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UG Hﬁu,9t§gﬂf)

HIGH ENERGY EXCITATION FUNCTIONS IN THE HEAVY REGION

W. W. Melnke,' G. C. Wick, and G. T. Seaborg
Radiation Laboratoery, Department of Phy31cs
and Department of Chemistry
University of California
Berkeley, Callfornla

September 26, 1950
ABSTRACT

The electrostatically deflected beam of the 184-inch cyclotron has been.

used with the stacked foil and absorber technique to determine the excitation

functions for the following reactions: Th232(p,6n)Pa227 232(p 3n)Pa230,

. . - 22
Th232(d,7n)Pa227 232( ,p8n)P 227, Th232 (a,p5n)Pa 30, and U (p,a8n)Pa 7

The data are presented graphically and discussed individually for each of the

" reactions. Some rough excitation function data have also been determined

230 230 232(

for the reactions Th232(d,4n)Pa3C, U22(p,a5n)Pa>>0, 10227, and

Th232(d,6n)U230. The results are discussed in terms of compound nucleus for-
mation, transparency effects, and other>factors in order to arrive at a quali-
tative picture for the mechanism of high energy nuclear reactions with heavy

LN

nuclei.

Present address: Department of Chemistry, University of Michigan,

Ann Arbor, Michigan.
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HICH ENERGY EXCITATION FUNCTIONS IN THE HEAVY REGION

W. W. Meinke, G. C chk, and G. T. Seaborg
Radistion Laborator’y, Depa.rtmen‘b of Physics,
and Department .of Chemistry :
UhlVer81ty of California
Berkeley, California

I, INTRGDUCTION

In the past, investigations of excitation functions with the bombarding
particles from relatively low energy acceleratorsl have led to a\better under-~
standing of low energy nuclear reactions. Many precise measurements have been
made in this study of the dependency of reaction yield upon bombardment energy.

The availability of high energy particles makes it possible. to extend this
method of investigation to the energy regiqh which is wéll beyond that of the
bindiﬁg energy of the individual nucleons. Excitation functions of a few light -
element reactions with"high energy particles have béén reported,zvbuf ﬁhose of
heavy elements have not beeﬁ investigated except for one determination by E. L.

Kelly on the Bi209(a,2n)At211 reaction°3

Ly5

During the course of work:on the artificial collateral series produced

in bombardments of thorium with deuterons and helium ions from the 184-inch

 lSee, for example, E. T. Clarke and J. W. Irviﬁe, Jr., Phys. Rev. 69, 680
(1946); E. L. Kelly and E. Segre, Phys. Rev. Zi; 999 (1949); see also Appendix.
"2See: A. C. Helmholz and J. W. Peterson, Phys. Rev. 73, 541 (1948) abstr.;
R. L. Thornton and R. W. Senseman, Phys. Rev. 72, 872 (1947); R. W. Chupp and
E. MolMcMillan, Phys. Rev. 72, 873 (1947) 5 Bdckhopg Helmholz; Softky, Rose, and
Breakey, Phys. Rev. 75, 1469 (1949) abstr. |
BE, L. Kelly, University of California Radiation Laboratory Repoft UCRL-277
(Jan., 1949). |
hGhiorsd, Meinke, and Seaborg, Phys. Rev. 2&9.695 (1948).

°Ibid., 75, 31k (1949).
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cyclotron of the University of California Radiation Laboratory, we became inter-
ested in dete;ﬁiningg through excitation functions, the enefgies for maximum
yield‘of certain nuclides produced by spallation reactions. These preliminary
experiments seemed to indicate that the transparency efféct discussed by Sex;ber6
is important in spallation reactions involving the heavy elements. It was.also'
apparent. from these early experiments that ﬁhere is a definite trend toward lqwer'
absolute yields as more ﬁeutpons are expelled in the reaction leading to~the
product isotope.

In view cf the value which excitation functions for heavy eleménts would

- have toward giving data to help in the understanding of.high ehergy quqleér
‘feactions, and alsc because of the relative ease with which the yield of the
élpha-emitting product nuclides can be éuantitatively determined, it was decided
to undertake the measurement of a number of such excitation functions. Included
among the reactions which lend themselves to investigation are those in. which
large numbers of neutrons are emitted, such as the (p,én) and‘(d,7n)lreactions,
‘and reactioﬁs in which charged particles are emitted together with neutrons; 50
that it seemed possible to study in some detail the interplay between compound

nucleus formation and transparency effects at relatively high energies.

ITX. PROCEDURE
" Stacked foils of 5-mil thorium (or uranium) .metal ﬁith varying thicknesses of
copper metal sandwiched‘bétween were bombarded ﬁith charged particles in the
electrostatically deflected beam of the 18h=iﬁch frequeﬁcymmodulated cyclotron.
The first weighed foil intercepted the ﬁearly full energy particles from the -
cyclotron (348-Mev protons, 194-Mev deuterons,; or 388-Mev heliﬁm ions) and

successive foils were struck by particles of decreasing energy until the entire

6 . -
R. Serber, Phys. Rev. 72, 1114 (1947).
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beam energy had. been expended in ﬁhe foil stack. The energy of particles im-
pinging on any one foil was determined by the use of range—energy‘relationships
between the absorbing material and the pa}ticles.7’8 Since the decrease in
energy of the high energy particles in passing through each 5-mil foil is
relativély small, the yields ffom such foils placed at selected points in a
stack of copper absorbers define rathef well a thin target (differential) exci-~
tatioﬁ function.

In each case sixteen foils were placed at known energy posip;Qns in the
stack. After tombardment the 0.4-gram thorium (or 0.7-gram uraniqm) foils wére
removed and dissolved in portions of concentrated nitric acid (Qith ammonium
fluosilicate in the case of thorium). The 38,3-min° P3227 and the 17-day PazBo
isotopes are well suited for separation and characterization as reaction pro-
ducts. The éleﬁent protactinium is very easily and cleanly separated chemically
from all other alvha-emitters produced in the bombardmehts. This simple pro-
tactinium chemistry aiso lends itself tq a mass production scheme which makes
it possible to work up and have ready to count 16 bombarded thorium samples in

a short time (less than two hours). In the cases in which protactinium isotopes

~ were to be measured; a protactinium fraction was separated by a solvent extraction

procedure involving simultaneous equilibration of the nitric acid solution of

each sample with!a solution of thenoyltrifluoroacetone9 (TTA) in benzene.

7Aron,'Hoffman, and Williamé9 University of California Radiation Laboratory
Report UCRL-121, lst and 2nd revisions (1948, 1949); formér‘also issued as U. S.
Atomic Energy Comission Unclassified Document AEGU-103 (Nov., 1948).

8lThesé range-energy values and the experimental yield for each absorber posi-
tion, as obtained in this work, are presented in detail in the Ph.D. thesis of
W. Wayne Meinke; University of California (Jan., 1950).

9J. C. Reid and M. Calvin, U. S. Atomic Energy Commission Declassified

Document MDDC-1405 (Aug.; 1947); also, J. Am. Chem. Soc. 72, 2948 (1950).
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-The protactinium was thus extradted as a complex ion into the-organic iayer

‘which was evaporated and flamed on thin, l-inch diaﬁetef'platinum plates;

The alpha=particle activity was counted in a standard afgonfgilléd'ionization

" chamber in which the pulses from the electron collection'wefe fedﬁthrough a‘fast'

. o o n.__/—"'*'-« B ' . N
. amplifier into.a scale of 512 counting circuit. When it was necessary to count

befasparticlesg an end window, alcohol-quenched, argon—filled'Geigef'couﬂter'tube

,'with a mica window’(MB mg/cm?) was used in conjunction with a-scalevof A ceunting

circuit,
Immediately after bombardment and usually for about five hours thereafter-

the 38Q3-=min° isotope Pa227 and its daughters present the predominant alpha-

‘activity in the pure protactinium chemical fractions. After a period of several

weeks, the only prominent alvha-activity is due to the U230 series growing from

230

the Pa isotope. The radiocactive purity of these samples was checked by

alphanpastlcle decay measurements 1ndlcat1ng the 38.3-min. decay: of the Pa227
and, after other protactlnlum isotopes had decayed out, by alpha—partlcle pulse
analy51s for the U23 series. A- hsnchannel alpha-particle pulse ana.lyzerlo
equipped w1th a fast sample changing mechanlsm‘was used for the latter measure-
ments. The observed counting rates were corrected for decay or daughter growth,
target weight, etc.; converted to disintegrations per minute.st ﬁhe end of bom-
bardpentg and plotted against the bombarding energy for each5sample; thus giving
the excitation function for the partlcular reaction studied. |

| Absolute chemlual yields were not determlned9 but slnce all samples in a run

were worked up simultaneously with the same chemlcal procedure used on each

sample, the relative chemical yields are accurate to within about five percent.

lOSeeﬁ -Ghiorso, Jaffey, Robinson, and WeisSbourd, National Nuclear Energy

Series; Plutonium Project Record; Vol. 14B, #The Transuraﬁium Elements: Research

168 _ -
Papers," Paper No. 4+%-3 (McGraw-Hill Book Co., Inc., New York, 1949). .
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The calculated energy values used for these excitation functidns:are only approxi-
mate, particularly at ﬁhe iower end of the energy scale; bec&Usé.ofvbeam strag-
gling and the spread in initial energy of the particles in the-l84—in§h cycélotron
as discussed more fully later. Consequently, whilé maximum yiéld and’threshqld
eneféy valueS'observed from the experimental curves may be considerably in error
on the absolute energy scale, they should be significant when considered in
fe;ation to the rest of the excitation function curve.

