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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, Th232(p,3n)Pa23°, 

Th232(d,7n)Pa227 , Th232(a~p8n)Pa227 , Th232(a,p5n)Pa230, and u238(p,a8n)Pa
227

• 

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

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

for the reactions Th232( d,4n)Pa23°, u238(p,0.5n)Pa230, Th232(0., ?n)u
229

, and . 

Th232(0.,6n)u23°. 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 

nuclei. 

* Present address: Department of Chemistr.y, University of Michigan, 

Ann Arbor, Michigan. 
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HirE ENERGY EXCITATION FUNCTIONS IN THE HEAVY EEGION 

W. W. Meinke, G. C. Wick, and G. T. Seaborg 
Ra.dia:tion Laboratory, 'bepartm.ent of'Physi.cs 

.... ·· .. .. . . .......... ... . . . 11 

and Department .of Chemistry 
University of Caiif'ornia 

Berkeley~ California 
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In the past, investigations of excitation functions with the bombarding 

particles from relatively low energy accelerators1 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 region which is well beyond that of the 

binding energy of the individual nucleons. Excitation functions of a few light 

element reactions with high energy particles have been reported, 2 but those of 

heavy elements have not been investigated except for one determination by E. L. 

Kelly on the Bi209(a~2n)At211 reaction.3 

During the course of work· on the artificial collateral series4' 5 produced 

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

'1 See, for eXample, E. T. Clarke and J. W. Irvine, Jr., Phys. Rev. 69, 680 

(1946); E, L. Kelly and E. Segre, Phys. Rev. 75, 999 (1949); see also Appendix. 

2 See~ 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. M. McMillan, Phys. Rev. 72, 873 (1947); Bockhop, Helmholz, Softky, Rose, and 

Breakey, Phys. Rev. 75, 1469 (1949) abstr. 

3E. L. Kelly, University of California Radiation Laboratory Report UCRL-277 

(Jan., 1949). 

4Ghiorso, Meinke, an~ Seaborg, Phys. Rev. 74, 695 (1948). 

5Ibid., 75" 314 (1949). 
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cyclotron of the University of California Radiation Laboratory, we became inter-

·-ested in determining9 through excitation functions, the energies for maximum 

yield of certain nuclides produced by .spallation reactions. These preliminary 

experiments seemed to indicate that the transparency effect discussed by Serber6 

is important in spallation reactions involving the heavy elements. It was also 

apparent from these early experiments that there is -a definite trend toward lower 

absolute yields as more neutrons are eXpelled in the reaction leading to the 

product isotope. 

In view of the value.which excitation functions for heavy elements would 

have toward giving data to help in the understanding of high energy nu<?lear 

reactions, and also because of the relative ease with which the yield of the 

alpha-e~tting product nuclides can be quantitatively determined, it was decided 

to undertake the measurement of a n~~er 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,6n) and (d,7n) reactions, 

and reactions in which charged particles are emitted together with neutrons, so 

that it seemed possible to study in some detail the interplay between compound 

nucleus formation and transparency effects at relatively high energies. 

II , PROCEDURE 

·Stacked foils of 5-mil thorium (or uranium) ,metal with varying thicknesses of 

copper metal sandwiched between were bombarded with charged particles in the 

electrostatically deflected beam of the 184-inch frequency=modulated cyclotron. 

The first weighed foil intercepted the riearly full energy particles from the 

cyclotron (348-Mev protons~ 194=Mev deuterons, or 388-Mev helium ions) and 

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

6 
R. Serber9 Ph;>rs. Rev. 72~ 1114 (1947). 
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beam energy had been expended in the foil stack. The energy of particles im-

pinging on any one foil was determined by the use of range-energy relationships 

. . . 1 7,8 . . 
bet1-.reen the absorbing matenal and the partJ.c es. S:mce the decrease J.n 

energy of the high energy particles in passing through each 5-mil foil is 

relatively small~ the yields from such foils placed at selected points in a 

stack of copper absorbers define rather well a thin target (differential) exci-

tation function. 

