p elastic cr ss section in the forward c.m. hemisphere.99’loo

Tu -Llie elastic nuelecon nueleon collisions, the .recoil eneryy,
TZ’ in the laboratory system of the target particle is given by.Eqs. (7a)
and (13) of Reference 100:

L )(l + cos @), a (81)

where Q'is the scattering angle of the target nucleon in the c.m., system,
and v-1 gives the labofatory kinetic energy in unitsYGf mcz. From the
same reference, -the laboratory scattering angle, 92, of the target par--
ticle is given by Egs. (6) and (13) and a trigonometric identity to be

_ (r-1) + (y+3) cos ©
2 (y+3) + (y-1) cos 6 °

(£2)

cos ©

‘ The numbers of neutrons from elastic p-n collisions .. ... scat-
‘tered per unit scattering c.m. angle into the solid angle 215in6de and

normalized to one incident proton, is given by

%g = (n+l) cos™e sin o . . '(A3)

This result is obtained from the cos'® dependence of the p-p differential
scatterlng cross section in the forward c.m. .hemispheres. §5

The fraction of collisions, FT’ which sqatter target neutrons
with a laboratory recoil kinetic energy of T or less is obtained by in-
tegratlng Eq. (A3) between the limits = and 9  The value of GM is
obtained from Eq. (Al) with T set equal to T These operations give

n+l

2Ly T (aw)

F_o=[1- (1- 2( 5
‘Y‘-

T
me
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APPENDIX II

The totally‘éntisymmetric nuclear wave functions for the ground

state of a stable nucleus with two open shells and A j-j coupled nucleons

1is gi&en by69’lOl
¥ (oM T' ) =S Pﬁz ¥Y.(3 I 10000) £ C(J J, J;MY ,M_-M")
A IS el Vg . v s E iy i §
J
¥ (‘np_l “p-1 17 MIT P pJ M_-M',T_M_-M'). Bl
p-1 ‘Jp-1 " M) Y (3, My MY, T MMy (1)

The first p-2 shells are the ciosed shells with spin and iso spin, and

' their respective projection quantuﬁ numtefs,AJ, T, MJ, and MT all equal
to zero. The Clebsch-Gordan coefficient uncouples the spins of the
(p-1)th and pth open shells, A similar C coefficient uncoupling the
isotopic spins of the two unfilled shells has .been left out. This is
@ue to .the fact that) for all stable nuclear'ground states, the C coef-
ficient uncoupling the isotopic spin .of any ehell, filled or unfilled,
from the rest of the nucleus is in its stretched condltlon, (T =T),
and consequently we ‘have [C]2 = 1, This holds for ahy number of shells
in the ground-state configuration with respect to nuclear charge states.
For this reason and the fact that nuclear ground states (configurétion
mixing excluded) contain at most two unfilled shells with respect to the -
spin states,. Eq. (B1) will give, in this'work, the same results as a
more general wave function that represents all stable nuclear grqund

states with any number of open T = MIII shells,

. The antisymmetrizing operator, J, is given blel
n4 n ""n
1t l 2
g - (2 /25 (1%, - (p2)
) Q

The sum is over all permutations of nucleons between shells, g is the

number of'nucieon exchanges required to give a permutation @, and

p .
A =3 ni. The number of nuclecns in the ith shell is given by n,.
The i=1 normalization factor is the square root .of the number of pos-

sible intershell permutations.
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It is useful to repeétnEqi (13) of the text here:
¥ v ar ()
Fy = a *a T 3

where the.integratioh is over all coordinates of all nucleons .except the
~ space .coordinates of the kth nucleon, HerévPk is the probability that
the -kth nucleon is at a given space point, -Substitution of Egs. (B1)
and (B2) into Eq. (B3), performing the;antisymmetrizing operation, and
taking,accouht,of the orthonormality 6f all.theAshgll.wave functions