“The experimental techniques used in the wofk are discussed more thoroughly

in a later section (Section V).

CIII. RESULTS

vExcitation functions were obtained for the.(p,én) and (p;3n) reaéiioﬁs on
thorium, the (p,o8n) and (p,th) reactions on uranium, the (d,7n) and (d,4n)
reactions on thorium, and the (a,p8n) and (a,p5n) reactions §n thorium és‘wéll
és rough data for some (as;xn) reactions'on thorium. The bombardments were_usually _
ofgabqut'90—minutes dﬁration and the plotted diSintégrétion rates are éérreéted
for decay back to the end of the bombardment. Uéually at least two runs wéée
made for each reaction. The data are.presented graphically for most cases éﬁd:
diséuéSed-ininidﬁally'forreach of the reactions in the following sebtian;: Thé"
yieldsgbelaw-the thresholds are due to the féct that a few particles of_high_
eﬁérgy reach the target by.coming in thrqugh the side of the stack of absorber

foils.

A. Protons

1. Th232(p,6n)Pa”?! .-~ The results of two different bombardments in which

this reaction was studied are plotted in Fig. 1. The points fall on a smobﬁh'
curve whose maximum rises a factor of almost 20 above the yield value at full

energy (348 Mev). The range of the protons is sufficiently great to make necessar&
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Fig. 1. Excitation function for the Th232(p,6n)Pa227
‘fgaééiono Circles represent Run I; crosses, Run II. (Thé
apparent yieid below the threshold energy shown in this and_'.
following figures is due to a small fraction of the incident

beam striking the stack of foils from the side.)
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thé.proper corrections for nuclear absorption and these havé been made as described
later (Section V~-B). The curve is not drawn through the point at 8l Mev even
though“this point would appear to be at the peak of the excitation function.

When counted later for U230, this sample gave a yield value whichhwas definitely
~displaced from the curve for the (p,3n) reaction (see Fig. 3). Possibiy some

error in aliquét measurements caused the discrepancy. in Fig° 2 the peak of the
curve is plotted on an enlarged scale to show the extent of the symmetry involved.
1t can be seen that on the high energy side of the peak another mode of reaction -
becpmes'apparent and ig.superimposed on a somewhat symmetrical'peak.

A'single experiment in which the collimated éxternal proton beam was used
gave a value of about 2,5 x 10”3 barns as.the absolute cross section for this
reaction at full energy (348 Mev). The experimental details are given later.

Ffbm this cross section value we see that the cross section at the peak of the
curfe.should be about 5 x 10”2 barns. Bécaﬁse of-the questionable chemical yield
.diécgsséd later on, this can only be considered the maximum value for the cross
ségyipn, further experiments being necessary to establish the tfue véiqe.‘ It may i
be_poinped_outithat the measured cross section at the peak is lower thén the true
ma;imum cross séctiqn, because of the energy spread effect. The discussion in séction-
V-B, however, shows‘that the correction involved is not lafge; Similarly

small corrections apply also to the peak cross sections mentioned later,
230

2. Th232(.p,3n)f’a230,>- The yield values for the reaction Th232(p,3n)Pa
arejplotted'iﬁ Fig. 3. Here again a f;ctor of about 20 between the maximum yiéld
and‘the yield at full energy is found.

A veryaintebesting\obsgrvatioﬁ can be made from the curves for the (p;én)
and (p,3n) reactions on thorium. Although the curves for the two reactiohsvhaVe
a similar shape and a comparabie ratio of peak yield to full energy yield, there
is a difference in absolute yield of about five between the two in favor of the
(p,3n) reaction. This difference was found by determination of the number of

atoms formed by each reaction at the peak of the excitation function. The ratios



Fig. 2. Excitation function for the Th>>2(p,6n)Pa
reaction on enlarged scale. Circles represent Run Ij
crosses, Run Ii, Absolute value of energy scale not

accurate (see text).
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232

'Fig. 3. Excitation function for the Th*’“(p,3n)Pa?3"

reaction. Circles represent Run I; crosses, Run II.
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230 and about 85 percent alpha-

decaylbranchingh'for-Pa227 were considered in the calculations. By using this

-factor of five énd the yield,mentiohed in the previous section, it follows that

at the peak of its excitation.function, the absolute cross section for the (p,Bn)

‘reéction is ‘about. 0.25 barns..

3,‘U233£p,d8n)Pa227.=— In addition to the thorium bombardments, the protac-
'tinium‘fraction'was separated from pieces of 5-mil uranium foil, bombarded under
the same corditions as the thorium foil. 'The results of these uranium bombard-

ments -are given in Fig. 4. Considerable trouble was encountered in the attempts'

_~Yo develop-chemical procedures which would give consistent chemical yields for

all of the 16 foils in a bombardment. This trouble is reflected in the somewhat

larger scattering of yield values for this reaction than for the reactions in

thorium bombardments. Despite the scattering, -however; the points do define a
very broad peak near the high energy portion of the curve.

L. U238(p;a5n)Pa230,-— Too little activity was available from the reaction

_ U233(p,a5n)Pa230 to make it feasible to obtain a definitive yield curve. The

points obtained scattered much more than for the above reaction but did define

~a broad peak which was near the high energy portion of the curve but displaced

‘somewhat to the iow energy side of the (p,d8n) curve. The ratio of yields for

the two reactions at the peaks of their excitation functions is about six or seven

in favor of the (p,a5n) reaction.

B. Deuterons
In the (d,xn) reactions, as in the (p,xn) reactions, excitation functions
with definite sharp peaks are found; .even when as many as seven neutrons are

emitted. The range of full energy deuterons (194 Mev) from the 184-inch cyclotron

»’llM. H. Studier and R; J. Bruehlman, as listed by G, T. Seaborg and I. Perl-

man, Rev. Mod. Phys. 20, 585 (1948).



Fig. 4. Excitation function for the U238 (p,aen)Pa®
reaction. Circles represent Run I; crosses;, Run II; and

deltas, part of Run III.
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is about 2.5 cm in copper, and although thé nuclear absorption has not,ﬁeen
measured, the corrections would certainly be less than those made in the proton
bombardments. The total beam current available with the deuteron beam of the
large cyclotron is roﬁghly:equal»to that of the proton peam,

1. Th232(d,7n)Pa227,_;ﬁThe yields for the reaction Th232(d,7n)Pa227 are

plotted in Fig. 5. The reaction yield curve‘rises to a very definite peak which
represents about eight times the yield value at full energy. An enlarged plot

of the peak of this excitation curve is shown in Fig. 6. Using thé.same methods
as for the (p,én)-reactiOn, absolute cross section determinations for this reaction
were made. The average of values obtained with full energy deuterons is 2.3 x 1073
barns, making the cross section at the peak of the curve about 1.8 x 1072 barns.
These ﬁalues are probably accurate to within 15 percent.

2, Th232(d,4n)Pa230.-= In these thorium,bambardments unfortunately, the

energy values which were chosen so as to obtain an outline of_the peak for the
(d;7n) exc¢itation function, are not suitable to outline completely the peak of
al i s m.232 230 ‘4 . :

the  curve for the reaction Th*’<(d,in)Pa“’~. The position of the points makes
it possible to observe only the high energy slope of this péak° From these
expérimental points, however, we can set a lower limit of about four for the
fatib of'total atoms PaZBO/Pa227 formed at the peaks of the yield funcfions,

3. ™232(d,Tn)Pa??7, 41%7(d,ap)Na?¥, and '2(d,n)N*3.— In an effort to

determine more accurately the threshold energy for the (d;7n) reaction on thorium,

simultaneous bombardment of thorium, aluminum, and carbon (as polystyrene) foils

was attempted. The excitation functions for the (d,ap) reaction on aluminum12

\,

o , _ 1 »
and the (d,n) reaction on carbon 3 had been previously studied at low energies

and it was thought that the determination of the threshold values for these

le, T. Clarke, Phys. Rev. 71, 187 (1947).