In each case sixteen foils were placed at known energy posit~9ns in the 

stack. After bombardment the 0.4-gram thorium (or 0.7-gram uraniu,m) foils were 

removed and dissolved in portions of concentrated nitric acid (with ammonium 

fluosili~te in the case of thorium). The 38.3-min. Pa227 and the 17-day P~23° 

isotopes are well' suited for separation and characterization as reaction pro-

ducts. The element protactinium is very easily and cleanly separated chemically 

from all other a::j..pha-emi tters produced in the bombardments. This simple pro-

tactinium chemistry also lends itself to a mass production scheme which makes 

it possible to work up and have ready to count 16 bombarded thorium s·amples 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. 

7 Aron, Hoffman, and Williams, University of California Radiation Laboratory 

Report UCRL-121, 1st and 2nd revisions (1948, 1949); former also issued as U. S. 

Atomic Energy Commission Unclassified Document AECU-103 (Nov., 1948). 
8~ese range-energy values and the experimental yield for each absorber posi

tion, as obtained ih 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 (Augq 1947); also, J. Am. Chern. Soc. 72, 2948 (1950). 
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The protactinium was thus extracted as a complex ion into the-organic layer 

which was evaporated and flamed on thin, l-inch diameter platini.un plates. 

The alpha=particle activity was counted in a standard argon.,-filled ·ionization 

chamber in which the pulses from the electron collection were fed through a fast 

· . .r--· 
amplifier into a scale of 512 counting circuit. When it was necessary to count 

beta-particles~ an end window, alcohol-quenched, argon-filled Geiger counter tube 
. 2 

with a mica window ( ... 3 mg/cm ) was used in conjunction with a scale <;>f 64 counting 

circuit" 

Immediately after-bombardment and usually for about five hours thereafter

the 38.3-min, isotope Pa227 and its daughters present the predominant alpha-

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

weeksJ the only prominent alpha-activity is due to the u23° series growing from 

th~ Pa230 isotope. The radioactive purity of these samples was checked by 

alpha-particle decay measurements indicating the 38.3-min. decay· of the Pa227, 

and, after other protactinium isotopes had decayed out, by alpha ... particle pulse 

230 10 analysis for the U series. A· 48-channel alJila-particle pl}.lse analyzer 

equipped with a fast sample changing mechanism was used for the latter measure~ 

ments. The observed counting rates were corrected for decay or daughter growth, 

target weight, etc. 9 Converted to disintegrations per minute at the end of born-

bardment ~ and plot ted against the bombarding energy for each sample, thus giving .,, 

the excitation function for the particular reaction studied. 

Absolute chemical yields were not determined, but since all samples in a run 

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

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

10see~ Ghiorso ~ Jaffey, Robi_nsonJ and Weissbourd, National Nuclear Energy 

Series, Plutonium Project Record, Vol. l4B, 11 The Transuranium Elements~ Research 

'" -8 . . Papers, 11 Paper No.~ (McGraw-Hill Book Co., Inc., New York, 1949). 
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The calculated energy values used for these excitation functions are only approxi-

mat.e, particularly at the lower end of the energy scale~ because of beam strag-

gling and the spread in initial energy of the particles in the 184-inch cyclotron 

as discussed more fully later. Consequently, While maximum yield and threshold 

energy values observed from the experimental curves may be considerably in error 

on the absolute energy scale, they should be significant when considered in 

relation to the rest of the excitation function curve. 

"The experimental techniques used in the work are discussed more thoroughly 

in a later section (Section V). 

. III. RESULTS 

Excitation functions were obtained for the (p,6n) and {p,3n) reactions on 

thorium, the ( p~a.8n) and ( p,a5n) reactions on uranium, the (d, 7n) and (d,4n) 

reactions on thorilun~ and the (a,p8n) and (a.,p5n) reactions on thorium as well 

as rough dat.a for some (a,xn) reactions on thorium. The bombardments were usually 

of· about 90-minutes duration and the plotted disintegration rates are corrected 
'. 

for,. decay ·back to the end of the bombardment. Usually at least two runs were 

made f6r each reaction. The data are presented graphically for most cases and 

discussed individually" for each of the reactions in the following sections. The 

yields below the thresholds are due to the fact that a few particles of high. 

energy reach the target by coming in through the side of the stack of absorber 

foils. 

