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High Energy (&,p) Reactions

Louis Maurice Slater
Department of Chemistry and Radiation Laboratory
University of California, Berkeley, California

ABSTRACT

238 2

Excitation functions for the (d,p) reaction on U and Th?3

232

and for the (d,n) reaction: on Th have been run in the energy

range of the deuterons of the Berkeley‘60-inch cyclotron. Excita-
tion functions for the (d,p) reaction on U238, Th232, Pt198, Pdllo,
Zr96, and Mn55

deuterons -of the Berkeléy 184-inch cyclotron. The experimentally

have also been run in the energy range of the

observed high-energy (d,p) excitation functions all exhibit remark-
ably similar absolute cross-section values.

Recent experimental and theoretical work on total nuclear cross
sections for neutron capﬁure together with the success of the shell
model of nuclear structure suggest: that a nucleon entering the
nucleus from the outside, to some extent will move like an indepen-
dent particle in a potential trough and interact relatively weakly
with the other nucleons. _

Calculations were made to determine available vacancies for
neutron capture to bound levels corresponding to those of a "particle
in a box." A spherical potential well was assumed for the nucleus
with dimensions corresponding to those calculated for the various
nuclei studied. The number of available neutron vacancies was shown
to be similar for all of the nuclei studied, thus lending support to
the proposed model.

Additional support for the model was furnished by the experi-
mentally observed greater cross-section values for the formation of
Pdlllg than for the formation of higher spin valued Pdlllm in the

(d,p) reaction on patto,
20 .210
9(d)P)Bl

It was shown that previous work on the high
energy Bi (RaE) excitation function was not a variance
with the proposed model; in fact, lower cross-section values for the

formation of RaE than for the isotopes studied here were to be expected.

_5_



High Energy (d;p) Reactions
Louis Maurice Slater -
Department of Chemistry and Radiation Laboratory
University of California, Berkeley, California

March, 1954

A. INTRODUCTION

The Qppenheimgr—?hillips or "stripping" reactionl:haS“been known
for some time. Included in this general'tyfe 6f reaction are the
(a,p) and (&,n) reactions. Related to thése are the inverse or
"pick-up" reactions such as (p;d) and (n,d&). Experimentally the (d,p)
reaction has been studied more than the (d,n) reaction. Spectra and
angular distribution of protons resulting‘from:fhe“(d,p)"reattion have
' been'studiéd experimentally. Differential cross section as a function
of angle haslbeén treated theoretically for the "stripping'" and
"pick=up” processes by various investigators. However, total or
ihtegrated"crdSS”sectiOHS“fUr'the'(d)p)'reaction and espécially'for
the (d;n) reaﬁtion‘have“been rather neglected experimehtally and
theoretically by investigators.

Where total cross section values for the "stripping" reaction
have been studied experimentélly, the ehergy;of'the deuterons used
usually varied from zero tao not more than 20 Mev. Thé”only' |

exception to this is the BiZ02(d

. ,p)BiZlo excitation function as stu-
died'by.Si~Chang.Fung.2 He employed'&euterons ranging in emergy from
40 to 190 Mev in an extension of the‘BizO&(q,p)BiZIO excitation
function as studied by Kelly and Segré3 for deuteronS'of“ehergy 20 Mev
and lower. However, in actuality the total (d,p) excitation function

‘was not measured for only ReE was observed. Because of it's great

half-l1ife, the other isomer of BiZlO was not observed.

—6-



Bervause uf the availability of -thin foils of uranium and thorium,

238(d )U239

excitation funections for the- react1ons U
232(d,p)Th 33 were run for deuterons of energy up to 20 Mev by bom-

bardments on the Berkeley 60-inch,cyclotron. Because the yield of

Th 233 waS'determlned from the activity of 1ts daughter Pa” 33, the sum

of the Th232(d )Th233 and Th233(d n)Pa233 excitation funct;ons was

also easily obtained by not’scavenging'for initially’formed“protattin-

ium. The Th23?(d,n)Pa233 excitation function was thained'by*difference.

The U238(d,p)U239 and Th232(&3p)Th233‘excitation"functions were

extended by depteron runs made on uranium and thorium using the

deuterons - of “the Berkeley l8#ainch cyclotron which'have a:maximum

energy of 195 Mev. Comparison of the resulting (&,p) excitation

209

functiOPSJwith that on Bi showed that.the‘latter was considerably
lower in magnitude and fell off ﬁugh mofe sharply with ingyeasing
deuteron energy. VIt_was suspected that'perhaps the reason for phis
discrepancy waé related‘tO'the‘fact phat‘BiZlo Waélone neutroﬁ and
‘one proton beycnd magor closed shells. |

Because of- the lack-of- experimental‘work onhigh energy’(d,p)
‘reactionsmandfin"thE“thewQf“expiaining“the”discrepancy”npteﬁ:above

as well és obtaining“awgenerai expianation'ofmtotal "stripping"

high-energy (d,p),reactions. Study*of“high—energy'(d;p)freactiqns is

- generally easier than éﬁudy'of the corresponding low-energy”reactions

because'of:the'difficulty in obtaining“pure uniform fciis’of’about

1 mil in thickneSS“necessary“for‘%cw-gqergy'deuteronvreaqtions; Foils
much greater than 1 mil in thickness cause too large a degradation of

deuteron energy in the region of 20 Mev or less. Also, the "stripping"
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reaction excitation functions in the high-energy region are quite

‘smooth compared to the region near the peak. This resulté in the

need for fewer experimental points to fix the excitation function
in the high~energy deuteron region.

The choice of target materials for study of high-energy (d,p)
reactions by chemical separation is rather severely limited. First
the target material must be a&ailable in the form of a metallic foil
of fairly high melting point and very high purity. It is very diffi-
cult b prepare powder targets of sufficient durability, thinness,

. and uniformity for use in these experiments. The isotope resulting

from the (d,p) reaction must have a reasonably long half-1life to enable’

chemical separation from contaminating activities. It is to be noted

that where high=energy deuterons are employed the (d,p) reaction can
only be studied on the heaviest isotope of a particular element if
there are two or more isotopes in the target material. The highter
cross=section valued (d,dxn) reactions on the heaviest'isbtépe would
result in the same products as (d,p) reactions on lighter isotopes.

Therefore all (d,p) reactions reported below have been corrected

for isotopic abundance as given in -the Table o‘f‘Iso_topes.lL The

Smaller‘the abundance of the heaviest isotope of an element, the
harder it is to experimentally observe the (d,p) reaction. Unless
the isotope resulting'from.the (d,p) reaction has a radiocactive
daughter of reasonable half-life, its half=lifé shouldvbe unique
among the half-lives of aétivities produced by (d;an)_reactions

on' the various isotépes in the target eleﬁent. (a;p) cross section
values are éuite”smail for high-energy deﬁterons,'énd activities with

comparable half-life make very difficult or'impossible the detection

of the product aétivitybof the (d4,p) reaction.
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Because of “the above considerations, successful study of high energy

(d,p) reactions weré limited ta the following cases:

U238(d,p)U239
Th232(a,p)Tn?33
Ptl98('d',p) Ptl99

pat10(g p)pallle pallim

Zr96(d,p)Zr97

Mn?% (d,p)Mn 0

Thelonly case studied near a closed shell is that of
Pdllo(d,p)Pd“lllg + Pat™ Dhe 65Pdlll is one neutron past the closed
sub-shell of 6k neutronsp However, in the model described in the
discussion, effects éaused by élbsed shéllé.wouid be taken into’
account;by“the accompanying changes‘in such generél parametefé.as the

nuclear radius and binding energy.

B. EXPERIMENTAL PROCEDURES

1. Target preparation.--Uranium discs of' 1 mil and 0.5 mil thick-

ness and:thorium discs of 1 mil thickness were cut from sheet uranium
and thorium with a 1 inch diemeter steel die. These were checked for
uniformity of thickness with a micrOmeter:ahd’discs varying'mdre than
+5 perceﬁt in thickness were rejeéted. Those réﬁainipg were aécurately
weighed andfstaCKS'of‘these fdiis éervéd és térgets for the deuterons
of the Berkeley 60-inch cycldtron. The foils were mountéd at the end
of a Faraday cup with a 3/& inch opening. They were secured by a cap

with a 3/h inch opening. 1In this arrangement and with the cyclotron
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port used the maximum energy of the 1/8 inch collimated beam of deuterons
striking the first target was 20.2 £ 0.2 Mev. In the case of uranium the
number of foils that could be worked up simultanecusly was limited to six
because of the 23.54 minute half-life of U239. Therefdre, 5 mil discs of
uranium were placed in front of the target foils to degrade tﬁe deuteron

energy in studying various regions of the excitation function.

Targets for the deéuterons of the Berkeley 184-inch synchrocyclotron
were usually made from 1 inch discs of 5-10 mil thickness. These were
also checked for uniformity of thickness and accurately weighed. Two
aluminum foils, 1 inech in diametér, of '0.5~1 mil thickness, accurately
welighed, were glued at opposite edges to the target discs, one on each
side. The resulting foil stack was cut in two. One to one and one-half
‘mil thick aluminum guard foils were inserted between the target foilvand
the two aluminum monitors. The whole assembly was covered with another
guard foil of aluminum. A standard "clothes-pin" type target holder was
used for mounting.

The manganese metal used was too brittle to cut into discs with a

die. It had been produced by elgctrodeposition and one side was very
smooth while the other was quite granular. Rectangular pieces were
formed by scoring the smoqth surface with a diamond stylus and breaking.
Pieces were chosen with small ana'uniform granulations on the rough
surface. Only one aluminum monitor foil was used because of the
roughness of one surface. Guard_foils were used between the(monitor
_-and the target as well as éround the whole assembly. Because of the

* brittleness of the manganese, enhanced by a small amount of hydrogen

impurity, the target could not be cut after bombardment. Hence, since .

the whole of the manganese target was destined to be worked up, only
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an extension of the ouber aluminum . guard foil was secured by the jaﬁs
of the "clothes=pin'" type target holder. This was to ensure that all
of the deuterons striking the manganese were of the same energy; that
is, the jaws of the target holder would not cause any degradation of

the energy of the deuterons striking the target.