134, w. Newson, Phys. Rev. 51, 620 (1937).
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Fig. 5. Excitation function for the Th2>2(d,7n)Pa??’
.reaction. Circles represent Run I; crosses, Run II; and

deltas, Run III.
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Fig. 6. Excitation function for the Th232(d,7n)Pa®?’

reaction on enlarged scale. Circles represent Run I; and
crosses, Run II. Absolute value of energy scale not,

accurate (see text).
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reactions in stacked foils in the 18h-ineh cyclotron might establish a low energy
anchor point for the exeitation-function energy scale. Fig. 7 presents the
results of the simultaneous determination ef these three excitation functions
from & banbardment of ohe hour and forty-five minutes duration. In this case
the abscissae ere given in thickness of aluminum absorber.rather than energy
because of the uncertainty of the latter near the end of the range of the deuterons.
Chemical separatiens were not needed in the case of the aluminum and polystyrene
‘targets. |

Unfortunately, straggling and tﬁe initial energy distribution of the deuteron

beam makes an exact interpretetion of these experimental threshold values diffi;
cult. It can only be said that the difference in threshold between the Clz(d,n)N13
reaction (which occurs at about 2 Mev) and that of the reaction Th232(d,7n)Pa2f27
amounts to about 1200 mg/cm2 of aluminum for the range of theideuteron, which

‘ corresponds7 very roughly to an energy of about 40 Mev for the threshold of the

latter reaction.

C. Helium Ions

The determination”of'excitaticn.functions'from bombardments with helium
ions is mofe difficult since the beam current in the 184-inch cyclotronlis only
about one—teﬁth‘that obtained for protons and deuterons. Ih'addition, for all
reactions other than the (a,xn) reactidns, there is the possibility that deuteron
contaminatioqvof the helium-ion beam.can produce the aciivity in.qqution by
another more favorable reaction and consequently obeeure the yield of the neaction
under study. The (a,;pxn) reactiens producing protactinium isotopes from thorium
were studied in bombardments in ﬁhich a one—half’inch stack of copper foils
was required te absorb completely the helium-ion beam. A few experiments were

»

also made with the (a,xn) reactions.
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Fig. 7. Excitatien functions for ﬁhe Th232(d,7n)Pa227,
.A127(d9ap)Na2A,vand Clz(d,n)N13 reactions obtained in a singie
bombardment withvléh—Mev‘deuterons'reduced in energy by copper
absorbers 1o 50 Mev (represented as O m'g/cm2 Aij. _
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227° 227

- Fig. 8 shows the yield values for Pa

1. Th?32(q,p8n)Pa obtained

from a bombardment of thorium with helium ions. This curve shows no sharp peak.

2.~Th232(a,p5n)Pa2300_— Fig. 9 shows a companion curve to the one above

obtained for the (a,p5n) resction in the same bombardment. In these (a,pxn)
" curves the peak yield for the (a,p5n) reaction is greater by a factor of about

seven than that for the (a,p8n) reaction.

3. Th32(a,xm) Reactions.— Insufficient 20.8-day U2 or 58-min. y229
alpha-activity was formed in bombardments gf stacked foils with the.elecﬁfo-
statically deflec%ed beam to permit accurate determination of the (a,én) or
(a,Tn) excitation functions. In addition, the chemical procedures required té'_
qbtain'pure uranium samples from the bombarded material were not adaptable to
thg'magﬁ,production methods employed in the protactinium separations. Conse-
qugpply, the only definitive experiments have been individual bombardments of
thorium_foils_at different radii (and hence different energies) in the internal
cyclotron beam without the benefit of a monitor but with conditioné of each
bombafdment.as nearly equivalent as possible. These experiﬁents indicate that
the (a;xn) exéitation functions exhibit sharp peaks of about the same width
asithat pf the peak in the yield curve for the (ps6n) reaction. The Shape of

the curve beyond the high energy side of the peak has not yét been determined.

IV, DISCUSSION
The data presented in the forégoing figureé are unfortunately rather Tough
due to the difficulty of the experimental procedures and more especially to.
the unavoidable limitations placed by the spread of energy in tﬁe particle
‘beams delivered by the 184-inch cyclotron. Nevertheless, they give some inter-
ésting and in some cases rather surprising information on the mechanism of

nuclear reactions in which relatively large numbers of nucleons are expelled.
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Fig. 8. Excitation function for the’Th232(a,p8n)Pa227

- reaction.
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Fig. 9. Excitation function for the Th232(a,p5n)Pac30

reaction.
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Comparable information on such réactions hés not been obtained hitherto, and
therefore, even rather rough data are of interest.

The excitation function shown in Fig. 1 for the (p;6n) reaction shows a
surprisingly sharp peak. The width at one-half maximum, uncorrected for the
5pread in energy of the proténs, is some 25 Mev and should prqbably be notice-
ably less than this if correction could be made for the unknown spread in
energy of the initial 348-Mev protons (the possible magnitude of this spread
w:and that due to straggling is discussed brlefly further on in Section V-B).

This seems to indicate that even at energies as high as some 50 to 75 Mev, the
mechanism ofrreaction involves the fofmation of a compound nucleus similar to
thatgwhichvforms such a successful model for explaining the course of reactions
at lower energies. The sharpness of this peak may be due to the fact that a
heavy huéleus is involved and perhaps 1s not to be expected in the case of the
.(p36n) reaction with much lighter nuclei. The (p,Bﬁ) and the (d,7n) reactions,

' ﬁyeéénted in Fig.'3 and Fig. 5, also show sharp peaks, but this is not surprising
in the case of the former.

The effect of nuclear transparency does show up ét the higher energies
Wheré appreciabie yieldé of all three of these reactions are found. This can

6

be explained by the mechanism discuééed“5§v5erber in which eﬁergies much smaller
“than the total energy of the incident projectile are obtained from it and uti- |
liiédvby ﬁhe struck nucleus. This méchanism apparently becomes important at
‘energies sufficiently high so that the collision time between the incident
1particlé and a nucleon in the nucleus is short.compared to the time between
collisions of the nucleons in the nucleus. The first step in such a high

energy nuclear reaction_probably involves a collision between the incident

varticle and an individual nucleon, and the amount of energyrtransferred to the

nucleus depends on the number of subsequent collisions of this type and the
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further collisions of the struck nucleons with other particles in the nucleus.
This leads to a wide distribution of excitation energies of the struck nuélgus.
As a consequence an appreciable fraction of struck nuclei are excited to a given
energys séy 50 to 75 Mev, even when the incident particles vary in energy from
some 100 to 350 Mev, thus supplying the nucleus'with the optimum energy and
accounting for the continuing high yields of reactions like the (p;én) and (d,7n).
The fact that the relative yield of the reaction at high energies_compared'to the
peak yield with deuterons somewhat exceeds the same ratio for the reaction with.
protons is probably connected with the fact that the high energy deuteron has.
its.energy divided between its two nucieons and is therefore-better suited for
the transfer of small amountsvof energy to thebstruck nucleus than is the proton.

It may be of some interést to make a more quantitative comparison between ...
the 6bserved peaks of the excitation curves. for the (p;6én) and (d,7n) reactions
and what would be prgdi;ted on the basis of the compound nucleus idea.
When the excitation of tﬁevnucleus is as large as 50 Mef or more, the

‘number of'possible competing processes is quite large. For some of the,competing
processes such as those involving emission.of charged particles; one can estimate
the corresponding probabilities in a rough way. With 60-Mev excitation, for .
'examble, the nuclear témperature of a heavy nucleus iike thorium is perhaps
about 3 Mev, the Coulomb barrier Ec for emission of a proton’is about 15 Mev.
‘This means thét the emission of a proton is at a disadvantage with respect to

B/t 5y 1/150.

the emission of a neutron by a factor of the order of e
We have therefore neglected competition from proton emission entirely, and for
stronger reasons that from deuteron .or alpha-particle emission. A big unknown

in the problem,vhowevér,'is competition from fission. We know for certain that

“this competition is important. Indirect evidence on this is also obtained from
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the relatively low value of the peak cross section for the (p,6n) and (d,n)
. reaction; it is clear that at the eﬁergy4corresponding to thé peak a large
fraction of the total cross section is devotedvto fission. The over-all im-
portance of fission‘is'no doubt increased‘by the fact thaﬁ fission has a chance
to compete with the (p,xn) and (d,xn) processes at éach successive e§aporation
of ‘a neutron. Thus a possible, though arbitréry, interpretation of the results
is 6btained.on-thevassumption ofra constant, réﬁio 2 between néutron width and
fission width. The'measured ratio of 5 between the heights of the Th(p,BQ) and
Th(p,6én) peaké, or what is about the same, between the areas under the two peaks,
gives for r the value J./(Sml/3 -~ 1) which is close to unity, a result strikingly
similar to those obtained from experiments at.léwer excitation enérgies.

If the ratio g is conétant, it is clear that the existence of fission will

affect the absolute cross section, but not the shape of the excitation function

for a (p,xn) or (dgﬁn) process. The crude calculations described below are made,
therefore, neglecting fission altogether.

Other interprétatiéns are no doubt possible. One may assume, for example,
that the probability of emission of a neutron increases mucﬁ more rapidly, with
increasing»exeitation energy, than fission'probability° In this case fission
'cémpetes with neutron emission only in the last stages of the evaporation
‘process, and the number of times such effecti&e competition takes place is
independent of the number of evaporations. In this case the lower yield of
, the‘(pgén).pfoceség with respect to'the (p,Bn) process would be attributed to -
the increased fissionability of the nuclei present during the-lést stages of
the evaporation process; this increased fissiohability is expected owing to

1/2

“the decrease in the number of neutrons (increase of the Z/A ratio).
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We do not think that the shape of the excitation curve for, say, a (pgén)‘

o

process will depenc in critical manner on the assumed dependence of the fission

probability on ensrgy., In view of the present uncertainty about that dependence,

&

it would no* be worth while to explore in detail the various possibilities.