.except for the ith shell in each term of the i sum gives the result,

.p-2 n, %  By.0y ‘ ng ni
— — \v§ s :
Py -,2 A ¥ (,J1 T T0000) Y. ( Ji .OOOO).cli'ri
i= - .
] 3 T 1] STl
+Z C(J oMY, M MJ)c(JlJzJ,uJ,N&ﬂJ)au&,,.M}
; .
My
“p-1 p 1 p e - 1
- _ ,,..‘_. ]
[ f o- l( lpJTlMT) ( Jpia ® J\M TlMT)dT 1

n S .
2 [y (; p "p p o, o
A f&"p (3 Ip 7 Il u&,TZMT) Y (J | I MM, T M .MT)d'rI] 5. (BY)

where dri refers to all the ith shell nucleon coordinates except the
space coordinates of the kth nucleon. The factor ni/A arises from the
following cogsiderations. -Ogt of all the Al/(n Jné‘--~on§*) nucleon
permutations between shells there are (A- l)'/(n (n —l)'--n-')
permutétions in which the kth nucleon in the gﬁh shell does not take.
part, i.e., it occupies the .same place in the iﬁh shell; Each one of
these permutations contributes an;identical.térm in Eq, (Bh). .The sum-
mation over all of these permutations, .for which the kth nucleon is
fixed in the ith shell, and combination with the normalizationlfactdr

obtained from Eq, (BZ)'giveAni/A.
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In order to simplify the writing from here on, the isotopic;spin
quantum numbers and coordinates will be dropped from Eq, (B4)., The re-
quirement that the struck nucleon be a neutron for p,pn reaction can be
fulfilled, as is done in .the main .part of the text, by replacing n; by
Ni’ the number of neutrons in the ith shell., One obtains the same result

by keeping the isotopic-spin formelism and ihsgrting the operator
n, - -
1
1 ;i (TZJ_+ 172)
n; :
121

. 2
exposed nucleon is a neutron and zero if it is & proton, Transformation

between the ¥* and’¥ terms in Eq. (B4), Here T.J+l/2 gives unity if the
of the wave functions in Eq. (B4) to linear combinations of single-particle
wave functions and integrations over the isospin coordinates of all nucleons,
using the above operator, results in the fagtor Ni/ni inside the i sum. The
combination of this factor with the ni/A gives the same result as the re-
placement of n, by Ni given above,l02

The wave functions in Eq, (B4) have to be transformed so that the
coordinétes of a single nucleon éppear explicitly. The terms in the 1 sum
for closed shells will be treated first, We have69 (the isospin quantum

numbers are all suppressed)

n,
¥, (Jiloo) = ;L C(d13,05M,-M}) C(2;8d,3m,,-M{-m )
’ ?
MP,m,
n ..
i-1
;o TaMT ., L X
LAC K 1)‘ri£131 £,,m, Xs,=M£~mE . (B5)

Here the last nucleon has been split out of the shell by use of the first
.C coefficient, The second C coefficient allows the sepafation of the
spin and space parts of the single-nucleon wawve :function, ..The fractional-
mpareﬁtage coefficient is unity for a closed shell, The radial part.of the

single nucleon wave function is"'T Y, 7vis & spheri¢al-harmonic,.:énd

r£j5,wgmz



..]_19 =

Xs,Mi-m is a spin function. The firét and second C coefficients in Eq,

| 4 :
(B5) are equal 609
Ji+s-2M] -m
(-1) * 14 g1y (23471 1/2. , '
A LS et C(J Sﬂ'M' -m _MI)
(ZJ,+1)1/2 2L +L [ Rt s R A S
"

Substitution of this expression into Eq. (B5) and the result into Eq. (BA4)
and integrating over all nucleun cuuvrdinetco cxcopt the space ranrdinatés

of the kth nucleon gives for the closed shells

. Pk .P°2 i : X ® ¥
(cloced shells) Ez QA(2£i+l_ }j (~1) AC(;isﬁigpi,auzPui)
i=1 M}mz
HiH
C(3.s8, ;M ,-m -M') ® Y Y, 85 . & (B6)
170707 T LT Ty 8 gy Am A m i M :

X = 2(Ji+S'M£-“£)-mz-“£ = even integer, Taking account of the delta

functions and the Uhitary properties of the C coefficients gives

. p=2
e Z R Sy
closed shells . A12zi+15“ rigiJi zimzl Eimz 5

which, by the spherical-harmonic addition theorem,70 glves finally

P p-2
X ! z ' 2
closed shells ~ kLxA oy Tr 4.5, . , (BT)

This result also holds for open shells if J = Q.