2. Bombardment procedures.--For deuteron bombardments using the

60-inch cyclotron“the“uge-of-an aluminum monitor was impractical. The
AZI.2Y(d‘“;ozp“)1\]&t2lL excitation function rises much too rapidly in the
vicinity of 20 Mev. The deuteron beam was monitored by recording
current integrators. A "beam profile" was also taken by means of a
"Speedomax" recording-device. Both of these instruments were calibrated
"before and sometimes after“runS’by'meanscof an accurately“known false
beam. The effect of secondary electrons from the target was négli—
gible because of the fringing’of'the'magnetic field at the position
of the Faraday cup. Preliminary runs were always made with a strip
of cellulose tape replacing the target. These were done to ensure that
the deuteron beam would strike the target and not the 1lip of the
Faraday cup as well as;to ascertain whether the deuteron béam was of
sufficiently great intensity.

Bombardments'varied'from-S-ZO minutes, dependiﬁg ﬁpon beam intensity.
The total number of deuterons delivered was obtained from the current
integrators,_ This was checked by integration under the current
profile with a planimgter. Correction for variation of.the beam-
intensity during the bombardment was made by dividing the current

profile into one minute intervals and integrating each of these with
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a planimeter. The total current delivered in each interval was expo-
nentially reduced, using“the appropriate half-1ife, to the time of the
end of the bombardment. The sum of the resulting "decayed" total
currents represented the-effective total current if delivered in-
stantaneously at the time of the end of the bombardment.

The rate-of -deuteron energy degradation with thickness of thorium
or uranium target as a function of deuteron energy is given in
Figure 1. I am thankful to W. W. Crane for this graph. The rate of
deuteron energy degradation is almost exactly the same for thorium
and uranium. Figure 2 shows the energy of the deuterons, as a
function of target thickness, as they are degraded from their initial
energy of 20.2 Mev.

The energy of the-deuterons striking the target in 184-inch
cyclotron runs 1s a function of the radius of the target in the tank.
Below 50 Mev, energy definition of the deuteron beam is quite poor.
For this reason runs were made with deuterons of 50-190 Mev enérgy;
usually at intervals of 50 Mev. The degradation of deuteron energy
caused by target thickness was quite small.

The total number of deuterons striking the target in the 184-inch
cyclotron runS“WaS'ascertéined from the Na24 activity produced in the
aluminum monitors -and the kmown -cross sections for the AlZT(d;ap)Nazu
excitation function, as shown in Figuré 3, courtesy of E. B. King
and thé California Research and Development Corporation. The effect of
—variation of beam intensity with time was avoided by bombarding for
periods short compared to the half-life of the desired product isotope

as well as by tuning up the cyclotron before the target was bombarded.
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Thé beam.of deuterons is depressed from the middle of the tank for
energies below the maximum to about 100 Mev; below this it again rises
somewhat. Because of this, for maximum production of activity, the
taréet should be placed below the center of the target holder for

energies other than the 195 Mev maximum.

3. Target handling procedures.--In the 60-inch cyclotron runs,

"the whole discs of uranium and thorium were dissolved and worked up.
However, with the exception of manganese, strips of target a few

- millimeters wide were cut off after bombardment by deuterons of the
18L-inch cyclotron. The guard foils and monitors were removed and
-thgbtarget strips weighed, dissolved, and worked up. Narrow strips
were cut off because most of the target activity is produced mear the
~edge and because it was desiréble to have the area of the monitors

counted as small as that of the final sample activity counted.

4. Counting procedures.--All Geiger activity was counted on the
bottom of shelf two using chlorine-argon filled Amperex tubes with a
window thickness of 3.5 milligrams of mica/sz. The total air-window
‘thickness was 5;8.mg/cm?.' Alpha activity was counted on an argon
filled windowless proportional counter. With the exception of thorium
bombardments, all Geiger activity was counted using the same Geiger-
Mieller tube and scaler. Weightless samples of protactinium mounted
on platinum were counted on shelf two with a counter calibrated to

233

“within 10 percent for the beta particles of Pa This wés,done by

the California Research and Development Corporation by counting the
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€33 of a large sample of‘Pa233. The

alpha activity of the daughter U
absolute geometry and counting efficiency of this counter on shelf
two were also obtained by means of a h4x geometry counter. The absolute
: geametry and counting effiqiency on shelf two of the counter used for
the other beta activities encountered were obtained by comparison
with the standardized counter. For all runs, except those on platinum
and palladium, where aluminum monitors were_used it was assuﬁed that
the same geometry and counting efficiency_applied 5oth t0o the sample
activity and to the Nazu activity of the aluminum monitors. In the
cases of platinum and palladium, where the final samples consisted of
electrodeposits of gold and silver, respectively, a correction of
i percent was used because of the 3/h inch diameter of the samples.
Other samples were usually mounted on platinum "hats" wifh the sample
covering one square qentimetero This is about the same area as
coveredlby the aluminum monitors; the monitors being mounted on satura-
ted aluminum backscattering backing.

Air-window corrections for each beta activity encountered (includ-
ing more than one in a sample) were made as folloﬁs:

correction = l/trahsmission = 25°8 ne /sz/Tl/z s

where T is the half-thickness in mg aluminum./cm2 for the particular

1/2
beta activity. For the 1.390 Mev beta particle of Nazu, this correction

amounts to 5.15 percent.

> The

2k

saturated aluminum backscattering factor for beta particles of Na is

Backscattering corrections are those of B. P. Burtt.

1.276. The saturated platinum backscattering factor for beta particles

of approximately Q.6 Mev maximum energy or greater is 1.78.
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Selfséattering corrections for sample thickness were obtained from
data gathered by W. E. Nervik and P. C. Stevenson6 as shown in Figures 4
and 5. Whenever practical, sample thicknesses were made such that the
- selfscattering corrections were found in the flat section of the curves.
An attempt w&s also made to flatten and smooth out any unevenness in
the samples. Samples werelégﬁuradfto the platinum "hats" with about
2 drops of zapon soiution diluted approximately 4% to 1. The mass of
the zapon was negligible in génsidering selfscattering“corrections.
Selfscattering corrections for'monitor.thickness are given by Pigure 6,
courtesy of E. B. King-aﬁd the California Research and Develbpment
Corporation. “

All correction factors, as well as neceSsary suﬁpiementary in-v
formation such as sample thicknesses, not given aﬁove are to be found
in section D, RESULTS. This is done to enable re-evaluation of the
experimental data in the light of'moré accurate information, such as

on selfscattering, as it becomes known.

C. CHEMICAL PROCEDURES

1. U238(d5p)U239.--The uranium target was dissolved in a small

About 20 ml of a solution 10 M in NH) N0

amount of concentrated HNO, .«

(saturated) and 0.1 M in HNO, -was’ added along with a $mall amount of

3

solid’NHuNO ‘Approximately 30 ml of diethyl ether was added and the

3°
mixture was shaken in a 100 ml Kjeldahl flask. -After separation of
the phases the flask was immersed in a dry ice-acetone mixture until

+the agueous phase was frozen. The ether phase was then washed with

three successive 10 ml portions of the 10 M NHMNO3, 0.1 M HNO3 solution.



14

wn
(A3W)3 o 0
o T T
1 “ " J! 1T .|
ST ] I
y ri N
!
T H T
m
o
: 2
£ S
=
aanal adas
.h_n
= " e
T ! s
+ 2 —
! = u
et +
T ﬂ” : ; 1
; A
= w 7
! T
;
;
; T
c o L o c c 17 i m 1T c
2 (o] Q
w9 ) = Q ] ~ © < 2

b

Figure L



=20

=15

1T
T3

T

.

P

g

MU 2914

Figure 5



«2le

.16

“hi2
(N]e)

1.08

INCREASE IN COUNTING RATE

v rr 1T 1rerorrl
EFFECT OF Al MONITCR. THICKNESS
ON, FOUNTING RATE FOR BETAS OF
N ON SHELF TWO WITH SATURATED
Al BACKING USING AN AMPEREX TUBE

NN N N S SO SO N [ I N O T N N IO N

49 8 12 16 20 24 28 232 36
MONITOR THICKNESS (mg Al/cm<)

Figure 6

a0 44

‘MU-7174



22

Uranlum was backextracted from the ether by shaklng w1th 15 ml of
0.1l M HNO3 whlch was subsequently frozen and the ether dlscarded

Uranlum hydrox1de was prec1p1tated W1thvconcentrated NHuOH and centri-
fuged. The aqueous fractlon was dlsearded and the uranium hydrox1de
Was dissolved w1th’concentrated HCl The uranium was’ further‘purlfled
by columm technlques. Concentrated NHAOH was added to the resultlng
solution and the prec1p1tated uranlum hydrox1de was centrlfuged and
then washed with water and recentrlfuged The nrec1p1tate of ‘uranium
hydroxide was made into a thlck slurry and part of 1t was transferred
to a pre—welghed plat1num "hat" w1th a transfer plpet The slurry
was. dried with the aid of a heat lamp and then the platlnum "hat" was
strongly but carefully ignited in the“flame of a Meeker burner to

transform the uranium hydroxide to U 08 and drlve off any NHhCl

3
After coollng the platlnum "hat" was welghed to determlne the yield

of uranium.