In the above-mentioned simple case; in whi GH one may simply forget fission,

A

the problem is fairly smplec We may assume that the probability distribution

for thz kinstic snergy £, of the n-th neutron is given approximately by a

. - £
£ e /TdC s with a temperature T determined by the residual

excitation of the rwcleus after n-l neutrons are smitted. For a heavy nucleus
1/‘{ : ’ ’
wa assume T & D.4BE ! s where B 1s the excitation epsrgy (T and E both in Mev).

Theeaverage vaiue and mean square deviation of € are thens

For large values of £ the Maxwellian law fails, 2nd a far better approximation

. - LERY
. . . S{E" ; v . .
is given by Weisskopf's formula £ %v(” ‘3¢ , S(E ) being the entropy of the
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s the excitaticn energy after the neutron
is emitted; E = E - B =€ , if B is the binding.energy of the neutron which for
simplicity we regard as.indépendent of n, I@ is easy to see‘that this mod’"1f’3".ca=-=
iion san be appreximately taken inte account by using for the temperature T in

Equation (1) th

@
o
2
=]

T3
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ry
c

ature evaluated for an excitation B - B; i.e.
NI o .
# 0.4 (E -~ B é”gg i.@.y roughly speaking the tempsrature after the evaporation

rather than before. , X

E)

Our provlem is, of courss, to find the protability of emission of x; and

no more than x neutrons. This is given by P{x) - P{x+l), where P(x) is the

9

probabiiity of emission of at least x neutrons; ory in other werds, the

o

probability that the first x=1 neubrons are emitted with ensrgies Qif oo EX 1

satisfying the condition:
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==y . = = 6 ey =) . i
B (= l) B 1" e €x=l > B (2)

where E is the initial excitation energy. This is the condition that there
be enough energy left for the evaporation of at least another rieutron. Knowing
the probability distribution of El’ 62, ooo 3 We can estimate the probability

tha* (2) is satisfied. If Ui €, * 62 * oeo ¥ €y 55 and f(rl) drlis the

e

distribution law for Y we have:

Px) = (P07 20y dan (3)

° "
Sc we must first find f(Q ). This is given by & very complicated integral, but
" ‘ , &
we know from general theorems that if x is fairly large one can use "asymptoticH?
laws, such as the Gauss cor the Poisson distribution law. Both laws involve
only two arbitrary paramesters, which can be expressed in terms of the average

value:
<y = & Yoo . <€X=l,> : - (&)

and the mean square deviation

x-1  n=)

/<q (%Y - ?g_((en én>>2>wn§§/(e e >>> (5)

When the roct-mean-square deviation 0 is small compared tw <Yl> the difference

between the Gauss and the Poisson law is negligible, but the latter, ioe;z
e [°/r ()] O /<n>)5’1_e’s”/ Wan fin | (6)

- <72 2/’0'2 ('é)

is preferable since Gauss! law extends to negative wvalues of n_, which are.

physically meaningless. Once the average values (4) and (5) are known, the

axponent s is given by (7) and we can evaluate the integral (3) by means of
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a Table of the incomplete gamma function.

The main remaining difficulty is that the variables €., €55 oo. are
statistically dependent; since the temperature for 52 depends on 61, -the
temperature fgr. 63 deperids on él+ €2, et¢..., The difficulty, howe\ierg- can
be éimumvented-by a recurrent f:)rocedure, in which ﬁse is made of the fact that

the temperature T is a slowly variable function of the excitation energy. Thus if

X

‘g,—_€1+€2+;“+éx=q+ €

we have ,
RO RECOTRYRRICS
(e =)+ Lexy =) +2Q
where T is now the temperature for the emission of the x-th neutron; or according
to our previocus discussion:

)1/2

T = T(n ) = OOA(EO-XBuQ (8)

As a first approximation we may set Yz = <VE> in (8) and obtain a T( <Yl>) = T-l

say. Then expanding (8) in powers .ofr the difference Yl - <vl> _
(Y ) = T(D) + @/ )0 {0 D) + /2@ /an P -3+ vee (9)

Now to obtain <€X> according to Equation (1) we must take twice the average

of (3). In this manner we obtain finally:

(Y= () » 2 () { {on ==<n>>2>/<Eo=xB~<n>>2} (10)

In a similar manner we compute:

(L =LNTy = (=) ys Lle- D) 2 {0 -0 e = (e ) aD)
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For instance in the last term, we again use the fact that <§x>,is 21(n )
- averaged over V) and write € - <%g‘> = €.-21(n) + 21( ) - <%X > (12)
Then: :
(-0 e (eh = L -t 2e) = Ca-anian) - Ceyh ()

The averaging can be done first over sx for a given N s then over n o The first
term on the right of Equation (13) is zero, the second is evaluated expanding

(1 ) as before. Finally one gets:s

L =02 « L=y » ) = {o=-En))P) { 21 () (E Bl -
) @B (a0 - ()
Equations (10) and (14) allow one to comﬁute the average and sﬁandard deviation
of Z {which islq f@r xt1 neutrons)-iﬁvterms of-the same quantities for n-.
'This recurrent scheme has been carried cut for several values of the excitation
energy Ebo Then the probability of emission'of x and only x neutrons was obtained
in the manner indicated above. The curves obtained, Fig;'logAshow a striking
similarity with the (p,6n) results. There is a slight displacement of the
experimental maximum towards higher energies (remember also that the excitation
energy is the kinetic energy) which is not very significant in view of the facf
that the range-energy relation has not been gauged accurately. In fact, the
lower value of the threshold obtainédvin the casé of the (d,7n) reaction, where
a more accurate comparison was done may well indiéate a small systematic errof
in the desired directiqn in the proton case. Otherwise the general appearance

and in particular the width of the curves are in fair agreement.
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~Fig. 10, Probability of emission of x neutrohs after
capture of a proton. For deuterons decrease the energy’

values by 4 Mev.
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The excitation functions for the (a;p8n) and (a,p5n) reactions shown in
Figs. 8 and 9 have very broad maxima as disiinguished from tﬁe indicated sharp
peaks and lower yields for the (a;6n) and (a;7n) excitation functions (the.data
for which were discussed in Section'II—C=3)ot There are tﬁo factors which contri-
bute‘to this difference between the two types of reactions., First, in the (agpxn)
reaction tﬁe potential barrier for the proton makes it necessary for the proton
to carry with it more energy than an emitted neutron and therefore makes it
possible to utilize extra energy to advantage. The second féﬁtor is connected
with the complex néture of the helium ion, consisting of four nucleons with a
possible uneven division of the kinetic energy between them at the time of im-
pact. In the case of the (a,pxn) reaction, only one proton from the helium ion
need be retained by the struck nucleus. The (a;xn) reaction demands a retention
of two protons apd hence a much closer approach to the formation 6f a compound
nucleus.,

The faster fall off in yield with increasing energy of the (a,p5n) compared
%0 thé (a;p8n) reaction is reasonable in view of the smaller energy requirement
of the forméro It is interesting to note that the excitation function for the
(p,a8n) reaction shown in Fig. A4 presents é broad peak at a position toward
the fuli energy of the incident proton. This is undoubtedly connected with the
potential barrier for the outgoing alpha-particle (or two protons), which can

use relatively large amounts of energy to advantage.
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It is unfortunate that the s@read in energy of the bombarding particles
is so great as to make it impossible to detenmine accurate threshold values
for the various reactions.' The rough result of about 40 Mev which was ob-
tained for the (d,7n) reaction by'comparison with reactionsvof'known threshold
determined with pr@éision with low energy particle accelerators as shown in
Fig. 7 indicates an average biﬁding>energy'of about 7 to 7.5 Mev per néutroﬁo
This is a very . reascnable value and can prebably be used to estimate thresholds
for (d,xn) and {p,;xn) reactions in this region. |
. The excitation functions which have been determined in this work serve
the very practical pﬁrpose of making it possible to estiméte the optimum energy
for the production of the maximum specific éctivity f@r isotopes produced
by these and similar reactions. The results alsc suggest that in the case
of {psxn) and (d,xn) reactions, perhaps even when x is as large as 10, the
peaks are sufficiently sharp to make it possible td make isotopic assignments

of new activities by measuring their excitation functions.

V. EXPERIMENTAL DETAILS

A. 184-inch Cyclotron Beam Types

With the Berkeley-184-inch cyclotron, there are three ways the charged
particle beam can be used: = as an internal beam;, as an external beam, and as.
an electrostatically deflected beam. For use in the internal beam a target can

be inserted on a probe into the tank of the cyclotren to intercept the beam at
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any desired radius from aboub 20 inches up to the full radius of 81 inches. At
present it is possible to obtain an internal beam currént of about one microampere
df deuterons or protons, and about 0.1 microampere of helium ions.