The treatment for open shells with J f 0 is more complex than for
the closed shells, Considering the pth open shells; cne has, from Eg,
(BY), .a relation similar to Eg. (35)369’103

R
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. ’n .

y / 4 Yy (5P RYCAN ] 1
ZC(J]_JZJ;MJ,MJ-MJ? \y.p(jp T My MJ) = > ,FJ,‘,C(Jl,J'ZJgMJ,MJ-’MJ)
2] . , . AT

M1 ¥ gI"MJ
Ay

,i'»‘_ . o8 MO " ] o . 1 d o1
CT T 5 M7, M =M M7) C(/lpudﬁ_wn z&ﬁ%ﬂ;"“,;

*

'.f%-l '
A Tt i . .‘ .
v (Jp STMy )Trp.ﬂp;jpx,epm 4 X M --ME-M"-m

g JdJ 4 (28)

“‘'where FJ_,, is a fractional parentage coefficient, *i‘he- C cp.efficients on
the right-hand side of Eq, (B8) are not in.a suitable form for their
removal, . They can be brbught into such a form by ﬁse of the symmetry re- -
lations of the C .coeit‘ficien-‘t.s69 and relastionships between .Clebsch-Gordan
and Raceh coefﬁc.ients;lol‘ After use of Eé_s. (:;§;.16b),69 (.6,1+b),l°l*
(3.16b), (6.4p), (3.16b) twice, (3.l7a),69 and finally (3.16b) agein,
in the order given (the eyuution numbers refer t&}-the references ' given),
one gets the cumbersome -expression :

. n . :
‘ o M3 “MY P M) =
Zc(.rlJzJ,MJ,MSI M3 ) ¥ (,jp T Mo M) =) F

7 ) T T iy
MY | JI"g

Jl

(23 +1)( 2J"+l)(IZJz-y-l?)_r(ZJ‘“"‘-x-l)(ZJ}l) 1/2 S
B , W(4 83,3753 d%) W(L J"IT 5T, T)
: 20 41 poertp polhe
o

8 g o m =N 1"t 1q3y ‘»t - 3 -3 q T g MM Mem ~M"Y(-1)F .
c(ar ,ZP,MJ,mz MJ)c(qlJ J.. $ME M _=m ,-ML)C(JT¥sd ;MJ,MA Mi-m, MJ)( 1)

' A L el e | o
M7
T 4
fprh |
: RGN = N ¥ 1 o
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where X =2J, + 2J'+s+jp -JW 4 Mj=m£=z 1s an integer. The W coeffi-
cients are the Racah coefficients,. There is a similar expression for
the conjugate pth-shell wave function, If Eq, (Bé) and its conjugate

are substituted into the pth-shell term of Eq. (B4), and the integrations
performed, the result is a form which allows the M& and M& sum to be done
over the third and second C coefficients, respectively. 2 One then gets

for the pth-shell term in .Eq. (B4) [(=1)2x=l]

n_E d
Pkp = TA };
J'J i J.m

275 . S 2 - 2 Nm2 T ¥
WL 83 J';3.0") Wik o3 3T, 3) HYCU(ITWE sM_,m =M )T" Y ¥ .
: 1°°2 Ly X SO S A I 4 m
P P P P Tpfpdp e o

Fiv [( 23P+1) (23"+1)(2,+1) (23" +1)2341) :l

24 +1
P (B10)

)

. Thé substitution of Eg. (BlO); a similar expression for the (p-1)th
shell, and Eq, (376 into Eq., (B4) gives a result which can now be substitus:’
fed into Eq. (12) of the main text. Howéver, this result refers to a tar-
get nucleus whose spin projection on the quantization axis has a certain
value MJ, Equation (12) mgst be averaged over all the possible orienta-
tions of the nucleus with respect to the coordinate axis (here taken to be
the beam direction), Since the nucieus'is in an essentially field-free
region, each value of M_ is equally probable, and the averaging operator.:

J
for Eq. (12) is - J

From Eqs. (B10) and (12) it can be seen that the integrand does not depend

on M_ or J, The averaging over M_ may then be brought inside the integral

J J
to operate on Pkp and Pkpnl in Eq. (B10). The remaining C coefficient in
Eq. (B10) is the only factor depending-on M., and so the M. sum can be done