2. 232(d )Th 33 and'Th232(d;ana233.=éThe thorium target was

dissolved in a small amount of concentrated HC1l to which had been added

a couple of drops of 1/5 M (NH&)ZSiF6. “About” 20 ml. of concentrated
AAd T 232, 233 : C

 HC1 was added. If only the Th™~"(d,p)Th -~ cross' section was to be

determined, initially formed protactinium was removed by column

techniques, Pa231

231

tracer was then added to the thorium solution. The

Pa tracer had been freShly extracted to ensure against colloidal

protactinium,"Three standardvaliquots were taken and mounted on
ﬁlatinum plates. If the combined yield of the ThZ32 233 o
232

(d p)Th’

(4, n)Pa 33 reactions wasadesired;‘PaZSl:traeerTWas‘added to the
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thorlum solution and protactinium was not removed by column technlques
In both‘cases, after decay‘of the remalnlng Th 33,.the thorlumrsolutlon
was nade 8 M in HCl and extracted w1th two half;volumes‘of dl“lSOprOpyl
ketone (DIPK) by shaklng in a separatory funnel for a couple of
m1nutes. The comblned DIPK fractlons were washed w1th two half--volumeQ
of 8 M HCl Protactlnlum was ertracted.from the DIPK w1th two half-
hvolumes of O 1M HNOju . The comblned 0.1 M HNO3 fractlons were made
‘8 M in HCl and extracted four tlmes w1th quarter—volumes of ‘0.4 M
thenoyltrlfluoroacetone (TTA) in henzene .The comblned benzene fractions
were. reduced in volume w1th the aid of a heat lamp untll essentlally
". only TTA was left, - A.platlnum plate was formedlln‘the shape of an
>11nverted cone and placed inside the 0011 of a 300 wat 1nductlon heater.
“The TTA was heated untll llquefled and then transferred drop by drop. to
”the center of the heated platlnum plate w1th a transfer plpet After
”every few drops the temperature of the platlnum plate was carefully
increased until all of the TTA had evaporated. After the last of the
- TTA had been eVaporated the>platinum plate was flattened into 'a disc
-again while :still hot and then ignitedhin the flame of a Meeker burner,
-The!yieldiof'protactinium-waa determined by counting the alpha particles
ofrPazal‘in thesweightleSS'sample’and comparing the activity of the

. b
. sample with the. alpha activity of the three standard plates.
i

-JThe platlnum target strlp was ‘cut 1nto about

. @& dozen small pieces. These were added to a No. 1 porcelain crdcible
'approximately:one-thirdtfilled_withrmolten zinc and heated by a Meeker
.. burner. The mixture was stirred for a few minutes with a glass rod

to dissolve the platinum. The molten zinc was poured into a 600 ml
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beaker containing about 1/2 inch of water. After cooling somewhat,:the
crucible with the remaining zinc stuck to it was added and concentrated
HC1 was added cautiously until hydrogen was no longer evolved. A finely
divided black alloy of zinc and platinum resulted, from which it was
easy to decant the supernatant liquid. The precipitate was washed

with distilled water and again decanted. The alloy was quickly
dissolved with a small amount of aqus regia. The solution was made
B.M_in HC1 and gold carrier added. The solution was extracted three
times with equal volumes of ethyl acetate to remowe all carrier and
initially forﬁed gold. Twenty milligramsvof carrier gold was added

at once to prevent loss of radioactive gold by exchange of gold ions

for sodium ions on the surface of the glass. All the remaining Ptl99
was allowed_to decay and the gold was extracted with ethyl acetate
until no further gold passed into the solvent as shown byvits color.
The ethyl acetate fraction was washed once with a half-volume bf

‘S’M.HCl and was then poured onto about 20 ml of 2 M HNO, in a beaker

3
and was héated'until all the ethyl acetate had evaporated.b The
resulting solution was made basic with ammonium hydroxide, heated, and
a few ml of a concentrated solution of ascorbic acid was added. The
resulting gold precipitate was digested for a short while in 5;water
bath and centrifuged. The precipitate was washed with distilled water
and again centrifuged. The gold was dissolved in a small amount of
aqua regia and made B.M_in HC1l. The extraction and precipitation
cycle described above was repeated. The final gold precipitate was

dissolved in the smallest possible amount of aqua regia.. About 10 ml

of a solution containing 2.5 g KCN per 100 ml distilled water was added.
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' The gold was deposited eleétfoiytically on*a'preQWéighed one=-inch
diameter platinum plate céthodeLb'Onlyfan area 3/4-inch in diameter
was exposed to the plating solution, The platinum plate was secured
at’ the bottom of a small polystyrene tube irmmersed in water kept at
‘& température of 55° C. A rotating anofe, made out of a 1/8 inch
diameter 10 percent iridium-platinum rod, was employed. The plating
sdlution was electrolyzed until colorless using a current density of
0.02k4 émp/inz;' The ' resulting gold-plated platinum disc was washed
first with distilled water, then-ethyl alcohol, and finally diethyl
ether ‘and then dried in an oven at 110° C for 10 minutes. The yield
of gold was determined by weighing. -

1lim | 4,111g

4, ’Pdllo(d,p)Pd Pd --The palladium target strip was

‘dissolved in a few ml of aqua regia and the solition was diluted to
30 ml in a 40 ‘ml centrifuge cone. In the first series of runs on the
Berkeley 184-inch cyclotron the solution was allowed to° stand until
a1l Pat''® pad decayed to Aglll. Twenty milligrams of silver ‘carrier
was then added to scavenge for all silver present. The fesﬁlting’
:‘AgCl precipitate was centrifuged and discarded after beéing washed and -
the wash liquid added to the palladium,solution; The scavenge was
‘repéated>with'20 mg more of silver. Twenty milligrams of  silver
‘carrier was added at once and the palladium soluﬁibh’was-allpwéd to

lm’had decayed to-Aglll.

stand until all Pa~~ It was important to add
the carrier immediately after scavenging because silveér ions like
those of gdld, but to a much greater extént,'éxchange'ﬁith the sodium

ions on the ‘surface of the glass container. In the second series of
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runs two silver scavenges were made as soon as possible and then silver
carrier was added.l The palladium solution was allowed to stand until
“egsentially all of the Pdlllg had decayed. The solution was then
centrifuged, the AgCl precipitate washed and retained. The wash
liquid was added to the palladium solution and silver cérrier was

added and the solution allowed to stand until all the Pdlllm had

decayed. In both cases the final AgCl precipitate was centrifuged,
washed, and retained.

The AgCl was dissolved with a few ml of concentrated NHAOH and
the solutionbdiluted'to 20 ml. Twenty milligrams of Fe(+III) carrier
was added and the resulting ferric hydroxide or hydrated iron oxide
was centrifuged and discarded.

Hydrogen sulfide was bubbled in and the resulting,AgZS centri-

“fuged and Qashed. A few ml of qoncentrated HNO3

mixture was heated to destroy the Agzs. The resulting solution was

‘was added and the

diluted to 20 ml in a 40 ml centrifuge cone and 20 mg of Fe(+IIT)
carrier added. The ferric hydroxide precipitate was centrifuged and
diécarded. A couple of ml of concentrated HC1 was added and the
resulting AgCl.was éentrifuged and washed. The AgCl was dissolved

in a few ml of concentrated NHMOH and diluted tq 20 ml. The solution
was heated and a few ml of a concentrated solution of ascorbic acid
wag added. The resulting silver precipitate was digested for a short
while in a water bath, centrifuged, and washed. The metallic silver
was dissolved with a small amount of concentrated HNO3 and the solu-

tion diluted to 20 ml. Twenty milligrams of Fe(+III) carrier was

added and the solution made basic with concentrated‘NHhOH. The
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resulting ferric hydroxide was centrifuged and discarded. Hydrogen
sulfide was: again bubbled in and the above procedure was repeated to
the point of dissolving the metallic silver.in a small amount of

concentrated HNO, and diluting to 20 ml with distilled water. Silver

3
chloride was precipitated with a couple of ml of concentrated HC1.
The precipitate was centrifuged and washed. . The AgCl was dissolved

in ‘8 ml of a solution containing 45 g KCN and 90 g KZC per . liter.

O3
The silver was electrodeposited on a platinum plate using the same
A-errangement as was used for gold deposition described above except
tha£ the anode was not rotated and the plating was done at room
temperature. Also, the total current strength used was,0,0l'amp, and
the duration of the plating p?ocessiwas_somewhat over one hour. . The
resulting silver deposit was washed with distilled water, ethyl

alcohol, -and diethyl ether. The plate was dried for 10 minutes at

110° ¢ and weighed to determine the yield .of silver.

5. Zr96(d,p)Zr97.—4The zirconium target strip was dissolved in

10 ml concentrated HC1l to which had been added several drops. of
'concentratea HF. The solution was chilled in an ice bath and .
saturated with HC1l gas. Two milliliters of,distiliedgwater‘was
added and the resulting solution was saturated with oxalic acid.
The'solution was scavenged for initially formed niobium by stirring
with 15 ml DIPK in a 4O ml centrifuge cone for a couple of minutes.
The resulting mixture was centrifuged and the DIPK phase removed
with a traﬁsfer_pipet and discarded. It was necessary ‘to scavenge

for niobium as many as ten or twelve times in this manner. -However,
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no zifconiumvwas loSt.by thié ﬁeﬁhod. Ten milligrams of niobium
carrier was added. "It was in the fbrm of Nb205'dissolvéd in 3IM NaOH.'
The solution was éllowed to stand for about 3>hoﬁrs"énd;then it was
~again saturated with HC1 gas in an ice bath. Two miliiliters of
water for every 10 ml of solution was added'aﬁd the solution was
saturated with oxalic acid. Niobium waS“extracfed.once with a
double volume of DIFK. The DIFK phase was washed 3 times with 5 ml
of a solution saturated with oxalic acid and of’the same HC1
concentration as the zirconiuﬁ solution. Niobium was ?ackextracted
from the DIPK with two 10 ﬁl portions of 6 M HC1. The;e wefe |
combined in a 100 ml KJjeldahl flask and 2 drops of phenolpthalein
indicator added. .The flask was_chilled in a dry‘ice-acetpne-mixture
and concentrated NHuOH adaed very cautiously'anq slbwly_uhtil ﬁhe
phenolpthalein endpoint was reached. The solution waévkept chilled
to prevent the resulting hydratgd-niobium oxide precipitate f%oﬁ
going into the colloidal state. Thevﬁrecipitate was‘cénffifuged
and washed. About T ml of concentrated ﬁNO3_was added_andthé.
mixture heated. The mixture was dilufed to 20 ml with distilled
water and centrifuged. 'Twenty‘millilitefs qf water-iﬁas, addéd to
the precipitate. Two drops of phenolpfhalein iﬁdicétof’wés added
and the solution was broughf‘ﬁo the pheﬁolpthalein endpoint with
concentrated NHMOH', The p?ecipitate'was centrifﬁged‘and waéhed
first with 40 ml absolute efhyl“alcohol and then Qithvho ml dieﬁhyl
“ether. The pre;ipitate was left in the centrifugé éone and'dried in
‘a water bath. It.was then transfefred to a Vyéor crqcibie and

heated strongly in the flame of a Meeker burner for 10 minutes.
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- It was necessary to heat the precipitate at such a temperature that

- it assumed a yellow color. The resulting Nb, O, was cooled and care -

275

. fully powdered with a glass rod. The NbZO powder was poured into a

>
pre-weighed platinum "hat." The powder was evenly distributed
and'the.platinum "hat" was-heated strongly in the flame of a Meeker

burner for a short while. After cooling, the platinum "hat" was

weighed to determine the yield of niobium.