When the beam is brought out of the vacuum tank through thin aluminum win-
déws and led inﬁo an external ”cave,",the external beam so produced has several
advantages. Its energy definiticn is good (one-half to one percent spread);

‘it can be collimated to any desired shape and is very adaptable to experiments;

it can bevmade to inter%ept the center of a target foll; and it does not require
that, the target be in a vacuum, thus greatly increasing the number of bombardment
possibilities. These advantages are obtained at the expense of a great sacrifiée
in beam current which for the protoﬁ or deuteron beam is reduced to 10“5 to 10“-"[+ |
micreamperes. This; except in rare cases, is not enough to be very useful for
chemical investigations of. reactions with cross sections cof 1072 barns or less.

Mahy of the advantages of the external beam are secured with a much less

14

severe beam reduction by use of the electrostatically deflected beamo_ _This
beam is produced by appiyiné a pulsed veltage toc a deflector electrode as the
internal beam pulse reaches its maximum orbit of 81 inches. The particles are
pﬁshed in from_iheir maximum orbit and when they pass the end of the 120° arc
of the deflector; they again move in an orbit of radius close to 81 inches but
~with center displaced so that the beam now intercepts the middle of a target at
a distance from the center of about 83 inches. The particles éan be maximized
on a certain portion of the target by adjﬁsting the amount of voltage appiied
to the defiector. The reduction ih iﬁtensity frem that of the internal beam

is a factor of 50 or more but in most of the reactions here studied; this could

be tolerated.

thowellg Henrich, Kerns, Sewell, and Thornton, Rev. Sci. Instruments 19,

506 (1948).
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B. Methods of Varving the Beam Energy; Cslculations and Errors Involved

A straightforward method of running excitatioh function bombardménts is to
place the target probe at different radial positions in the full undeflected
internal beam in successive bombardments. No absorbers are required and the beam
energy is closely defined by the Padiuéo The only energy spread is that of thé
incident beam since no further energy spfead or straggling is introduced by pas-
sage through & thick absorber stack. When the cross section of the nuclear
reaction being studied is low and/or the half-l}ife or radiation charactéristics
of the product nucleus make it necessary to maximize the absolute yield of thé
product, the use cf this method is clearly indicated. The principal objection
lies in the difficulty of duplicating precisely the beam current and beam position
in successive bombardments. To correct for these fluctuations, it is necessary
o bombard with each target foil a monitor foil which undergoes some nuclear
reaction for which an excitation function has previocusly been determined. Examples

of useful monitor reactions are Clg(dgn)Nm9 A127(d,ap)Na2h

and Algv(p93pn)Na2&°
Polystyrene foils are commonly employed for the first reaction.

The stacked foil technique has been used most frequently (see Appendix).
Weighed target foils either alone or separated by intermediate absorber foils
ofvaluminum or copper can be used to reduce the beam energy. A variation of
this method is the bombardment of a ﬁhick'target foliowed by the successive
'milling off of thin layers‘and the determination of the yield in each la.yef°
This mfthod in either variation is best performed with the deflected beam.

Tﬁe range-energy relationships calculated by the Theoretical Physics Group
at the University of California Radiation Laborétory were used in the present

work to convert from absorber thickness %o energy of the transmitted particles.

7
These data have been published in graphical form.'
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The following values were taken for the maximum particle energies and the
oorreéponding ranges in copper: 3i48-Mev protons, 97,250 mg/cng 194-Mev deuterons,
22,420 mg/cng and 388-Mev helium ions, 11,260 mg/ecm?. The total amount of "
afserber up to the middle of each foil was converted,; for convenience; to equi-
valent thickness (mg/cmz) of copper and after subtraction from the full range
value the difference was used to determine the energy from the proper range-
energy‘relationshipa |

In this work the materials in the beam included copper, thorium, uranium,
aluminum, and polystyrene foils. Range-energy relationships7 were available
for all three particles in copper and aluminum and for protons in cérbon (from
which that for deuterons.in carbon could be calculated). It is assumed that
.carbon atéms alone are responsible for the stopping power of the polystyfgneo
In order to obtain values for thorium énd uranium the values given for lead were
extrapolatedﬁby'means of the relationship, Z/A x Range = Constant. This extra-
polation is sufficiently accurate for ﬁhe present . purpose since the change in
range 1s only about two percent between lead and thorium in terms of weight per
unit area. Most of the beam energy reduction occurred in the copper and the
relatively smaller amounts of thorium or uranium were converted to copper equi-
valents by the following method. The ccpper equivalent, for example, of a
certain amount of thorium waé determined by calculating the ratio of the difference
in range in thorium between the two energy values to that for copper and dividiné
the amount of thorium (mg/cm®) by this figure.

There are two major ungertainties involved in the use of the stacked foil.
technique which tend to spread out a peak in an excitation function experiment;
particularly if the peak occurs at relativelj low enérgieso First, there is
the initial énergy dﬁstribution of the béamo There is apparently an energy

spread of up to three percent in the 184-inch cyclotron full energy internal
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beam and electrostatically deflected beam; and df about one percent in the ex-
ternal beam. When protons of initiai maximum energy 348 Mev are reduced tQMSO
Mev by Qcpper‘absorbers, an initial spread of one percent in energy coffésPOnds
to a‘spread.of about 15 Mev, and an initial three percent spread corresponds
to about 50 Mev, at the SO-Mev level.

The other effect whiéﬁ contributes to the spreading out Of-ﬁhe.excitation
function peaks so as to give falsely large widths; is the straggling of the
particle beazﬁs° Calculation of the extent of this is possible; a'éalculation
indicatingvthe.straggling of 348-Mev protons introduced by passage through
copper haé been made by W. Aron of the Theoretical Physics Group of the Radiation
Laboratory, from his calculations it is.seen that at 100 Mev, the energy "width®
due to straggling is about 4.3 Mev, while at»SO Mev it has increased to ébout
7.3 Mev. These figures represent root-msan square deviations. In_order to ¢come
pare theﬁ with the above figures for the initial energy distribution lset us
aséumes for instance, that we have to do with a square distribution law; ioeog
constant inténsity within an interval of three percent width, and zero outside.

1/2

'The standard deviation in energy OOPFGSpoﬁdihg to fhis is;3°L2g; percent

or 0.87 percenﬁc' When protons of initial maximum energy 348 Mev are reducéd to
5C Mev by copper abscorbers; an initialldeviétion of 0.87 percent in energy
corresponds to a final foot—mean square deviation in energy of llolAMev which
is slightly larger than the.effect of straggling at the 50=-Mev level. It must
be remembered, of course; that the initial energy'spread cf the beam can vaéy

. with the setting of the defiector, so that data cbtained from one expefiment

cannot be applied diresctly to another experiment, even though conditions were
Pr , yu pe

very much the same.
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These two effects lead to peaks which are appreciably wider than their true
widths as illustrated by compafison of the reéults shown in Fig. 7 with those
. given for the same reactions as determined with machines which give low energy
parti¢les directlynlzsl3 Another striking example of this comes from the work
of E. L. Kelly who used the value of_388vMev for the most probable maximum energy
of thé helium ion beam and roughl& matched the peak energy on a Bizog(QQQn)Atzll
excitation curve taken through the use of aluminum absorbers with the electroi
statically deflected beam of the 184-inch cyclotron3 with a curve for the same
reaction taken very carefully with the 39 Mev external_helium«ion beam of the
60-inch Berkeley cyclotronols In ihese experiments the width of ihe.peak_at
half maximum for the electrostaﬁically deflected beam determinatién was about
500 mg/cm2 of aluminum compared to about 116 mg/cm2 of aluminum on ihe 60-inch
cyclotron.

It is clear that, since the effect of straggling can be estimated theoreti-
cally, and the releﬁant,formulae are conéidered reliable;, comparisons likq thoée
Just made can be used to estimate;in a manner independent from other informatioﬁg
the energj spread of the initial beam. A very good example is the ¢(dsn)
reaction of Figo 7. The excitation curve from low eﬁergy machines plotted.on
a range scale would consist of a sharp peak of negligible width. The effect
of straggling transforms this into a gaussiah peak with a sﬁandard deviation
of 150 mg/'cm2 of Al (this is the fange straggling for reduction of a deuteron
Troﬁ 190 Mev to practically zero eﬁergy)o The actuslly obserwved peak has a
standard'deviation about 3/2 of that obtainéd ffom straggling alone. Thus the
effects of straggling aﬁd'initial energy distribution aré‘comparable in good

agreement with the previous estimate.

15E. L. Kelly and E. Segrd, Phys. Rev. 75, 999 (1949).
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Since the 348-Mev protons generated by the 184-inch cyclotron have a range
of about L.3 inches of copper; thick copper absorbers were required to decrease
the beam energy between the thorium target foils. Because of this lbng range;
an appreciable fraction of the beam in its.progress through the stack is absorbed
by producing nuclear reactions in the copper so that the beam is not only de~
graded iﬁ energy‘buﬁ is also attenuated. Rough correction factors for this
effect were cbtained from measu:ements made by V. ?eterson of the Radiation
Laboratory who measured the amount of absorptiqn of the proton beam in copper
biocks of known thicknmess. A plot of the data, absorber thickness vs. trans-
mission, shows an exﬁonential depeﬁdénce for the experimental arrangement used,
with a transmission of abqut 0.6 for 70 g/cmz cépper absorber, the data being
gocd to about 20 percent. A correction for this nuclear abscrption has been
applied to the yield caleculations for all of the samples from proton bombard-
ments, No corrections were made in the case of the deuteron and helium bombard-

ments, where the ranges are so much less as to make the error introduced smaller.