J J

to give



@lZle

A ' ' ] 1]
1V, n, | o2 (sz+1)(2J +l)(2J2+l)(2J +1)
2J+1 kp A J¥ 24 41 ,
. P ‘

‘ 9 9 1308

M J'IT
2 143 1 390 \ *
W(.@P-SJZJ',jJ)W(zJJJ;JJ )sz YywnYpme (B11)

PPP P4 pPi
By

The unitarity of the Racah and fractional-parentage coefficients allows
the J¥W, J", and J* sums to be done in turn to give the much simplified

expression
: ' n
1 ; 2 *
— P = T R 4 X
2J+1 }; k A(2Z +1) "r_4 ‘}L Lm,"Lm, *
R pp’p & P4 P4
Jd . /A
.The spherical-harmonic addition theorem7o glves the final résult‘
n .
1 R o) 2
2J+1 szp = hma Tt , : (B12)
. i . DPPP
J

WhereArp 1s the principal quantum number of the pth shell, Substitution
of Eg. -Bl2), a similar equa.tion for the (p-l)th shell, and Eq. (BT) into

Eq. (Bh) glves
p .
P.= k-
"k 2J%l -/ ny T z (B13)

MJ

Comparison of this equation with Eq, (17) of the main text shows that Pk
from Eq. (B13) equals P, from Eg, (17). .This result shows that Eq. (18)
of the text 1s the same whether or not j-j coupling is teken into account.
This neglects .the fact .that, under J;j coupling, the density terms :in -the
exponent of Eq., (18) would be composed also of j-j coupled wave functions
like those given in Eq, (B4). Here one can't remove -the C and W coeffi-
cients by summing over Mj,-becuase they are in the.exponent,' However the

effect of this would be expected to be small because of both some smearing
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out of the differencés by averaging..over MJ and the large contribution
to the nuclear density from the clcosed J shells for whiéhAno such effect

exists, Furthermore this effect is nonexistent for even-even nuclei

because J equals zero,
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APPENDIX ITI

.Equations (25) and (26) can be . derlved by considering the nucleus

as a degenerate Fermi gas, Then the nuclear density, p, is given by 105
5 13/2 : _
= M_ T3/2 , (Cl)

303

where T is the Fermi kinetic energy of the nucleons, and m is the nucleon
mass, ' '

‘For'a.harmonicﬁoscillétor nuclear well, .T is giveh %y

- .1 2 _2- ‘
T—'I.'o"»mev‘»r e : (c2)

where-To.is'the Ferml energy at the center of the nucleus and w is the
oscillator frequency, .If R 4s the classical turning polint of a nucleon
with the Fermi energy [obtained from Eq, (C2) by setting T equal to zero]
_then 1t can be seen from Eqs. (Cl) and (C2) that we.have

' 2 3/2 . . 4
P = (1 - EE) / , ' (c3)
po Rof 4

where p_.is the central nuclear density. Normalization of Eq. (€3) to

,requiré that A nucleons are contained in a sphere of radius Ro gilves

. 8A :
p. =it ., (ck)
© u2R03

Since Eq. (Cl) also gives a relation between po'and-To, use of Egs, (Ch)
and (C2) (at T = 0) and Eq; (Cl) gives - ' '

1/3 1/3 , ,
.w=<i) -——;-, - (cs5)
mR .
0
. !
Since we have - 1/2
B = Cq;-) 5
we obtain '
1/3 5,1/3
N IR (c6)
R )
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For later use it is preferable to give 62 in terms of the half-density
radius, R, rather than the turning-point radius. From BEq. (C3) it can
.: -l
. be seen that R° =’R02 (1- (1/2)2/3), Writing r = R/A /3 and evaluating

the numericgl constants gives finally

= = . C
B —;17% | ,XI7£ ; . (cT)
where g:is given by ‘

0847, - (c8)
. I.0 ' :

In spite of the gpproximations involved in usiqg Eq. (Cl),lo"5
Egs. (C7) and (C8) give falrly accurate values of the-half-density'raaius
parameter, T o This .wag .checked Dy plobtting the actual. nuclear density

distribution as a function of the radius for a few values of g by using

Eq. (2%) and the entries in Table V for three nuclei, Fl9; Cu65, and
C,elhz° Table IX givesbthe results,
" Table IX