56

—-The manganesebtarget was dissolved in

'6[ Mn”? (d,p)Mn

several ml of 6 M HNO Twenty milligrams‘of iron, five miiiigrams

3"

of scandlum, and ten mllllgrams each of ca101um; tltanlum,
vvanadlum, and chromlumvcarrlers were‘added. The solutlon was
diluted to 20 ml with distilled vater andmade basic with concen-
.Ttratedd NHhOH The resultlng prec1p1tate was centrlfuged and dis-
carded. The solution was then made lO M in HNO and heated to the

3

b0111ng p01nt Suff101ent solid KBrO3 was added slowly and caut 1ously

to prec1p1tate all the manganese as MnO The prec1p1tate was

2°
dlgested for a short while, centrlfuged and washed The MnO
ﬁrec1p1tate was dissolved with a small amount of concentrated HCl
‘and diluted to approx1mately 30 mli. The solutlon was made
strongly ammonlacal and Just suff1c1ent (Nﬂh) 08 was added to
prec1p1tate all. the manganese as MnO . The solutlon was boiled
in a hot Water bath to cause preC1p1tat10n of MnO and to destroy
Hany excess persulfate. The prec1p1tate was centrlfuged and washed
Hsererai times ﬁith boiling water. The MnO pre01p1tate was “

2

and a few drops

3
of 30 percent H O and heated to destroy excess H Agaln the‘

dlssolved with a couple of ml of concentrated HNO
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same-carriers wvere added as above, the solution was diluted to 20 ml
and made basic with NHMOH. The resulting precipitate was centrifuged

and discarded, The solution was made 10 M in HNO, and heated to thé

3
boiling point. The cycle Qf two precipitations of MnO2 with KBrO

3
and (NHH)ZSZOB was repeated twice more except that before the last
complete’cycle only 20 mg of iron carrier was ad@ed, After the

MnO2 precipitate from the final persglfate precipitation_was,dis-
solved, 20 mg of iron carrier was added, the solution was dilutgd to
IZOAm; and made basic with NﬁuOH. The resulting precipitatetwas

centrifuged and discarded and the solution was made lO:M in HNO The

3"

vsolution was heated to the boiling point, and MnO2 was precipitated

with KBrO, as above. The precipitate was centrifuged and washed

3
very well., A slu;ry was made of the precipitate and-parp of_it was
placed in a pre-weighed platinum "hat" withlthe_aid vaa>transfer
pipet. The precipitate was cautiously partially dried wiphia_heat _
lamp. Too great heat would decompose thg MnO_z° Because 9f the
voluminous nature of the precipitate and con;equent shrinkage upon
drying, additions of the slurry were made to the platinum "hat."
When enough sample had been,accumulated, the dryipg of the samp}e

was accomplished in an oven at llOo C. After cooling, the platinum

"hat" was weighed to ascertain the yield of manganese.

D. RESULTS

1. 0PB(a,p)0%39. - The 23.54 minute half-life activity of

1239

was counted directly. This was resolved from a relatively

small tail composed of activities of considerably longer half-life.
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Five separaté runs were made on thebBerkéléy 60-inch cyclotfon 
.giVing'a fotal of 25 samples representing-crOSS'sééfibns at energies
from 5.98 to 19.82 Mev. Eight“bombardmenfs weréﬁmade on the
Berkeley 184-inch cyclotron fangihg ih energylffom'50 to 174 Mev.
~An éluminum wrapped piece of uranium was placed'behiﬁd‘the’
copper lips of a "clothes-pin" type target holder'(0.25-0lh0.iﬁch
in thickness) abbut_Y'mm away from the leading edge of an uranium
Lfarget. The assembly was bombarded with fuil:énergy°deUteroﬁs,
The U237 activity induced in the shielded piece OF uranilsh indicated
that the contribution of the neutron background in bhe tank in
forming y?3? by the (n,y) feaction;amounted‘td:at-moét probably a
few percent of the total obéerved‘U239 cfoss sections. Thé effect
of the (n,y) reaction on cross séctions for formation of the
other nuclides studied was considered to be about the same or '
Smallef.
| In 60-inch bombardments on uranium and thorium, the activity
induced in foils beyond where the deuteron eﬁergY'has been degraded
to Zero‘indiéated fhat; as an approximate limit, 2.percéntkof’the
tbtél cfoss section at the'péak'Of'thé eicitation functions for the
pfodudtibn~of 0239 ana ™33 was caused by the (n,y) reaction.
The neutron background should be proportidnatély much higher fbr
60-inch than for 184-inch cyclotron runs due to the thicker
targets used and the fact that the 1/8 inch collimated beam of
deuter@né feaéhing‘the target reﬁresents bnly~ébou£ 5 percént of the

total mumber of deuterons striking the aluminum'éoliimator. Lo



In Tables 1 through 5 may be found values of the cross section
for the~U238(d,p)U239 reaction for variOuS'deuteron‘enefgies as
obtained from the five runs on the BerkeleyV6Ofinch_eyclotrqnf
Selfscatteriﬁg faetors_fo:‘the'vafious sample thicknesses are also
included in the tables. The same selfscattering factors for
U.0g as for Pb(N03)2 are assumed. The air/window correction

3
‘factor was taken as 1.069.

Table 1

3238(d )U?39; rﬁh 1 on the Berkéléy 60—inch éyéldtron.

mg U238 /cn Deutiizg)Ener?y (g§§9 ng U 08/cg £ . 0,08
3¥5.9 . 13.30° 17k 1.9 1.15
318.2 ‘;2.60 | 139 3.22 * . l.23
409.0 12,80 A o 2.96 ,1423
439.1 | 11.05 95.7 3.0 - 1.23

Table 2

238(d )U239, run 2 on the Berkeley 60-inch cyclotron

238 o
mg U Deuteron Energy 9y239 mg U0 /cm f
(Mev). (mb) 37877 Tss U0g
160.0 . : 19.80 113 7.78 1.29
178.6 | 19.05 127 6.40 1.29
183.1 18.30 | 130 6.75 1.29
176.8 17.501 125 8.65 1.29

194.1 16.75 138 6.34 1.29

a— e




C =33

‘Table 3 SR R RS U

U238(d ,p)U239 3 run 3 on the Berkeley 60-inch- CyéiOtrt)n

238 : - i O o 2 Cobr
/cm Deuteron Energy U239 mg U308/cm fos u 0g

.(MEIBV) e (Mb) ST e, 3

S 267.% ¢ - 15.10 w170 - TS5k 1.29 -

- 311.2 - . 1415 0 176 5.70 . .- _1.2§-
356.0 13.10 s . 6,70 ‘“"l;ZQ.
399.3 12.05 . 151 5.15 1.28
439.2 11.05. 1285 5.36 1.28

b6 10000 0 847 5.9 n - 1.28

_Table 4
238(c1,p)U239, run 4-on the Berkeley 60-inch cyclotron.

' mg v? Deuteron Energy 39 mg U, 0q/cm f
| o (Mev) ( ) 3 :_8 ss U 0g

125.0 . 17.95 133 6.94 1.29
T R La s g T TR 1ag
219.3 16.10 . 166 7.90 1.29
265.1 15.10 165 5 §:54 .A_: ’1,29
;o wmas  ap 9L 130

356.8 1310 166 7.8  1.29
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Table 5
U238(d,p)U239; run 5 on the Berkeley 60-inch cyclotron.

mg U238/cm2 Deuteron Energy 9y239 ng U3O8/cm2 f

(Mev) () ss U3%
476.2 10.65 T 5.7 w 0.98
522.2 | 8.70 57.9 36;1 1.13
565.2 - 7.35 29.7 6.5 0.90

608.1 - 6.00 7.5 39.k 1.10

Table 6 lists the results of the deuteron bombardments on

uranium using the Berkeley 184-inch cyclotron.

Table 6
238 239 e -
(d,p)U ;3 runs on the Berkeley lBh—lpch cyclotron.

015239 " N -
Deuteron Energy U mg U308/cm fq U308 - Avg. mg Alfem” £ o

(Mev) ~ (mb)
50 17.h L.21 1.26 3.4k 1.02%
60 ;u,9.h> 8.60 1.30 3.58 1.025
75 < 10,3 | 5.67 1.28 3.43 1.024
85 - 8.1y 8.86 1.30 3.58 1.025
00 6.1 6.30 - 1.29 3.hh 1.024
125 3.9§ S11.92 1.29 3.51 1.025
150 2.95 10,67 1.30 | 3,51 1.025
17k 2.68 2.48 1.20 3.4k 1.024

The U238(c1,];>)U239 excitation function in the ranges of the

Berkeley 60-inch and 184-inch cyclotrons is given in Figures 7 and 8,
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respectively. Both sections are shown together in Figure 11. The
values of the cross sections given by this excitation function,

as well as cross section values for all other excitation functicns
given later, should be accurate within #20 percent for that portion
of the excifation function doﬁﬁwto the afea Of'thé peak, Beyond the
relatively flat area of the curve near the peak, values of the

cross seétion become increasingly unreliable. In a stacked foil
experiment, especially with low energy'particles, range straggling
causes an energy spread, AE, amongst even originaiiy‘monoenergetic
deuterons that increases with increasing taréet thickness, In
addition, an initial energy spread,’AEo, of the déﬁterons from the
60-inch cycloﬁron increases as E ¥ with increasing'targét thickness.
A third:cauéé of ‘energy spread is the accumulated nonuniformities

in individual foil thicknesses., Thus part of the beam will

probably see a somewhat thicker or thinner target'than the rest.