. C. Experimental Details in Use of the Three Beam Types

1, Internal Beam Bombardments.-- The small amount of U239 and y229 alpha-=

activity‘produced by the Tﬁ232(a96n) andVThZBZ(dg?n) reactions made it necessary
to use the_internal beam for the determination of their excitation functions.
Thin folils were mounted on the probe and the beam energy determined by an ac-=
curate determination of the fadius to the leading edée of the foil. The target
thickness in each case was cnly a few percent of the total rangé of the incident

varticles,
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Attempts were made to use the stacked foil technique in the internal beam,
but.the_runs were unsatisfactory since the variation of the angle_bf incidence
of the internal beam served to spread cut and félsify the peaks of ﬁheﬂexcitation
functions studied.

2. External Beam Measurements.-- The reaction cross sections and product

 isotope decay characteristics were not favorable enough in the reactions studied
here tc permit use of the external beam except for absolute yield determinations

in the two most faworable cases. These two were the reactions Th232(p96n)Pa2%7

and Th232(4, n)pa®*’ 227

. Even here only a few thousand disintegrations of Pa
per minute at shutdown were obtained from 4O0-min. bombardments of 5-mil thorium
at full energy. In these experiments the current passing through the target

was collected and measured in a Faraday cup.

3. Electrostatically Deflected Beam Experiments.-- Most of the experiments

were run in the electrostatically deflected beam with the use of the apparatus
shown in Fig. 10. In this apparatus accurately weighed copper absorbers of
various thicknesses with sides milled parallel to within 0.2 mils were employed
to reduce the beam energy. As much as‘hoz inéhes of copper could be inserted
to ensure complete stoppage of the most enérgetic beam (348-Mev protons).
The 5=mi1 target material in the form of 3/4 inch diameter metal discs was
fastened by small pieces of scotch tape (1/4 inch to‘l/8 inch). to masks.of
5-mil copper and thus iocated 3/4‘5f an inch from the beam side edge and midway
between top and bottom of the copper absorbers. The copper on the beam side

of the target material serves the very important function of reducing the
background due te particles coﬁing‘in from the side of the absorber stack to
about one-hundredth (or less in some‘cases) of the maximum activity of the
excitation curve. A support ledge is provided on the beam side of the absorber

stack to permit the addition of more absorber if it should become necessary
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‘Fig. 11. Excitation function appafatus.
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té reduce this background further. .

The 1-1/2 inch thiek copper collimator with tﬁe_B/& inch collimating hole.
was used in front of the absorberﬁétack to increase the definition in the
deuteron and helium ion bombardments. It was possible to obtaig reproducibly
goed results without it as shown by the proton bombardments in which it could
not be used for lack of space. The use of the collimator where possible actualiy
incfeased the yields of activiﬁy_by a factor of 20 or more; this results from
the fact that the collimgtor, beiﬁg grounded, allows the beam current to be
maximized onvthe target foils themselves,.rather than to strike haphazardly
on the block of absofbers, which ensures that the target fqils are hit by the
"hot spot" of the beam.

Other details of the apparatus are designed ﬁo ensure the absorbers in the
stack being held rigidly in ﬁlace, |

When the.apparatus is asscmbled, the copper current-reading contact rests
ﬁpon the absorber stack which is insulated from the rest of the apparatus both
by the "Dilectine" insulator tray and by pieces of mica between the stack and
the absorber shield which is grounded to the abscrber support. It is necessary
to shield”the absorber stack electrically from the external electrostatic fields
which wouid influence the current readings and the copper box is'used for this
‘purpose. ThiS'abSOrBer shield is kept in position by two sgrewé on each end |
of ﬁhe absorber supporﬁ° The beam passes through a thin copper foil window
in the shield; this window thickness being included in the range energy calcui-
ations. Thé éntire apparatus fits onto the standard cyclotron probe head.

JImmediately after bombardment the four centering»screws are loosened, the
absorber shield removed with a pair of tongs by a émall hook which is not
shown on the drawing, the bolt on the absorber_stack'looseped, a small rod

siipped through the tab holes in the masks, and the masks 1lifted free. The
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target discs are removed from the masks in the chemical laboratory and subjected
to the chemical operations described below.

To maximize the Beam on the target; it is poésiﬁle to vary bdth the radius
of the target appdratus and the voltégevon the deflector., Furthermore; the
entire tray of absorbers can be raised or lowered to position the targets verti-
cally in the beam by loosening the wing nuts holding the absorber support és
shown in the insert in the drawing.

With this apparatus and suitable abs&rbefs, it is possible to determine
similténeously as manj'as 16 boints on an excitation curve (with a minimum inter-
val of 5 Mev between points for alpha bombardments and much_less for deuteron

and proton bombardments).

D. Chemical Procedures for Protactinium
' and Uranium Separation

The.only esseﬁtial requirement of the chemical procedure is that the amount
of interfering radiocactivity be feduced quickly to such é degreg that the prbduét
isotopes of interest can be accurately measured through some chéracteristic
‘radiation (in the present case by the alpha-particles of characteristic energy
and haif—lj‘.fe)o However, these are severe re@uirements when it is considered
that (1) an exceedingly complei mixture of radiocactivities is produced (2) up
to 16 samples must be processed and counted before the short-lived activitiés\
(such as the 38°3n-‘min° Pa227) héve‘disappeared (3) the chemical yieldsvmust be
reproducible (4) the final samples must be virtually weightlessvto permit
" accurate determination of the alpha-particle energy spéctfum9

The follcwing separation procedurs based on the solvent extraction of an
ofganic complex ion of the elemﬁnp fulfilled the above condi?ions for protactiniumo

16

Studier, Hagemann, Hyde™ ~ and others were the first to apply to bambérdmeht

- 4 .
JL"’Stt‘idiezv, Hagemann, Jr., and Hyde, unpublished work (1945).
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chemistry the fact that protactiﬁium forms a cdmplex with the B-diketone thenoyl-
trifluoroa@etoneg (TTA) which is soluble in benzene and other organic solvents |
and may be extracted from a strongly acidic agqueous solution. Many other elements
-form solvent extractsble TTA complexes but no other alpha-particle emitting
element except protactinium will extract from strongly asidic solution.:

In the chemical procedure17 each thorium (~0.4 gram) or uranium (~0.7 gram)
disc was dissclved in 8 125 ml Phillips beaker with 10 ml concentrated nitric acid
and, in the cass of thoriun, One‘drop of C.2M ammonium fiuosilicate solution.’
"The sclution was heated gently on a hot plate until the reaction started. The
solution was diluted with 10 ml of water and transferred intc a sepafatony funnel
(Cbnsisting of a Aﬁ.ml calibrated centrifuge cone with a stopcock sealed to the
bottom). The mass production arrangement is shown in Fig. 1l. Ten ml of 0.LM
thenoyltriflﬁoroacetoﬁe (TTA) in benzene solution was added and the mixture :
stirred for five minutes. The aqueous and organic layers for each sample were
collected in separate tubes and about half of the organic 1ayer‘(containing the
proﬂactinium) evaporated on a platinﬁm disc, ignited to destréy'the organic
matter and form a weightless film9 and counted for gross alpha-disintegration
vrateo Thé evapératibns were made carefully to prevent loss of protactinium
which was especlally necessary in the case of the uranium bombardments. Fig. 12 -
shows the apparatus for the simﬁltaneous evaporation ¢f 16 samples. Therl/k
inch wa§hers shown were used to raise the platinum discs above the surfade of
the hot plate and thﬁs‘allﬁwil@ading of as much as l'ml of the benzene‘solutipn
at a time. It has been possible to start counting the samples from a run of

16 foils as early as 110 minuctes after the end of bombardment. This protactinium

IVW. W. Meinke, U. S. Atomic Energy Commission Declasgified Documents

ARCD-2738 (Aug.; 1949) and ARCD-2750 (July-hug., 1949).
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Fig, 12. Apparatus for simultaneous extraction of

16 samples into TTA-benzene solution.
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Fig. 13. Set-up for simultaneous evaporation of

sixteen 10-ml samples on platinum plates.
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proceduré worked smoothly when applied to thorium targets,rsomewhat erratically .
but still for the ﬁost'péft.consistently,when applied to uraniuﬁ targets..
The chemical yielas of the runs.reported in this paper are consistent among
theméelves‘to within five fo‘ten percent, but the absolute chemical yield has
in most cases been left‘undetérmined. It is known that the majority of the
protactiniﬁm'is extracﬁéd in the one equiiibraﬁion'with TTA;benzene solution.