Comparison of haif—density radius parameters

-4 Half-density radius parameter; T (fermis)
Element : (fermié)-g from Eq. (C8) from Eq, (24) and
, . Teble V
N . 0.60 1.19 116

0.80 . 1.03 © 1,00
. " 0,50 A -~ 1,30 - - 1.37

0.80 1.03 . 1,06
cethe 0.80 103 1.12

0.90 0.97 1.06

A comparison of the results in columns .3 and 4 shows that fOAobtained

from Eq., (C8) varies from being 3% too .large for 7 to 9% too small for
Celh“ when compared to the correct values of T obtained from Eq. (24)

and Table V.,
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Appendix IV

The effective barrier against nuclear emission of particles (S-
. wave neutrons excluded) when gamma decay is the only competing process
can be roughly estimated in the following manner. '

The partial width for emission of a particle with energy E from
a compound state of excitation energy, W, leaving a residual nucleus in

state, a, is given by Eq. (33) of Reference 106:

(W),—?—R;ﬂljﬁ);, o (D1)
2% pc(W) X

where p refers~to»the emitted particle, pc(W):is the level density of the
compound state, g is the statistical weight of the residual nuclear
‘state, and o (E ) is the cross section for formation of the compound
state ¢ from particle p and nuclear staie o, The total width Pp is ob-
tained by summing Tpa over all states & whose exgitation energy is.less
than Wbe; where.Bp is @he binding energy of particle p, qor tbe cases
under discussion, the energy of the.emitted particle,»Ep, 1s always well
below the barrier. The strong dependence of the barrier penetrability
on EP effectively 1limits the sum over « ﬁo the ground state and in some
cases the first excited states of the residual nucleus. Consequently,
the sum over o will be .limited in most cases to one residual nuclear
state. The cross section Upa is given by Eq. (49) of Reference 106 to
be

0y = (2041) 2XE BY(E) £ s S 2

where >X is the reduced particle wavelength, .P (E,) is the penetrability,

‘and 3 o0 is the sticking probabllity for the particlé p, and £ is .the
minimum value of the anguler momentum which p must carry away from the
.compound state ¢ to give the residual state &, The sqm over £ has been
neglected in Eq, (D2) due to the strong dependence of the barrier penes
trability on £ for small values of EPn The barrier pengtrdbility is
found by setting the gamma=-ray width equal to the particle width:

'F,Y = Fpa(w) »
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which gives, with Egs. (D1) and (D2)
:P =A(2z+1) & PJ&(E,pl
v 2mp (W)

gpﬂIA"

If the level density is written in terms of the level spacing D(W) =

l/pc(W), and g o 18 set equal to' unity,106 then one gets

. 2xt T .

Here. 8 the statistical weight of the residual nuclear state, equals
2j+41, where J is the spln of the residual nuclea} state a that gives
the lowest value of W satisfying Eq., (D3), and a is usually elther the
ground or first excited state, The resadual nucleus is the p,;pn product
minus particle p, . '

The. values of FY/D(W) for W = 6 to 9 Mev can be obtained from .
the 1-Mev neutron-capture cross sections by use of Eq. (4-7)

Reference 107:
2,1?‘&2 r
Unr =———-5——l s
where &,is the reduced-wavelength of a l=-Mev neutron, <Subétitution of
' this equation into.Eq, (D3) gives
| 150

Py (Ep) = mlr%; o | (D4)

where @ As given in barns, and o__ can be taken from the literature

datalo7nY Since the values of g ey agz not given for the radiosctive

targets under consideratlon here, the values .for a stable target can

be used. The stable target,is,chosen to give an ny compound nucleus
whose mass, .excitation energy, and number of nucleons or holes removed

» from & closed sheli are similar to those of the given radioactive target,

Since £ is differént for each neﬁtroh“hole state of the p,pn product and

only rough.estimaﬁes of the effective Coulomb barrier are needed, £ was

set equal to zero .in Eq, (D) (S=wave proton or alpha emission) to give



The effective Coulomb barrier given in Table VI was obtained from Eq.
(D5) and published formulas and g_raphle8 which .givé the penetrability
in terms of the ratio-E /B, '