2. T.h_232(d,p)Th233.—-The yield of the 23.3 minute half-life
' " 233

was obtained from the activity of the daughter Pa o

33

7,233
Correction was made for the decay of Th2 from the time of bom-
barément‘tO’the time of séparatiég of all ini%ially”formed
protactihiﬁm.‘ The 27.4 day half-life Pa233 is the only

activity seen in the finally separated protactinium fraction,

Tables T through 9 list'results of three runs on the Berkeley 60-inch
cyclotron. Difficulties arose in measuring the beam current in the

first and third runs. Shorts in the ciquit resulted in apparent

total beam currents in excess of the actual. Because of this, the
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cross sections obtained in these runs are given in the tables
normélized to the highest and most correct of the three runs,
number two.

 Table 7

Th232(d,p)Th?33; run 1 on the Berkeley 60-inch cyclotron.

mg Th?3%/cm®- Deuteron Energy (Mev) . o (ub)
14;&6 20.00 106
70.24 18.95 . 123
125.8 18.00 130
184.2 16.90 1T
298.8 - 1k.bo 169
356.6 13,00 _ - 162
41k.3 11.70 Co. 159
473.0 10.10 : - 115
532.8 : 8.40 51.4
594.5 6.40 _ 13.8
655.9 k25 1.9
718.5 ~2 ’ h.7

780.7 ~0 : - 3.6
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“Table 8

- mh?3%(a,p)Th?33; runZ on the Berkeldy G0-inch cyclotron.

mg Th232 Jem® Deuteron Energy (Mev) o (mb)’
13.93 20,00 117
SRR | 19.45 120
. 71.88 iBéés ) 419
101.1 18.4%0 12k
130.3 17.85 128
159.4 17.3d 138
188.3 ~16.70 151
217.3 16.20 147
246.2 15.55 15k
275.0 14,90 167
303.7 14,30 164
332.8 13.65 163
361.9 12.95 169
391.5 12.25 163
451.1 10.70 107
481.3 9.90 6.2
511.1 ' 9.00 6.8
540.6 8.10 2k .2
569.8 7.20 8.8
599.2 6.25 3.9
5.20 2.6

629.1




-40-

‘Table 9

Th232(d,p)Th233; run 3 on the Berkeley 60-inch cyclotron.

ng Th° fen” Deuteron Energy (Mev) o (ub)
45,34 : . 19.40 : 116
104.0 18.35 - . 133
163.1 17.20 _ 137
223:9 . 16,00 R L 155
285.6 . 14,70 - . 161
343.0 13.40 . . 154
413.6 11.70 S 121
487.3 : 9.70 . - - 148.3
561.2 T.50- . -v_3.4
634.8 5.00 S A

The values of the cross section for the Th232(d,p)Th233
excitation function become increasingly unreliable for deuteron
energies below the area of the peak for the reasons given in con-

238, 239

nection with the U™~ (d,p)U

reaction. However, in the case of
thorium there is an additional complication. The initial counting
lrafe of many of the sampleé Qas weli below 50 couﬁts/minute, some
around 10 or lowef. The resulting statistics and thé possible
presence of a very small amount of impurityvhindEred the drawing
of a satiéfactory decay line., The smail initial counting réte was

the result of small cross sections at low deuteron energies, small

beam current passed by the collimator, and the relatively long
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half-life of Pa233 compared with U239, as well as poor chemical yield
in some cases. Long bombardments “ere fulednoutibecaaéé of the
23.3 minute half-life of Th%3S,  As'has’beenhpdinﬁéd.éﬁﬁ}eérlier,
the effect of neutron background is small for observed cross
sections near the peak in deuteron bombardments on .the Berkeley
60-inch cyclotron. However, the contribution of the (n,y) reaction
becomes relatively of increasing importance for small . deuteron
energies where the (d,p) cross section values are small. No
corrections for this effect have been made in the given excitation
functions on uranium or thorium. There are two reasons for this.
First, the neutron background is not a constant for all of the
stacked foils but should increase with increasing target thickness.
Secondly, the same correction cannot be made, per given number
of deutérons striking the target, from one bombardment to another
since the percentage of deuterons passed by the collimator of the
totai number striking it usually varies.

' The results of the deuteron bombardments on thoriﬁm‘usihé
the'Befkéley iBh-inch'cyélotron are'given in Tabie iO.

‘ _ v Table lO B A _ ‘
Th232(d,p)Th233; runs on £h¢ Berkeley lBﬁfiﬁchvcyletrqn; 

Deuteron Energy (Mev) o (mb) mg Al/cm2 f

ss Al
50. - o - 23.2 - . T7.68 1.050-
100 ) Sy 76k 1,050
150 . ; 2.93 768 . 1.050

190 - - ‘ © 193 T -0 1650
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Figures 9 and 10 give graphically the Th232(d,p)Th233 excitation
function in the ranges of the Berkeley 60-inch cyclotron and the
Berkeley 184-inch cyclotron, respectively. Both sections are

shown together in Figure 11.

3. Th232(dLnﬁmr233.-—In the first Berkeley 60-inch cyclotron

deuteron bombardment. on thorium, alternate thorium foils were

worked up without removal of initially formed protactinium. 1In

233

the energy range encountered, only Pa was detectable in the

resulting protactinium fraction. This represented the combined yields

of the Th232(d,p)Th233 and Th232(d,n)Paz33‘reactions as all of the
Th333 had decayed to Pa233 before the foils were worked up. Table 11

gives the observed combined cross section for the two reactions.

Table 11

Th232(d,p)Th233 plus Th232(d,n)Pa233; run 1 on the
Berkeley 60-inch cyclotron.

mg-'l‘h232 em® Deuteron Energy (Mev) o (mb)
42.86 19.50 125
96.82 ' 18.50 153
155.0 17.50 166
213.6 16.25 ' 202
270.4 15.05 199
327.7 13.80 216
385.6 12.40 202
443.3 10.90 175
502.6 9.30 ‘ 103
563.4 7.50 29.4
625.5 5.35 17.8
686.8 : 3.10 10.2

T49.5 ~1 ' 1.7
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Figure 9 gives the combined excitation function as well as thé
232 233 b . . .
Th®-“(d,n)Pa excitation function as obtained from the difference
- . 232 233 . i .. . |
of “the combined and the Th™~“(d,p)Th excitation functions. Values
. ‘ 232 233 . . .
of the cross sg8ction of the Th (d,n)Pa excitation function are
quite unreliable for deuteron energies below the area of the peak
due to the fact that they are obtained from the difference of two

relatively large figures, both subject to rather large errors.

k. Ptl98(d,P)Ptl99.-—Cross sections for the formation of

Ptl99 were obtained from thé activity of the daughter, 3.15 day
half-1ife Aul99, in-the final gold fraction. Aul99 was the only
activity in this fraction. Correction was made for the decay of
31 minute half-life Pt;99 from the time of bombardment to the time
of removal of initially formed gold. The combined air%ﬁindow
correction factor for the three beta particles of Au199 is 1.760;
the combined saturated platinwnbaékstatteringfactor is 1.560.
Combined selfscattering corrections were obtained by assuming the
same factors for gold as for Pb(NO3)2. Table 12 gives the results‘
of deuteron bombardments on platinum using the Berkeley 184-inch .
cyciotron. These results are shown graphically in Figure 12.
Table 12 | .

Pt198(d,p)Pt199; runs on the Berkeley 184-inch cyclotron.

Deuteron Energy o (mb) mg A.u/cm2 f Avg. mg,Al/cm2 £

(MEV) ss Au s Al
50 29.7 6.3 0.959 6.31 1.042
100 10.7 5.80 0.980 6.33 1.042
150 3.5 6.40 0.958 6.27 1.042
190 1.97 6.07 '0.969 6.31 1.042
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5. llo(d p)PatttE 4 patt® __ryo series of deuteron bom-

bardments on palladium were completed using the Berkeley 184-inch

cyclotron. . In the first series all of the 22 minute half-1life

11llg

Pd was allowed to decay before the samples’were-scaVengedhto

remove all silver. Thus only the yield of the 5.5 hour half-life

isomer Pdlllm'was measured. This was obtained from the activity

of the deughter, 7.6 day half-life Ag*t, in the silver fraction

removed after decay of all Pdlllm. The only observable activity

in that fraction was due to Ag ll, The number of originally

formed atoms of Pdlllm, taklng into account 1ts 75 percent decay to

1llg

Pa- , can be calculated from the number of remaining atoms of

Aglll at any time, t; after the time of silver scavenge as

follows:
' Ny 11l b reAi1m T o
NXg111 - ¢ g x € Mea x 0.25 x C x Apglllm x Npylllm
(rpgiiim = Myg111)
x| + '

(Apglilg = Mpglllp)

T is the length of time from the ‘end of bombardment to the time of
silver scavenge. C is the correction factor used here and in all
other cases to correct for length of bombardment comparable to the

half-life of the product nuclide and is calculated as follows:

(1 - o pallln t

XPdlllm t

t here is the length of bombardment.
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In the second “series of bombardments, all initially produced

"silver was removed as soon as possible; After this, silver was

11lg

‘milked from the sample twice; once when most of the Pd and”

gsome of the Pdlllm had: decayed, and secondiy ﬁhén all the rest of

g and Pdlllm'had decayed;'vLef N - II be the number of
aglll

atoms.of Ag resultlng from the flrst mllklng remalnlng at the

the P4’

same time or t + T after the 1n1t1al 51lver scavenge. T is the
length of time between the tlme of scavenge and that of the flrst
milking. Allow1ng ™ to be the tlme from the end of bombardment to

the tlme of - scavenge we obtain the follow1ng relatlons

Apgllim (T +-%)
Aglll t 0. 25 Cz Pdlllm %Pdlllm e

Nt_-- II = -
Aglll _ (KPdlllm - Aglll)

.0 A T+ 1)
CiMpalilg Npglllg o~ POTH1E (

(paring = Mg111)

' o - Maglil 't
[ 0.75 ngpdlllngdlllm N palllm ©

X (Apg111g - delllm)

'V_NPdlllm (T + 7) aNPdlllg (T +m
e e .
pd - T ] Lo ] .. .