The absoluﬁe cfoéé sections for the reactions Th232(p,6n)P3227 and

:Th232(p,7n)Pa227 wére determined for runs made with the external beam as’mentioned‘

previbusly. In these runs the chemical yield of protactinium was determined.
with the use §f P3231 ﬁracer, Precautions were takeh to eliminate the uncer-
tainties frequently encountered in the éxchange of Pa23l'tracer because of un-
known ionic or colloidal species formed on stahding in aqueous solutions partic-
ularly of low gcidity,-but it is not certain that this was accomplished success-
fully. Therefore, the absolute yields reported are subject to some question.

| Thevefforts to develop a ﬁranium purification procedure for the Th(d;xn)U
studies'wére not very satisfactory. An ether extraction procedure of the type

described by Newtonl®

suggested itself as a very promising starting point, but
in attempting to'reducé this to a miﬁimpmrstepvprqcedure suitable for the simul-
taneous processing of ié samples with ehough gpeed to detect a one-hour half-
1i£e,difficultieé develéped. S§me success in removing all extraneous'éctivities?‘
ffom'a’uranium fréctioﬁ was attained with a more lengthy procedure similar to-
that devised by Cra;"le.17 It involyes precipitation of the uranium oﬁ lanthanum
hydroxide, followed sy dissolution and rehoval of impurities by zirconium iodate
precipitations from the uranyl solution, in-addition to thé ether extractions.

The yield has been féund,to be rather low (less than ten percent), unless extra

time is spent in increasing it by re-extractions and re-precipitations.

18, . 5. Newton, Phys. Rev. 75, 209 (1949).
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E. Couqting and Pulse‘AnalysiseMeasurements

The alpha-particle emission rate -of the samples was determined in an_ordinany
argon ionization chamber in which 50-52 percent of the particles afé detected.

:A standard:scale of'512 scaling circuit’was used and the measured counting gates
were'sﬁch that coincidence corrections were not necessary. The decay of the
emission rate was f§llowed to identify the half—life in question. Appropriate
allowéhce'was made for the contribution of daughters to the gfoss activities in
calcuiating the true counting rate of the parent itself.

In many cases it was necessary to subject the samples to alpha pulse analysis
with the h8—channel"differentiél pulse anaLyzer,lo Pulse analysis was especially
importantAin détermining'theAamount-of beta—paftic}e emitting PazBO by measure-
ment of the amount of the alpha—émitting U230 daughter present several weeks

after bombardment. The amount of Pa230

initially present was calculated by means
of'thevappropriafe daughter growth equation and decay constants,l9 allowing for
theten{percent-ﬁréHChing decay of Pa23o by negative beta-particle emission
reported by Studier and»BrUehlman.ll
Infthéfeﬁperiments'in which the beta-particle emission rate of the polyf
styfene:and aiuminum targets were measured, an end—window,>bell—type Geiger'tube
filled:ﬁith a 9 cm argon and 1 cm'ethyl’alcohol gas mixture was eémployed. The
thickﬁéSs"Of:ﬁhelmica:window-was>3'mg/cmz. Samples were placed 7.0 cm below
thé=éountef'window,'where a geometrical coﬁnting yield of 1.7 percent obtains.
A SCale'ofjéh‘scaling.éircuit was ‘used and a coincidence correction of 1.2
percent per'tﬁousand pulses per:minute was applied to all counting rates.

All of the alpha-disintegration rates plotted in the graphs have- been

corrected for decay back to the end of bombardment and refer to the isotope in

9. . ’ _
M. H. Studier and E. K. Hyde, Phys. Rev. T7h4s; 591 (1948).
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question;(i,e., ﬁhe gross.cdunting rates have been corrected for activity due
te the daughter isotopes).f The reiative yields wefe'normalized to 0.4 gram
thorium, 0.7 gram uranium, 0.l gram aluminum, or O;Ohrgran polystyrene. In
those eesesewhere more than one run on a certain reaction was made, the one
'ﬁhat_was considered most accurate or moreICOnsistent was taken as a standard
and the yilelds of-the’other runs normalized to it. In one éf nhe runs on tne
Th232(d;7n)_reactipn a‘mistake:was apparently made in tabulating the absorbers,
”in whicn_one-absorbervwas overlooked, and the results withont corfection‘gave
a plot nith the'peak shifted about 12 Mev. Invthislcase the error in tabulation
was essumed end the correspending ¢orrection was made in-piotting the data in

Figo 5'

VI ACKNOWLEDGMENT

We w1sh to thank James T. Vale and the crew of the 18&—1nch cyclotron for
thelr a551stance in carrylng out this work. It is a pleasure to acknowledge
‘ the 1nterest of Professors E M. McMillan and I. Perlman, and of Earl K. Hyde
and Albert Ghlorso in ithis problem We would also llke to express our apprec1—
~ation to Herman P. Robinson for his help'in the design and procurement of
equlpment and to W A. Aron, B. G. Hoffman, and F. C. Williams, and to V.
‘.‘Peterson for permission to 1nclude materlal not published elsewhere. Thls wenk

was carried out under the auspices of the U. S° Atomlc Energy Commission.



UCRL-868
Page 62
APPENDI X
Bibliography of Thin Target-Excitation Functions

" For Charged Particle Reactions

A.-Deutérons.‘

1.9 Mev: B :

Na23(d,p)Na®* - E. 0. Lawrence, Phys. Rev. 47, 17 (1935).

A127(d,p)A128 - EM,McMillan and E. 0. Lawrence, Phys. Rev. 47, 343 (1935).

. (Historically the first use of the stacked foil technique with accelgrated.

particles.)f |

2.8 Mev: _

¢12(d,n)N3 - ¢. L. Bailey, M. Phillips, and J. H. Williams, Phys. Rev. 62,
80 (19aé).

3.5 Me&;‘ ‘

Mg26(d,ijg27;ng26(d,a)Na24 - M. C. Henderson, Phys. Rev. 48, 855 (1935).

Na23(4, p)Na?; 4127(d,p)A1%8; 513%(d,p)513Y; cu®3(d,p)cub - E. 0. Lawrence,

 EM. McMillan, and R. L. Thorntori, Phys. Rev. 48, 493 (1935).

612, m3; NLh(a,n)ot%; o1é(d,n)Ft? - . W. Newson, Phys. Rev. 48, 790 (1935).

5 Mev:
cl?(d,n)N13;-Nlh(d,n)ol5;.olé(d;n)F17,- H. W. Newson, Phys. Rev. 51, 620 (1937).
A%O(a,p)a* ~ A. H. Snell, Phys. Rev. 49, 555 (1936). |

#:%0(d,n)cubt - R. L. Thornton, Phys. Rev. 51, 893 (1937).

cu®3(4,p)cu® - 5. N. Van Voorhis, Phys. Rev. 50, 895 (1936).

Mev: | |

11

1
HO4,n)Ag

pat%8(4,p)Pat%?; pa
763 (1937).

A127(d,p)A128;-Si3°(d;p53131 - W. Riezler, Naturwiss. 3k, 157 (1947).

—_J. D. Kraus and J. M. Cork, Phys. Rev. 52,
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9 Mev: |

Fe*(d,n)Co”° - J. M. Cork and B. R. Curtis, Phys. Rev. 55, 126} (1939).

Pb206(d, 2n)B12%0; Pb208(d,p)Pb207 - k. Fajans and A. F. Voigt, Phys. Rev. 60,
619 (1941).

U238(4,p)u?39 - N. Feather and R. S. Krishnan, Proc. Camb. Phil. Soc. 43, 267 (1947).

Th232(d,fiss); U238(d,fiss) - D. H. T. Gant and R. S. Krishnan, Proc. Roy. Soc.
London AL78, 474 (1941). .

B1209(d,n)Po2%; B1%%9(4,p)Bi%*° - D. G. Hurst, R. Latham, and W. B. Lewis,
Proc. Roy. Soc. London Al74, 126 (1940).

Th?32(d, fiss); U?38(d,fiss) - I. C. Jacobsen and N. O. Lassen, Phys. Rev. 58,
867 (1940). |

Agt%7(d,p2n)agt% - R. S. Krishnan and T. E. Banks, Nature 145, 777 (1940).

F19(d,82)F*® - R. 5. Krishnan, Nature 148, 407 (1941).

2¢1%7(a,0)4¢1%8; 4g™7(a,52)ag"%; 1g%7(a,20)0a™7; 4gl%%(a, 200007 -
R. S. Krishnan, Proc. Camb. Phil. Soc. 36, 500 (1940).

at97(a, p)aut%®; aut97(d,2n)Hg?7 - R. S. Krishnan, Proc. Camb. Phil. Soc. 37,
186 (1941).

cub3(d,p)cub; cu®3(d,n3)cu®?; spt(d,p)spl??; sbi2(a,nd)spt20

- R. S. Krishnan
and T. E. Banks, Proc. Camb. Phil. Soc. 37, 317 (1941).

Pt196(d,p)Pt197; Pt1%(a,p)Pt!?% - R. 5. Krishnan and E. A. Nahum, Proc. Canb.
Phil._Sopaugz,‘uzz (1941). | | |

201970, p)4ut98; aut97(a, 2097 112054, p)T12%6; T1295(4, 2n)PH 205,
Pp2%8(4, p)Pb20%; B1299(4,p)Bi220; B1299(d,n)Po20; 2324, p) >3 -
R. S. Krishnan and E. A. Nahum, Proc. Roy. Soc. London Al80; 333 (1942).