A. Protons 

1. Th232(p 2 6n)Pa227 .~~ The results of two different bombardments in which 

this reaction was studied are plotted in Fig. L The points fall on a smooth 

curve whose maximum rises a factor of almost 20 above the yield value at full 

energy {348 Mev) o The range of the protons is sufficiently great to make necessary 
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Fig. L Excitation function for the Th232(p,6n):Pa227 

reaction. Circles re·present Run I; crosses, Run II. (The 

apparent yield below the threshold energy shown in this anci 

following figures is due to a smal1 fraction of the incident 

beam striking the stack of foils from the side.) 

.,. 
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thE;l .proper corrections for nuclear absorption and these have been made as d~scribed 

la.ter (Section V-B). The curve is not drawn through the point at 81 Mev even 

thoug~ this point would appear to be at the peak of the excitation function. 

When coUnted later for u23°, this sample gave a yield value which was definitely 

4isplaced from the curve for the ( p,3n) reactia.n (see Fig. 3). Possibly some 

error in aliquot 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. 

It can pe seen that on the high energy side of the peak another mode of reaction 

beoomes apparent and is superimposed on a somewhat symmetrical peak. 

A si,pgle experiment in which the collimated external proton beam was used 

gave a va1ue of about 2.5 x lo-3 barns as the absolute cross section for this 

reaction at full energy (348 Mev). The experimental details are given later. 

From this cross section value we see that the cross section at the peak of the 

curve shoUld qe about 5 x 10-2 barns. Because of the questionable chemical yield 

discussed later on, this can only be considered the maximum value for the cross 
._ , .,· , I 

se~t,ion, further experiments being necessary to establish the true value. It may 

be. poin~ed.out that the measured cross section at the peak is lower than the true 

maximum cross section, because of the energy spread effect. The di,scussion in section 

V-B,.~owever, shows that the correction involved is not large. Similarly 

small corrections apply also to the peak cross sections mentioned later. 

232 .. 230 . 232 230 2. Th (p,3n)Pa .-- The yield values for the reaction Th (p,3n)Pa 

are .. plotted in Fig. 3. Here again a factor of about 20 between the maximum yield 

anci the yield, at full energy is found. 

A very interesting .observation can be made from the curve.s for the (p 1 6n) 

and (p,Jn) reactions on thorium. Although the curves for the two reactions have 

a fi)imilar shape and a comparable 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 deterinination of the number of 

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



Fig. 2. Excitation function for the Th232(p, 6n)Pa227 

reaction on enlarged scale. Circles represent Run I; 

crosses, Run II. ,Absolute value of energy. scale not 

accurate (see text). 
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Fig. 3. Excitation functionfor the Th232(p,3n)Pa23° 

reaction. Circles represent Run I; crosses, Run r:r:. 
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.of about ten percent beta-decay branchin;1 for Pa23° and about 85 percent alpha

decaybranching4 for Pa227 were considered in the calculations. By using this 

-factor of five and the yield mentioned in the previous section, it follows that 

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

· react~on is about 0. 25 barns . 

3. u238(E,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 corrlitions as the thorium foil. The results of these uranium bombard-

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

.,to 9-evelop ·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 ao define a 

very broad peak near the high energy portion of the curve. 

4. u238(E,a.5n)Pa23° .- Too little activity was available from the reaction 

u238(p,a.5n)Pa23° 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 low energy side of the (p,a.8n) curve. The ratio of yields for 

the· two reactions ~t the peaks of their excitation functions is about six or seven 

in favor of, the (p,a.5n) 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 

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

11M. 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,~8n)Pa227 

reaction. Circles represent Run I; crosses~ Run II; and 

deltas, part of Run III. 
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is about 2.5 em in copper, and although the nuclear absorption has not been 

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 roughly equal to that of the proton beam. 
' . . 

1. Th232( d, 7n)Pa227 .-. .:. .The 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 the same methods 

as for the (p,6n) reaction, absolute cross section determinations for this reaction, 

were made. The average of values obtained with full energy deuterons is 2.3 x 10-3 

barns, making the cross section at the peak of the curve about 1.8 x 10~2 barns. 