1 (%Pdlllm K glll) (Kpdlllg" XAglll)




~50=

: C o whpgllIm®. apglll E
: © Pd Aglll
4T 0.25 CoNp4111m Mpgllin © e

Aglll

 Ogpgiiim = Mg111)

S pallim T Naglll T
x (e - e )

Apalllgh Apglll t
. . O - Mg 7

(Mpg111g = Mygr11)

Apalllg T ._NAglll T
x (e - e )

o M1l (b +T)

(pgiig = Mpgiiim)

Apgltin T Apglllg T
(S . e .
X . N

(rpg111m - Aglll) v‘_()‘fdlllg - _7\Ag111)
‘ : o) ")\-Aglll t
.0-".75_ ?2>‘.Pdl_l‘lg' Mpgliim Npgliim © ,,

()‘Pdillg - )fpdlllxn)

o Pdlllm (~ + 1) ‘e"")"Pdlllg(T +T)

(pgr1am = Mg111)  (pgin1g = Myg111)
Cl énd C2 are the correction factors for the length of
‘bombardment comparable to the half=-lives of PaT18 ana Pdlllm5~
respectively. Initial yields of both isomers can be calculated from
“the Aglll activity in both milkings by means of the relations given

.above.

s



The results of the two series of bombardments are glven in
Tables 13, lh and 15 and are shown graphlcally in Flgure 13 In
Table 15 is given the ratio of the cross section of formation of

P ™ to that of Patil®

at varioﬁs,deuteron energies in the second
series of runs. The composite air-window correction factor for the
beta particles of Aglll was taken as l 087 The selfscatterlng

factors for the three beta partlcles 1n 81lver were obtained from

the average of the factors for the beta particles in Pb(NO3)2 and

NaCl.
Table 13
llo(d )Pdlllm; first series of runs on the
Berkeley 18L4-inch cyclotron.
Deuteron Energy o (mb) mg Ag/cm? f Avg. mg Al/cm2 f
(Mev) ss Ag * ss Al
50 4.7, 1.24 1.090 3.8 1.024
3
100 2.3, 2.16 1.129 3.48 1.02k4
150 0.69 - 2.70 1.1k 3.51 1,02k
190 0.29 -~ 2.36 1,132 3.51 1.024
Table 14
llo(d, )Pd llm’ second series of runs on the
Berkeley 18k-inch cyclotron.
. . 2
Deute?;:v?nergy o (mb) mg Ag/@m A fSS'Ag Avg. mg_Al/cm foe a1
50 4.85 4.49 1.182 3.55 1.025
100 2.40 k.61 1.184 3.55 1.025
150 0.76 2.35 1.132 3.51 1.025

190 0.36 2.30 1.130 3.51 N 1,025
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.Table 15

(d,p)Pdlllg; second series of runs on the

Berkeley 18L4-inch cyclotron.

PdllO

Deuteron Energy o (mb) °palllm mg Ag/cm2 f Avg. mg Al/cm2 £

(Mev) gpdlllg ss Ag’ s Al
50 10.6 0.460 2.60 1.140 3.55 1.025
100 3.30 0.728 2.50 1.138 3.55 1.025
150 il.z2z 0.618 1.60  1.10L 3.51 1.025
190 0.64  0.56k4 1.57 1.101 3.51 1.025

It should be mentioned that C. L. McGinni's7 reports that Pdlllg

11

decays to an excited statelof Agl whose 60 kev conversion

electrons have been observed. On the basis of the shell model he

pglilm g,

makes the following assignments: - hll/z’ Pd 5/2,
111m 1

Ag - 7/2, and Agll —jgl/zn P. C. Stevenson and H. G. Hicksu

Ao with a half-life of less than five

minutes. Yield considerations of Aglll from Pdlllm and Pdlllg

indicate some BB branching in Aglllm. Aglllm has been given an P

report the existence of Agl

classification. The existence of a short-lived B- active isomer -
of Aglll could result in errors in the cross section values given

above,

6. Zr96(d,p)Zr97.—JThe yield of Zr97, obtained in deuteron
96

bombardments on Zr’ using the Berkeley 18L4-inch cyclotron, was

measured by the acfivity of Nb97 that had grown Imtie: the niobium

fraction taken from the zirconium sample after removal of



“5ha

o7

initially formed niobium. The 72.1 minute half-life Nb is . the

daughter of 60 second half-life Nb97m to which 17 hour half-life
'Zr97 decays.

It was difficult to remove all of the .initially formed niobium
without cauéing loss of zirconium. The same separation of niobium
from zirconium was used for both the scavenging and the milking.
This geparation éllowed,no weighable amounts of zirconium to be
carried over with the niobium carrier. However, a tail resulted

in the decay of activities in the final niobium fraction. The

tail consisted largely of 15.0 hour half-life,Nbgo activity with

a small amount of longer-lived niobium activity. Very good Tz2.1l

minute half-<l1ife lines of Nb97

~activity were .resolved by subtraction
of the tail activity from the gross activity.
Let,Tl and T2 represent respectiveiy the times of bombardment
-and initially formed niobium scavenge. If t is allowed to
represent the length of time from niobium scavenge to final nicbium
milking, the following relation allows the determination of the

A

initial number of Zr” ' atoms formed in the bombardment:

o

(dNNb97) (Np9T = Mgpo7) eN2r97 (Tg - T1)

(N, 9T = - -
Zr T at Jt Npot Mot (e Ar9T . e MLIT)

1
The results of the deuteron bombardments on zirconium using -
the Berkeley 184-inch cyclotron are listed in Table 16 and are
shown graphically in Figure 14. The air-window correction factor

97_is

used for the 1.267 Mev maximum energy beta particle of . Nb
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1.072. The selfscattering factors for the beta particles of Nb97

in szo were taken as the average of those for Pb(NO3)2 and NaCl.

>

Table 16
96 . 97, ' W s :
zZr’ (&,p)2r*'; runs on the Berkeley 18k-inch cyclotron.

Deuteron Energy o (mb) mg Nb205/cm2 f Avg. mg Al/cm? £,

(Mev) ss szo5 s Al
50. 21.6 . 5.69 1.204 6.28 1.0k42
100 6.00 6.11 ©1.205 6.28 1.042
150 2,77 2.3 1,140 3.4 1,02k
190 0.97 7.27 .1.210 6.32 1.042

56

7. .MnSS(églen56u-JIhe yield of Mn”~ was obtained directly

56

from the 2.596 hour half-life Mn activity observed in purified
samples of MnOz. After decay of shorter-lived manganése activities,
lines corresponding to Mn56 activity .resulted.

The results of deuteron bombardments on manganese using the
Berkeley 18L4-inch cyclotron are listed in Table 17 and are shown
graphically in Figure 15. The composite air%windowlcorrection

factor for the three beta particles of Mn56

was taken as 1.073.
Selfscattering correctihg factors were obtained by assuming MnO2

equivalent to NaCl.
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Table 17

'Mn55(d,p)Mn56; runs on the Berkeley 184-inch cylcotron.

- 2
Deute?ﬁzv?nergy o (mb) mg MnOz/cm2 f M0, mg A}/cmv fe A1
50 248 10.3 1.132 6.45  1.043
100 6.6 29.2 1.039 6.39. 1.042.
150 2.2y 21.9 1.098 6.39 1.042
- 190 1.0  48.9 1.015 6.31  1.0k2

8. Bizog(d,p)BiZlo (RaE) .--Though no experimental work on

bismuth was done in the series of .experiments described here,

 data on the Bi209(d,p)RaE excitation function is included because

of its importance in relation to the other experimental findings.

Cross section values given in Table 18 are those of Si-Chang

'Fungz corrected for the redetermined and recalculated'Al27(d,ou;ga)Naz)+
excitation function. The high energy Bizo9(d,p)RaE excitation
function is shown graphically in Figure 16.
Table 18
209 A e -
Bi""7(d,p)RaE; runs on the Berkeley 184-inchicyclotron.
Deuteron Energy Avg. ¢ {(mb) Deuteron Energy Avg. o (mb)
(Mev)
40 _ (B 120 T 0.73
4o 7.2 140 0.43
60 - k.83 160 0.28
80 2.1g 180 0.1k
100 1.25 180 - 0.16

120 0.74% 190 0.17
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E. DISCUSSION

Comparison of the (d,p) excitation functions in the range of
deuteron energies from 50 to 190 Mev reveals the striking similarity
they all exhibitiboth in absolute magnitude of cross section and
decrease in cross section with increasing incident deuteron energy.
With the exception of Bi209, the observed cross sections do not
varyiby much more than a factor of two from each other at any one
energy. It appears quite likely that the same mechéniSm, to about
the same éXtent in each case, is responsible for the various
excitation functions,

It was suggested by J. O. Rasmussen that the results could be
explained by assuming neutron cépture to bound levels cdrresponding
‘to those of a "particle in a box," with negligible initial compound
nucleus formstion. Recent measurements of the total nuclear cross
section for neutrons by Miller, Adaif, Barschall and others8’9'are
at variance with calculated total neutron cross secfionslo based
on the "strong interaction theory" or immediate compound nucleus
formation. These results, along”with the success of the shell
model of nuclear structure, suggest that a nucleon, enterihg,the
nucleus from the outside, to some extent will move like an inde-
pendent-particlévin a potential trough énd-interact relatively-
weakly with the other nucleons.';

Feshbackh, Porter, and Weisskopfll,have accounted for the
measured total neutron cross sections below 3 Mev in terms of
single-particle scattering in a complex potentigi:_the imaginary-

part of the potential representing absorption into the compound
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nucleus., They attacked the problem from the two opposite points of
view, the "strong interaction" or direct compound npcleus.formation
theory and the "no. interaction" or single nucleon in an avemage
nuclear potential field theory. They found the data best fitted
‘an intermediate theory, that of "slight interaction.” In the
"slight interaction” theory, all excited levels of the target
nucleus may be neglected except the one which is nearest to
"resonance." A level is in resonance if its energy is such that
it can be'excited by a jump of the neﬁtron from its initial energy
into a bound state of the well. Feshbach, Porter, and Weisskopf
concluded that a neutron of low energy outside the nucleus will
run a distance of about 2 x 10-;2 ¢m in the interior before it is
- "amalgemated” into collective motion by nuclear matter.