81209(q, p)B1 219, Bi%°9(d,n)Po®" - H. E. Tatel and J. M. Cork, Phys. Rev. T,

159 (1947).
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10 Mev:

210

Bi209(d,p)31210; B1209(d,n)Po - J. M. Cork, J. Halpern, and H. Tatel,

Phys. Rev.. 57, 371 (1940).

Fe54(d,n)C0””; Fe *(d,a)Mn2 - J. M. Cork and J. Halpern, Phys. Rev. 57, 667 (1940).

107

Aglo7(d,2n)Cd -~ D. N. Kundu and M. L. Pool, Bull. Am, Phys. Soc. 25, No. 4,

11 (1950). (Abstract)
Be?(d,p)BelC - E. M. McMillan, Phys. Rev. 72, 591 (1947).
Na?3(d,p)Na?*; Br8l(d,p)Br®2; Br!7(d,2n)Kr'” - E. T. Clarke and J. W, Irvine, Jr.,

Phys. Rev. 66, 231 (1944).

Mz24(d,a)Na?2; Me20(d,a)Na?h; cu®3(q, p)cu®; Cu65(d;a)N163; cu®3(d,20)20%%;

Cués(d,zn)Znés - E. T. Clarke ‘and J. W. Irvine, Jr., Phys. Rev. 69, 680 (1946).

A

A127(d,pa)Na2 - E. T. Clarke, Phys. Rev. 71, 187 (1947).

15 Mev: .
812094, p)B120; B1%7(d,n)Po20 - . M. Cork, Phys. Rev. 70, 563 (1946).

-cu63(d,p)0u6“; cu®3(d, 2n)zn83 - R. S. Livingston and B. T. Wright, Phys. Rev. 58,

656 (1940).

Ta181(d,p)Ta182 - Kuan-Hén Sun, F. A. Pecjak, R. A. Charpie, J. F. Nechaj,

Phys. Rev. 78, 338 (1950).
19. Mey: |

208 _ &, L. Kelly and E. Segrs,

&

Phys. Rev. 75, 999 (1949). |
232 rs . 11238, 1 o } .
Th (d,fiss); US?°(d,fiss) - J. Jungerman and S. C. Wright, Phys. Rev. Ths

150 (1948).
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.lAL27(d,ap)Né2h; Alz?(d,apZn)Na22 _ A. C. Helmholz and J. M. Peterson, Phys. Rev.
73, 541 (1948). (Abstract)

Cu63’65(d,')2n63;:Cﬁ63’65(d, )Znéz;‘Cq63’65(d, )Ni; Cu63’65(d, )Co -
D. Bockhop, A. cé Helmholz, and J. M. Peterson, Phys. Rev. 74, 1559 (1948).
(Abstract) ; ’

cu83:65(4, W% ¢ 63,65(d, M3 0ub3:95(a, Yre?, Cu63,65(d, )Co 56
-Cu63’65(d, )Znéz; Cu63’65(d, )Zn63;'Cu63’65(d, )Cuéh - D. Bockhop, A. C.
Helmholz, S. D. Softky, J. W. Rose, and T. Breakey, Phys. Rev. 75, 1469 (1949).
(Abstract) |
cu83765(a, Ymd?; 0636500, S8, cub385(a, Jred?; a3 65, Yre®
ca83285(a, w157, cu®(a, 2p)N165, cu®3285(4, )ou 61;'cu63’65(d,,)cu6‘*;
cu®3285(a, 12n%?; cu®?2%(q, )zn®3 - F. 0. Bartell, A. C. Helmholz, S. D.
Softky, D.‘B; Stewart, University of California Radiation Laboratory Unclassified
Report. UCRL-757 (July, 1950).

© 195 Mev: |

¢12(d,dn)c!! - R. L. Thornton and R. W. Senseman, Phys. Rev. 72, 872 (1947).

B. Heliun Tons
5. ,Mevﬁ _ | |
F9(a,p)Ne22; F-2(a,n)Na?? - N. K. Saha, Z. Physik 110, 473 (1938).
A127(a,ﬁ)P30 - A. Szalay, Nature 141, 972 (1938).‘v
81%7(a,n)P30 _ 4. szalay, Z. Physik 112, 29 (1939).
6 Mev: | |
‘ Clz(a,n)N13 - W. Riezler, Naturwiss. 34, 157 (1947).
| 7 Mev:

‘\Ia23(a,n)A126 Pl(a,n)013% - H. Brandt, z. Physik 108, 726 (1938).
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L 999 (19h9)
ﬁ:Th232(a,flss), _23 (a,flss) - J. Jungerman and S. C. Wright, Phys. Rev. 74,
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9 Mev: .
L17(a,n)Blo ’6 Haxel. and E. Stuhllnger, 7. Physik 1, 178 (1939) .
B(a,n)N; Be9(a,n)c _ E. Stuklinger; Z. Physik 1Lk, 185 (1939).
Cu63(a,n)Ga 3 Cﬁés(a;n)Gaégq-'W. B. Mann, Phys. Rev. 52, 405 (1937).
20 Mev Mev‘ | |

105 4. L. Bradt

Rh1°3(a,n)Ag1°6 (25m), Rhl°3(a,n)Ag1°6 (8.24); Rh 3(a,2n)Ag
and D. J, Tendam, Phys. Rev. 72, 1117 (1947).
A lo9(a,n)in112' Aglog(a,Zn)Inlll - D. J. Tendam and H. L. Bradt, Phys. Rev. 72,

1118 (1947)

'§2 Mev.

31209(d32h)At211 ~ D. R. Corson, K. R. MacKenzie, and. E. Segrd, Phys. Rev. 58,

672 (1940).

37 Mev:

Inl*5(a n)Sb118 InllS( ,2n)Sb117 lls( ,3n)Sb116 - G. M. Temmer, Phys. Rev. 76,

424, 1002 (1949).

209(0,2n)At211 1% ,3n)At210,- E. L. Kelly and E. Segrd, Phys. Rev. 75,

150 (1948).
107( ¢,n)In 110, '107(A 111 110

' 10 .
109' O9(a,2n)1n ; Ag 9(a,3n)In -

,2n)In

S, N Ghoshal, Phys Rev. 73, hl7 (l9h8)

60( 62, 107( asn )I 107

,Zn')Zn H Nl (a,‘pn)Cu .,‘ A
10 1 0
,3 )I 108 Ag :9( l | l 9(
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b

Nléo(a,n)Zn (a;2n)In

107( 110

,2 )I 53n)In -5.. N‘ Ghoshal,
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380 Mev:
A12_7(a,a2pnl)Né.2[f'; "A127(a','2dn)jNa;_22?— A. C.-Helmholz a.hd J. M. Peterson, Phys. Rev.
73, 541 (1948).

-390 Mev:
¢*2(¢,an)c™ - R. L. Thornton and R. W. Senseman, Phys. Rev. 72, 872 (1947).

C. Protons

4 Mev:

- 0%€(p,n)F8 - L. A. DuBridge, S. W. Barnes, J. H. Buck, and C. V. Strain,
Phys. Rev. 53, 447 (1938).

5. Mev: .
07 107

Agl ‘(p, n)Cd - D. N. Kundu and M L. Pool, Bull Am. ths Soc. 25, No. 4,
11 (1950). (Abstract) |

5.7 Mev: N

Coalhg aell . o (1.

N**(p,a)C™" ~ W. H. Barkas, Phys. Rev, 56, 287 (1939).
- 6.6 Mev:
cr52(p,n)Mn52‘- A. Hemmendinger, Phys. Rev. 58, 929 (1940).

. 7 Mev Meﬁ'

- Pat%(p,n)ag % Pa(p,n)Ag (8d + 45d4) - T. Enns; Phys. Rev. 56, 872-(1939)'
- n181(p, n)Cu61 Ni h(p,n)Cuéh Cu63(p,n)2n63, zn® (p,n)Ga (Ps )Ag106

Ag1°7(p,n)0d1°7 caL4(p,n)Int ™ - V. F. Weisskopf and D. H. Ewing,

Phys. Rev.’ 57, L2 (1%0)
16 16 Mev:

Cu65(p,pn)Cu6A_7 J. R. Richardson and B. T. Wright, Phys. Rev. 70, 445 (1946).
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| 140 Mev:

- UCRL-848
- -Page £8

32 Me}'r: _ o
Cuég(P,n)Zn63; Cu63(;’>,2n)2r_1‘62'; Cué;)”(p.,pn)Cu62 - 5. N. Ghoshal, University of C

» Ca.lif-or_ni'a Radiation Labo ratory Unclassified Report UCRL-709 .Revised (July, 19 50) . !

\

. . | 11 |
Boric acid (p, ,)Cll; Clz(p,pn)C - W. W. Chupp and E. M. McMillan, Phys. Rev.

72, 873 (1947).

350 Mev:
Cl_2(1‘),13;’1)({1"L - Lee Aamodt, Vincent Peterson, and Robert Phillips, Phys. Rev. 78,

A\

87 (1950). (Abstract)
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