These values are probably accurate to within 15 percent. 

2. Th232(d,4n)Pa2J0 .-- In these thoFium.bqmbardments unfortunately) the 

energy values wr~ch were chosen so as to obtain an .outline of the peak for the 

(d,7n) excitation function, are not ruitable to outline completely the peak of 

the curve for the reaction Th232(d,4n)Pa.23°. The position of the points makes 

it possible to observe only the high energy slope of this peak. From these 

experimental points, however, we can set a lower limit of about four for the 

ratio of total atoms Pa23°/Pa227 formed at the peaks of the yield functions. 

:3. Th232(d, 7n)Pa227_, Al27 { d,~p)Na24, and c12( d,n)N13 .-- In an effort to 

deterriP.ne 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,a.p) reaction on aluminum12 

and the (d,n) reaction ort carbon13 had ,been previously studied at low energies 

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

1~. T. Clarkes Phys. Rev. 71,187 (1947). 

l3H. W. Newson, Phys. Rev. 51, 620 (1937). 
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Fig. 5. Excitation function for the Th232(d,7n)Pa227 

. 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)Pa227 

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 184-inch cyclotron might establish a low energy 

anchor point for the excitation function energy scale. Fig, 7 presents the 

results of the simultaneous determination of these three excitation functions 

from a banbardment of one hour and forty-five minutes duration. In this case 

the abscissae are 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 separations were not needed in the case of the aluminum and polystyrene 

·targets. 

Unfortunately, straggling and the initial energy distribution of the deuteron 

beam makes an exact interpretation of these experimental threshold values diffi

cult. It can only be said that the difference in threshold between the c12(d,n)N13 

reaction (which occurs at about 2 Mev) and that of the reaction Th232(d,7n)Pa2~7 

amounts to about 1200 mg/cm2 of aluminum for the range of the deuteron, which 

corresponds 7 very :roughly to an energy of about 40 Mev for the threshold of the 

iatter reaction, 

C. Helium Ions 

The determinatiOI·~·of excitation functions from bombardments with helium 

ions is more diffi~~lt since the beam current in the 184-inch cyclotron is on:ly 

about one-tenth that obtained for protons and deuterons. In addition, for all 

reactions other .than the (a,xn) reactions, there is the possibility that deuteron 

' contamination of the helium-ion beam can produce the activity in q~estion by 

anothe.r more favorable reaction and consequently obscure the yield of the r.eaction 

under study. The (a,pxn) reactions producing protactinium isotopes from thorium 

were studied in bombardments in which a one-half inch stack of copper foils 

was required to absorb completely the helium-ion beam. A few experiments were · 

also made with the (a,xn) reactions. 
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.. 

Figo 7. Excitation functions for the Th232(d, 7n)Pa227, 

Al27(d 9 a.p)Na24, and c12(d,n)N13 reactions ob~ained in a single 

bombar~nent with 194-Mev deuterons reduced in energy by copper 

absorbers to 50 Mev (represented as 0 mg/cm2 Ai) . 

.. 
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1. Th232(a~p8n)Pa227.-- Fig. 8 shows the yield values for Pa227 obtained 

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

2. -Th232(a~p5nJPa23°.-- Fig. 9 shows a companion ~Qrve to the one above 

obtained for the (a,p5n) reaction in the same bombardment. In these (a,pxn) 

curves the peak yield for the (ajp5n) reaction is greater by a factor of about 

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

3. Th232(~,~L Reactions.-- Insufficient 20.8-day u23° or 58-min. u229 

alpha-activity was formed in bombardments of stacked foils with the electro

statically deflected beam to permit accurate determination of the (a,6n) or 

(a,?n) excitation functions. In addition, the chemical procedures required to 

obtain pure uranium samples from the bombarded,material were not adaptable to 

the mass production methods employed in the protactinium separations. Conse-

quently, 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 conditions of each 

bombardment as nearly equivalent as possible. These experiments indicate that 

the (a.,xn) excitation functions exhibit sharp peaks of about the same width 

as that of the peak in the yield curve for the (p,6n) reaction. The shape of 

the cu~e ~eyond the high energy side of the peak has not yet been determined. 