Bohr and Mottelson12 state that significance of single—particle
motion depends on bhe relative magnitude of the coupling energy, W,

and -the single-particle level spacing, A, given by:

A= nKRO

wherg~K is the nucleon wave number in the average nucleon potential;
For W larger than A (~1Q0 Afl/3 Mev) interactions destroy the effects
of undisturbed single-particle motion, and the properties of the
individual configuration are uniformly distributed over the whole
energy spectrum. Such a situation corresponds to the strong inter-
-action theory of nuclear reactions, according to which: the incident

particle shares its energy with many degrees of freedom of the

compound system in a time short compared to that required for a
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traversal of the nucleus. They further state that, for W less than
A, direct couplings between entrance and exit channels may lead to
nuclear reactions which do not pass thfough the compouhd stage.
The (d,p) reaction is an example of the Oppenheimer-Phillips
or stripping reaction. A deuferon impinges upon a nucleus and the
neutron is st§ipped from the proton and is captured in either an
essentially zero or slight positive energy state or a negative |
or virtual state by the potential trough of the‘target nucleus.
The proton . escapes with eésentially all or even larger enérgyA
than possessed by the original deuteron. The captured ﬁeutron is
limited to slightly positive or smaller energy since tod large an
energy addition to the nucieus would open additional escape‘chan-
nels, in other words, cause nucleons to be boiled off, or some
other nucleon reaction to take place resultiﬁg'in a aifferent
nuclide than the one obtained by the (d,p) reaction. Since the
(n,y) reaction occurs for fast neutrons with energies up to
several Mev, it is reasonable to expect that tthe (d,p) reaction
is possible for capture of neutrons with small positive enérgy.
In this case radiative emissioﬁ is more probable fhan particle
emission. However, as neutron energy becomes increasingly positive,
re-emission of the neutron rapidly becomes more prpbablé, for |

transmission, T = 1 - R, and:

1-\VE -V/E
R =
1+/E - V/E

Where R is the coefficient of reflection for a neutron of energy,

B, caused by a potential V.
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The above considerations show thet for the‘(d,p) reaction we
have small neutron coupling energy, and the neutron shéuld, for a
time, act to a considerable extent like an independent lparticle
in the nuc;ear potenﬁial trogghu

The total cross section for the_(d,p) reaction, to a rough
approximation, can be thought of as being proportional to the
density of neutrons entering the nuclear surface with small
enough energies to be captured without causing additional nuclear
reactions and to the total number of level vacancies in the nucleon
potential well availgble to these neutrons. The first quantity is
a statistical function of increasing deuteron energy and falls off -
with this increase. It should be essentially the same for all
the nuclides studied.’ The_second quantity, probably related to

13

Peaslee's sticking probability, é’n, we might examine by

- approximating the nuclear potential trough to a spherical potential
welllof nuclear dimensions and calculating the available single
particle levels.

The spacing of levels of a spherical potential well of infinite
depth may be obtained from the zeros of spherical Bessel functionsolu
Solutions for the energy, B, of levels are obtained from values of
K for J)(KR) = O, where R = 1.51 a3 ¢ 1073 oL

#2g?

E = /45—

2m

In Table 19 are listed the energies of various levels of the
nuclides studiéd as found above. These levels are a godd

approximation for the spacing in a well of finite depth except
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" Table 19

Single Particle Levels Calculated from the Zeros of
JJ(KR) for a Spherical Potential Well of Infinite Depth

Auf38 5232 (31299 p_ppl98 ppell0 §zp® o
Shell ZFEnergy Energy Energy - Energy Energy Energy Energy
(Mev) (Mev) (Mev) - (Mev) (Mev) (Mev) (Mev)
18 ' 2.35  2.37  2.55  2.64 3.90 4.28  6.18
25 9.39 9.49 10.18 "10.57 15.61 17.12 24 .7h
35 '21.13  21.35 22.91 23.78 35.13 38.52  55.66
4s .37.56° 37.96: L0.73 - L2.27 -- -- -
58 58.68 59.31 -_— e - -- -
2P 4,80 4 .85 5.21 5.40 7.99 8.76' 12.65
3P 14,19 1k4.3k4 15.39 , 15.97 23.60 25.88  37.39
Lp 28.28 28.58 30.67 31.82 47.02 51.57 -
5P L7.06 " 47.58 51.03 . 52.96 . -- - -
3D 7.90 7.98 8.57 8.89 13.14 ik .b1 20.81
4D 19.67 19.88 21.34 22.1h4 32.71 35.87 51.83
5D S 36.12: 36.50.  39.17. L40.65 —_— - --
6D 57.25 57.86 - - - - -
YF 11.62  11.7h  12.60  13.07 19.31  21.18  30.60
5F 25.81  26.08 27.99 20.04 - 42.81  47.04 --
6F 4 .63 45,10 48.40- 50.22 .. -- -- -
5G 15.92  16.09  17.27 17.92  26.48  29.0h  41.95
6G 32.58  32.93 35.33 36.67 5,18 59.41 -—
G 53.80 . 54.37 58.34 - E. -- -
6H  20.82. 21.04- - 22.58 23.43 3462 °  37.96 54.85
TH 39.99 4O.41 | 43.37 45,00 e - --
7T 26.29 26.56  28.51  29.58  L43.71 = L47.93  --
81 48.01 ..L48.52 52.06 54.03 -- - --
87 32.32 32.66 35.05 36.37 53.74 58.93 --
9J . 56.63 57.24 -- - -- - --
oK 38.91  39.32  42.20  43.79  -- -- -
10L 41.06 46.55  49.95  51.83  -- - -
imM  53.75 k.32 58.29 - --
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for the case of S levels, because the wave function is not
decreasing as rapidly at the radius of the well as for levels
of higher angular momentum. Thus, more of the wave function

1

for an S level "sticks out" of the well and this broadening,
fesulting from finite well depth, causes a depression 6f thé
energy for the level. For S levels, u (r times the wave
fUnction), for a particle in the spherical potential well, may
be given as:

[ ‘= sinKr.

Outside the well it may be given as:

At the nuclear radius, R, the two wave functions and their

first derivatives must be equal:

du/ar cosKR e
. (u)R=KsinKR=—ke-kR °
k = -KcotKR keotBR = v /A - K2
E = 4°K’/2m KZ(cot?kR + 1) = 2mV/H°
V - E = 4% /em kPcscPKR = 2mV/AE
k =‘\f(2mv//ﬁz) - % sinkR = #K/ \ 2mV

Taking the depth of the potential well, U = 28.3 Mev,15 a
graphical solution, as in Figure 17 allows us to find KR values
for the various S levels for which a neutron is bound by the_
potential wells of the various nuclides studied. In Table 20
are listed the energy levels of the bound S states calgplated from

the KR values.
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Table 20
Bound Single Particle S Levels for a Spherical Potential
Well of 28.3 Mev Depth '
U238 Th232 Bi209 Pt198 .PdllO , Z,1"96 22

Level ©Energy ©Energy Energy ZEnergy Energy Energy Energy
(Mev) (Mev) (Mev) (Mev) (Mev) (Mev) - (Mev)

18 1.96 1.97 2.10 2.17 3.10 3.37 L.65
28 7.86 7.92 8.40 8.70 12.24 13.29 17.97
- 38 17.26 17.39  18.52  19.13 26.11  27.63 -

Not all the levels obtained for the potential trough may be
Tilled by the captured neutron, for most of them have been
% occupied by the neutrons already present in the nucleus.
Klinkenbefgl6 gives the order of filling by nuclides as mass
number iﬁcreases according to the nuclear shell mode;a This
enables us to discover the levels avgilablé for neutron c_apture°
In Table 21 are listed the neutron shell structures for the nuclides
studied.

Thé assumption of a spherical.potential well for the nucleus
is only an approximation to reality. For example, the existence
of an odd nucleon in the nucleus, as iﬁ Bi209 and Mn55, would
alter the shape of the nucleus and a spheroidal potential well

17

would result. This case has been treated by Rainwater

15

and
others. Also, the assumption of a free particle in the
nucleus with no interaction with other nucleons is only a first

approximation, for there is probably some interaction as in the

"slight interaction" theory. Therefore, one would expect some
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Table 21

Completed Neutron Structures

Level 238 qne32  py209  pg198 110 0,96 055
151/2 2 2 2 2 2 2 2
2P3/2 4 4 L4 L L L b
2Pl/2 2 2 2 2 2 2 2
3135/2 6 6 6 6 6 6 6
zsl/2 2 2 2 2 2 2 2
3D3/2 L b 4 b I I 4
MF7/2 8 8 8 - 8 8 8 - 8
3P3/2 4 s y ) i | L 2
uF5/2 6A 6 6 6 6 6 -
3P1/z 2 2 2 2 2 2 -
5G9/2 10 10 10 10 10 10 -
5G7/2 8 - 8 -
4D5/2 6 | 6 6 6 6 6 -
6Hll/2 12 12~ 12 12 - - -

3/2 L L 4 - - -
381/2 2 2 2 - - -
‘6H9/2 10 10 10 | 10 - - -
51”2 8 8 -8 8 - - -
5F5/2 6 6 6 6 - - -
T3 M 1 1k 1k - - -
u33/2 L 4 - - - -
upl/z 2 2 - - - -
6G9/2 10 10 - - - - -
7111/2 10 6 - - - - B
Total 146 1h2 126 120 64 56 30
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imperfections to show up in the simple model described here. In
Table 21 are found levels filléd‘tﬁét should not be bound according
to the nuclear»potential:assumed‘ag@ the lével spaciﬁg given in
Taglé 19. To correct for this séeminé’depression of tﬁé:IEVels,
it will be assumed that the energetic limit for bound states Will
be taken as the energy of the lést level being filled as given

’by Tablg 19 plus the binding energy of a neutron in the partiéﬁlar
target ﬁucleus minus the pairing eﬁergy of the last neutron added
plus about 4 Mev, which is taken as the approximatefmaximuﬁ
positive energy with whicﬁ a neutron may be captured and cause no
_appreciable boiling off of nucleons, All this amounts to roughly
-8.Mev to 12 Mev, depending on binding and pairing energies; Over
the energy of the last filled state as giveﬁ in Table 19.