(p5)
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APPENDIX V

The p,pn cross sections as & function of r, for each model of
the nucleus used in the Monte Carlo calculations?2 can be computed
easily under the assumptions made in this work, since all the necessary
integrations can be performed analytically. The nuclear model used for
the Monte Carlo .calculations was that of a degenerate Ferml Gas with a -
uniform radial density distribution out to Ro'= roAl/S, For R greater
. than RO, the density was set equal to zero, o ‘

These characteristics can be easily put into Eq. (20) of the main
part of thie work, Since the radial distribution is independent, of the
positiqﬁ and momentum of the nucleons, the n, £, subscript can be re-
moved from Tﬁ,ﬂ,j (1'Z + zz), and wc can write for the normalized single-~
nucleon distribution

¢ = —, - (E1)
Ty A :
whefe the factor of 1/2 is outside the integrals in Eq. (20). 1In this
model, the two density factors, p(R) and p'(R), will be set equal to
one another because the one nucleon less in p¥(R) will have even a
smaller effect than for the harmonic-oscillator model, Normalization

of p(R) to contain A nucleons in a sphere of radius Ro=rOAl/3 gives

p(R) = ——3——3— . (E2)
b r
7o
Substitution of Eqs. (E1l) and (E2) into Eq. (20) and changing the infinite
limits to limits on the surface of the sphere gives

R "-r

2 .2
Ro Ro T 30 o)
3 1
3 Jfrdr Jf exp |- 3 dey
2R Tzz -
© . - Ro =T °©

M =

Z
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Evaluation of the integrals gives

e e |
8403 r0-| L= (L+2aje ~ _ 1l=-(14+28a)e , (E3)
9A(0F€l) 1 .
where _' 3.0, Al/3
a, =
l b4
b r °
o-
and
_ 35alf
a = o
: b r @
o -

For A >> 1, the sum over the allowed shells iﬁqus; (33) and (34) can be
replaced by an integral over the Fermi-gaé density distribution from the
Fermi energy TF to a depth Eb down from the top .of the Fermi sea Here
-Eb is the highest particle-stable excitation energy (Table VI) Because
M given by,Eq. (E3) is indcpendcnt of the integration veriaeble in Egs.

(33) and (3%), .1t can be removed outside the integration, .Then one has

TF - .
n =
'8 ,~Jf ( a7 AT, ~ , (EN)
where n is the number of allowed neutrons,

The neutron density per unit energy, dn/dT for a Fermi gas is
-found from Eq. (e1) of Appendix III 5-to.be

| 32 /2 Mmr3A
P (—), (5)

where the last factor on the right converts dp/dT into .dn/dT. The Fermi
' energy is obtained from Eq. (E5) by the requirement.that '
T,

JF (dn/dT) 4T = N, where N is

e}
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the total number of neutrons in the nucleus, - Substitution of Eq. (ES5)

F

u | 2/3 3/2~
L T

Equations (33) and (34%) give

-into Eq° (E4) along with the normalization conditlon for T, gives, after

'rearrangement

“ppn =0 nM, - (ET)

where ¢ = 36 mb for 3-Bev protons and 33 mb for 5,7-Bev protons. The
substitution of Egs, (E6); (E3), and (Eh),into-Eq.‘(E?) allows one to
find what values of r  are necessary to gilve lhe observcd p;pn cross
sections for different target elements., The value of Eb is taken from
Table VI, As before, o, for 3- and 5.7-Bev protons is 36 * 3 mb and
32 £:'3 mb, respectlvely, and o was determined in the same manner as
bgfqre but for TF 20 Mev and was found to e 150 mb for 4 Bev

neutrons on hydrogen. If T, is set equal to 1.3 fermis, as was done

in the Monte Carlo c':alcula.tions,52 cppnfktm Eq. (E7) for 3-Bev protons

65 142

on Cu’” and Ce turns out to be 5.3 * 0,5 mb and 3.7 * 0.4 mb, re-

‘spectively. These values are in satisfactory agreement with the actual
Monte Carlo calculations which give values of Uppn for 1.8 .~Bev protons

on Cu.clL and Celho of T+ 3mb and 10 £ 5 mb respectively.z7
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