IV. DISCUSSION 

The data presented in the foregoing figures are unfortunately rather rough 

due to the difficulty of the experimental procedures and more especially to 

the unavoidable limitations placed by the spread of energy iri the particle 

beams delivered by the 184-inch cyclotron. Nevertheless, they give some inter-

esting and in some cases rather surprising information on the mechanism of 

nuclear reactions in which relatively large numbers of m:.cleons 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)Pa23° 

reaction. 
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Comparable information on such reactions has 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 

spread in energy of the protons, is some 25 Mev and should probably 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 

and that due to straggling is discussed briefly further on in Section V-B). 

This seems to indicate that even at energies as high as some 50 to 75 Mev, the 

mechanism of reaction involve.s the formation of a compound nucleus similar to 

that .which ,forms 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 nucleus is involved and perhaps is not to be expected in the case of the 

(p,6n) reaction with much lighter nuclei. The (p,3n) and the (d,7n) reactions, 

p;esented 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 transpa·rency does show up at the higher energies 

where appreciable yields of all three of these reactions are found. This can 

be explained by the mechanism discussed by Serber6 in which energies much smaller 

than the total energy of the incident projectile are obtained from it and uti

lized by the struck nucleus. This mechanism apparently becomes important at 

energies sufficiently high so that the collision time between the incident 

particle 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 

particle and an individual nucleon, and the amount of energy transferred 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 nucleus. 

As a consequence an appreciable fraction of struck nuclei are excited to a given 

epergy, say 50 to 75 Mev9 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,6n) and (d,7n). 

'rhe fact th~t 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 fac~ that the high energy deuteron has 

its energy d~vided between its two nucleons and is therefore better suited for 

the transfer of small amounts of energy to the struck nucleus than is the proton. 

It may be of some interest to make a more quantitative comparison between .. 

the observed peaks of the excitation curves for the (p,6n) and (d,7n) reactions 

and what "muld be predicted on the basis of the compound nucleus idea. 

When the excitation of the nucleus is as large as 50 Mev 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 

th·e corresponding probabilities in a rough way·. With 60-Mev excitation, for 

example, the nuclear temperature of a heavy nucleus like thorium is perhaps 

about 3 Mev, the Coulomb barrier Ec for emission of a prot¥>n is about 15 Mev. 

This means that the emission of a proton is at a disadvantage with respect to 

~E /T ~5 N I the emission of a neutron by a factor of the order of e c = e .. 1 150. 

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, .however, 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 cro.ss section for the ( p, 6n) and ( d, 7n) 

reaction; it is clear that at the energy corresponding to the peak a large 

fraction of the total cross section is devoted to fission. The over-all im-

portance of fission is no doubt increased by the fact that fission has a chance 

to compete with the (p,:xn) and (d-,:xn) processes at each successive evaporation 

of a neutron. Thus a possible, though ~rbitrar;y, interpretation of the results 

is obtained on the assumption of a constant ratio r between neutron width and 

fission width. The measured ratio of 5 between the heights of the Th(p,3n) and 

Th(p,6n) peaks, or what is about the same, between the areas under the two peaks, 

gives for ! the value 1/(5-l/3 - 1) which is close to unity, a result strikingly 

similar to those obtained from experiments at lower excitation energies. 

If the ratio £is constant, it is clear that the existence of fission will 

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

for a (p,xn) or (d,xn) process. The crude calculations described below are made, 

therefore, neglecting fission altogether. 

Othe.r interpretations are no doubt possible. One may assume, for example, 

that the probability of emission of a neutron increases much more rapidly, with 

increasing excitation energy, than fission probability. In this case fission 

competes with neutron emission only in the last stages of the evaporation 

·process, and the number of times such effective competition takes place is 

independent of the number of evaporation%. In this case the lower yield of 

the (p,6n) process, with respect to the (p,3n) process would be attributed to 

the increased fissionability of the nuclei present during the last stages of 

the evaporation process; this increased fissionability is expected owing to 
. . 1/2 . 

the decrease in the number of neutrons (increase of the Z/A ratio). 
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~'Je do not. think that the shape of the excltat.ion curve for, say 1 a (p,6n) 

process wiJ.l depend in critical manner ·on the assumed dependence of the fission 

probability on energ:~r., In v-ievt of the present unc:ert,ainty about that dependenceJ 

it would. not be vJot·th while to explore in detail the various possibilities. 