Of course there is no coulombic potential barrier for‘neutrons
offered by the nucleus, but there is the problem of the ceﬁérifugal
barrier for all neutrons with an angular momentum of one or greater.
For the even-even nuclei sfudied the angula? momentﬁm'of the"first
captured state of the neutron must be equal to that carried;in by
the neutron. In”Figure 18 are plotted values of the centrifugél
barriertversus'mass number for neufrons and protons of various.
-anguiar momenta as calculated by H. B. Levy, assuming
Ro =1.5x 10-13 ¢m and the neutron or proton i£ contact with>the
deﬁ£ef§q; Clafk and vainé?B in theif'work on the‘<d;p)"exéifétion

functions on 1\[&2-3 and_B18l/sth that the experimental curves can
be reproduced theoretically if it is assumed that only impartation

ofcangular momenta of O, 1, and 2 to the nucleus: are important.
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Actually inclusion of only 0, 1, and 2 angular momenta impartation

23 81

gives a curve slightly high for Na and somewhat low for Br .
That would mean that impartation of ,Z = 3 enters into the case
of'Br81 to some extent, and impartation of A = 2 is sqmewhat

23

hindered in the case of Na These considerations; if thought
involved with the problem of the centrifugal barrier, would,

from the plot of eentrifugal barrier versus mass number for

.Zﬂ3= 2 andf_:m = 3, tend to place a limit of about 4 Mev on the
maximum amount of positive energy a neutron may be capﬁu:éd with
and cause no appreciable boiling off of nucleéns or ‘other nuclear
reactions.

For nuclides of large mass number'thevcentrifugal barrier is
lower for neutrons of the same angulaf momentum than for lighter
nuclides. The heavier nuclides should be able to capture néﬁtrons
of greater angular momenta. However, it 1s improbable that -
neutrons required to penetrate a centrifugal barrier»greéterfthan
4 or 5 Mev contribute significantly to the (d,p) reaction. For
this reason captﬁre df neutrons up to angular momentum of 4 for
the heaviestinuclides will only be considered in determiﬁ}ng the
nuclear levelsvévailable for the (d,p) reaction, even though there
will be a cer@ain amount of leakage through the centrifugal
barrier of neutromns of - gre‘ater" Zn

Thére are other reasons for limiting the angular momenta of

neutrons contributing to the (&,p) reaction. Butlert? 22

points
out that the requirements of“consefvation of angular momentum and

of parity allow the nucleus to accept a neutron with only very
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limited values of angular momenta. Where more than one value of
,@n is allowed to be accepted for a certain state by the selec-
‘tion rules, the lowest value is the most important. However,
according tb the shell model the initial nucleus will aécept a
particle only in a certain definite orbital angular momentum
state. In the stripping process, the angular distribution of the
outgoiﬁg-particle is a function of the angular momentum of the
captured particle. The angular distributions all show a pro-
nouﬁced peak at small angles, this maximum lying directly forward
if £ = 0, but moving progressively toward: larger values as
L is increased. In the relatively small number of angular
distributions studied, it was found for light nuclei that neutrons
of angular momenta O, 1, and 2 were accepted. Study of the angular
distribution and energy of protons resulting from the (d,p)
reactions investigated here would give Véiuable information on
what nuclear levels are involved in the capture of the neutron,
the values of ,Zn allowed, and the deviation from the shell model
in each case,

It is interesting to note that throughout the energy rangé
studied the cross section for the formation of the high spin

isomer of Pdlll

fr@m.Pillo is lower than that for the formation

of the lower spin ground state of Pdlll. .This is contrary to the
. . 13 | R .209 | ;

cases studied by Biller in the fission of Bi with 340 Mev

058 with

protons and'Levyz)+ in the reaction Mn55(a,n)0058m +C
24k to 11 Mev alpha particles. They found that the formation of

the isomer, either ground state or excited state, with greater
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spin was favored over that with smaller spin, sometimes to the
apparent exclusion of the latter. Such reéults are fo‘be expeétéd
in the case of'fairly high energy spallation or fission. Direct
compound nucleus formation involving’appreciable excitations re-
sult from these reactions; therefore, gréater yields.of the

isomer with greater spin should result from greater statistical
weight of the state. However, fhe isomer with smaller spin,

could be expected to be produced in greater abuﬁdance'in a (d,p)
reaction on an even-even nuclide than that of greater spin. It

is reasonable to expect that initial small spin statés formed in
the stripping reaction Qould more often result in fhe formation of
the small spin isomer than the large spin isomer and vice versa.
However, siﬁce popsiderations of nuclear level spacing and centri-
fugal barfiér effects tend to favor the capture of a neutron with
small angular momentum, the resultant state will tend to have
small angular momentum and the formation of the small spin isomer

should be favored.

2
Kelly: and Segré3 and Si-Chang Fung have studied the (d,p)
reaction on Bi209 t0 give RaE., This is not the complete

131209(d-,p)B1210 excitation function as the long-lived (half-life

approximately 106 years) isomer of BiZlO is not seen. This iso-
o : : 1

mer has been placed 25 .+ 40O kev below RaE in energy Qnd has been

09

assigned a spin of 4 or'greaterOZM The spin of Bi2 is 9/2 and

that of RaE is zero. For the same considerations given above, the
angular momenta brought in by neutrons in the Bi209(d,p)BiZlo

reactions are limited.- However, the initial spin of the Bi209



neutron should tend to keep the spin of the final state of Bi?

-Th=

nucleus is large and the limited angular momentum of the captured
_.210

large. In other words, in a (d,p) reaction on Bizo9 the formation
of the long-=lived state of Bi210 should be favored over that of
RaE.

In Table 22 are to be found, based on the simple model pre-

sented here, the levels a neutron may be captured into for each

nuclide studied and the number of vacancies based on these levels.,

The levels are limited to the bound levels that can be formed from
the limited acceptable neutron angular momenta. It is to be noted
that the number of vacancies in all cases are of the same order of

25

magnitude and, except for Mn“~, differ from each other by less

55

than a factor of two., Actually the agreement with Mn is probably

better than Table 22 indicates as some of the higherAZ value levels
allowed in Table 22 result from allowing capture of neutrons with
so high an £ value, and therefore epergy’due to the centrifugal
barrier, that they are on the borderline of causingbother nuclear
reactiohs, Also,vsome of the levels indicated as allowed are on the
borderline of BHeing bouhde Perhaps, because of the' requirements of
conservation of angular momentum and parity, (d,p) reactionms,
throughout the entire range of nuclides, proceed mainly thropgh the
capture of neutrons with angular~momenta less than 3 or L4.

Thus, the number of vacancies for a captured neutron is seen
to be about the same for all fhe nuclides studied in the range of

50 to 190 Mev. With the exception of Bizo9, the cross



..75_

Table 22

Allowed Single Particle Vacancies for Neﬁtron Capture

6G

Level U230 my232 Biébg -P£l98 'fdlio 2x®
3P,/ - - - - = - 2
3P1/2 T B B B i T 2
¥ -o- - - - 2 2 2
WD, - - - - 4 4 -
2 - - - - 8 8 -
5Fs /2 - - - - 6 6 -
WPy - - - b - - -
uPl/z T T - - - - -
60-9/2 - - 10 10 - - -
72 v8 8 8 8 - - -
'%Sl/z 2 2 2 2 - - -
5D/ 6 6 6 - - - -
Dy b " 4 - - - -
Total 20 20 30 26 20 20 6

sections in this energy range are about the same for all cases
studied so far. However, as pointed out above,.only one
isomer of BiZlO was seen and it 1s expected that the other is

formed in larger abundance in the (d,p) reaction.
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Tt is interesting to speculate on the nucleon level density
expected if the observed (d,p) reactions were thought of as

proceeding by direct compound nucleus formation. Blatt and

25

‘Weisskopf~” give a semiempiricél formila for nuclear level"

density:

CW(E) = @, (2WE) .

exp
@ and a are constants for each mass number and E is the exci-

tation energy imparted to ‘the nucleus. This equation is only a

first extremely rbugh approximation but should give us a semi-

quantitative idea of'the'trend in nuclear level denéﬁty‘from
small mass numbers to large. Using constants given by Blatt and
Weisskopf for mass numbers 63 and 231, and taking E as equallto

L Mev plus the approximate binding energy of 6 Mev for ‘A = 231

"and 8 Mev for A = 63, we obtain the following ratio of

nucleon level densities:

w(10 Mév)23l

= 2690 .

w(12 Mév)6$

Of -course, neutrons of zero and negative energy will be captured,
and the ratio of level densities will tend to decrease for de-
creasing neutron energy. Assuming neutrons coming in With

such energy that E = 1 Mev for A = 231 and E =73 Mev for A = 63
(because of ‘the difference in binding energy), we obtain the
following. ratio of level densities:

w(l Mevv)z31

—— = 2.5 .
w(3 MEV)63
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Howevef, the disﬁribution of neutrons with a particular energy
resulting from the stripping process rapidly falls off,withﬂggf
creasing neutron energy. - Thus the effective ratio of level den-
sities over the range of permitted neutron energiegwwill.pe,quite
large. Therefore, on the basis of direct compound nucleus.
formation, the cross section for the (@,p) reaction could
reasonably be expected to show a considerable increase from thg_'
regibn of small fo the fegion Qf lérge mass ﬁﬁmbérs. Thus>£hecf
e%peri@eptaivresults wQuld seeﬁ to indicatevfhatithé single_ vt
parﬁicie iﬁ an.averaée ﬁuclear fotential\modél representé»é::‘f
gqod first éppféximation in e#piaining tﬁé obse;ved totél éfés;:

sectidions for the (d,p) reactions. -
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