In the abctv<s=mentioned simple case, in whj_eh one may simply forget fission, 
.. 

the problem is {airly si.mple, We may assume that the probability distribution 

for thE> kinetic; ene:rp.:y ~:n of the n=th neutron is given appr-·oximately by a 

f{.a.JG·;ellian Ia."".;~ C e ~ f/Td€ 9 with a temperatw:'e T determined by the residual 

excitation o.f t,h.;.; nucleus after n=l. neutrons are emitted,. For <2. hea\.'Y nucleus 

where E is the excitation energy (T and E both in Mev), 

T'heoa.verage Yal·u.e and ID6'iin square deviation of € a.r.e then~ 

<,. \ 
= t ) ... / (l) 

For large va.lu.e:~ of E. the 1•1axwel1ie,n la>>J fails 9 find a far better approximation 

is given by Weisskopfus formula 

nucleus after the e';;-aporationo 
g 

Here E is the excitation energy after the neutron 

is emitted, E~ ~ E = B ~ E $ if B is the binding energy of the neutron which for 

simplicity we regard a:s independent of no It is easy to see that this modifica~ 

tion ca.n be approY..imately taken into account by using for the temperature T in 

Equation (l) the ternpera.t.ux"e evaluated for an excitation .E = Bs Le,, 

ml ~ ll,4 fE ·-· x'1'~l/:2" ' h~ k' th t t f' th t" -~ .... , J - ~ , JL o eo.~ roug lY spea l.ng . e emp1ara ure a, t.~! , e eva pora 1on 

Our pr.:~blem is~ of course~ to find the probability of emission of X 9 and 

no more than x n.eut.ronso 'I'his is given by P{x) = P(x+l) 9 whe!'·e P(x) is the 

probabilit.;r of emi:s~.ion of at leas.t x neutrons 9 or 9 in other words, the 

prob, abilit:7 tbat the first. x=l neutrons are emitted 1if"Ltb ensr2:ies E. E - ,, ~ 19 , 0 0 x~l 

satisfying the cond:itiorg 



E ~ (x=l) B ~ E 
0 1 E l > B X= 
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(2) 

where E
0 

is the initial excitation energy" This is the condition that there 

be enough energy left for the evaporation of at least another neutrono Knowing 

the probability distribution of f 1 , E2, ooo , we can estima~e the probability 

tha';:'. ( 2) is· satisfied" If "'/ = E 1 "~P E.2 + o •• + E.x=l, and f( Y( ) d 't(_ is the 

distribution law for 1 we have~ 

P(x) = 
. E -xB f 0 f(~ )d'Yl 

0 

(3) 

So we must first find f{ Y( ) o This is given by a very complicated integral, but 

we know from general theorems that if x is fairly large one can use 11 asymptotic 11 

laws~ such as the Gauss or the Poisson distribution law. Both laws involve 

only two arbitrary parameters~ which can be expressed in terms of the average 

value~ 

(4) 

and the mean square deviation 

.x-1 x-1 n-J 

o- 2 ~ (<yt =(~) )2
) '"2:- ~ E.n-(En))

2
) + ~ ~ ~(n=<'fn)H Em=<Em))) (5) 

n=l n~l m=l 

When the root-mean~square deviation 13' is small compared to ( 'Yl) the difference 

between the Gauss and the Poisson law is negligible, but the latter, 

( 6) 

(7) 

is preferable since Gauss 9 law extends to negative values of 'Yl_ 9 which are 

physically meaningless o Once the average values (4) and ( 5) are known 1 the 

exponent s is given by (7) and we can evaluate the integr'll (3) by means of 
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The main remaining difficulty is that the variables E
1

, f
2

, o o o are 

statistically dependent~ since the temperature for E2 depends on E1 , the 

temperature for E.
3 

depends on E
1

-r E:2 ~ etc.... The difficultyj however~ can 

be circumvented· by a re~~rrent procedurej in which use is made of the fact that 

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

we have 

where T is now the temperature for the emission of the x-th neutronj or according 

to our previous discussion~ 

(8) 

As a first approximation we may set ~ = ( ~ > in (8) and obtain a T( <~>) "' T1 

say. Then expanding (8) in powers of' the difference~- <1> ~ 

.,, 

Now to obtain <Ex) according to. Equation (l) we must take twice the average 

of (9). In this manner we obtain finallyg 

In a similar manner ·\v-e compute g 
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For instance in the last term~ we again use the fact that <Ex) is 2T( Yi ) 

averaged over ~ and write Ex- <E;) = fx -2T( ~ ) + 2T( ~ ) ~ <Ex > (12) 

Then~ 

The averaging can be done first over f;x for a given ~ 9 then over ~ , The first 

t,erm on the right of Equation (13) is zero 9 the second is evaluated expanding 

T( ~ ) as before" FJ.nally one gets~ 

' 
T2((){) )(Eo~xB=('())=2} (14) 

Equations (10) and (14) allow one to compute the average and standard deviation 

of ~ (which is Y) for x+ 1 neutrons) in terms of the same quanti ties for ''( , 
I. . 

rfhis recurrent scheme has been carried out for several values. of the excitation 

energy E
0 

o Then the probability of emission of x and only x neutrons was obtained 

in the maTh~er indicated above, The curves obtained~ Fig, 10~ show a striking. 

similarity with the (py6n) results, There is a slight displacement of the 

experimental ma:ximum towards higher energies (remember also that the excitation 

energy is the kinetic: energy) which is not very signi.ficant in view of the fact 

that the range=energy relation has not been gauged accurately, In fact.~ the 

lower value of the threshold obtained in the case of the (d~ 7n) reactions where 

a more accurate comparison was done may well indicate a small systematic error 

in the desired direction in the proton case, Otherw~se the general appearance 

and. in~sular the width of the curves are in fair agreement, 



· Figo lOo Probability of emission of x neutrons after 

capture of a proton" For deuterons decrease the energy' 

values by 4 Mev o 
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The excitation functions for the (u?p8n) and (u3p5n) reactions shown in 

Figs, 8 and 9 have very broad maxima as distinguished from the indicated sharp 

peaks and lower yields for the (a 9 6n) and (a 9 7n) excitation functions (the.data 

for which were discussed in Section II-C-3), There are two factors which rontri-

bute to this difference between the two types of reactions, Firstj in the (a~pxn) 

reaction the 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 factor is connected 

with the complex nature 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 (u~p:xn) ~eaction9 only one proton from the helium ion 

need be retained by the struck nucleus, The (u 9xn) reaction demands a retention 

of two protons and hence a much closer approach to the formation of a compound 

nucleus, 

The faster fall off in yield with increasing energy of the (a 9 p5n) compared 

to the (a 9 p8n) reaction is reasonable in view of the smaller energy requirement 

of the former, It is interesting to note that the excitation function for the 

(p,a8n) reaction sho1~ in Fig, 4 presents a broad peak at a position toward 

the full energy of the incident proton, This is undoubtedly connected with the 

potential barrier for the outgoing alpha-particle (or two protons)j which can 

use relatively large amounts of energy to advantage, 
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It is unfortune.te that the spread in energy of the bombarding particles 

is so great as to make it impossible to determine accurate threshold values 

for the various reactions o The rough result of about 40 Mev which was ob-

tained for the (d~?n) reaction by comparison with reactions of known threshold 

dettr-rnined w·ith precision with low energy particle accelerators as shown in 

Fig o 7 indicates an average bindin.g ·energy· of a bout 7 to 7 o 5 Mev per neutron o 

This is a very reasonable value and can probably be used to estimate thresholds 

for (d~Xl1) and (p,:xn) reactions in this regiono 

The excitation functions which have been determined in this work serve 

the very prac~tical purpose of making it possible to estimate the optimum energy 

for the product:l.on of the maximum specific activity for isotopes produced 

by these a.nd similar reactions o The results also suggest that in the case 

of (p,xn) and (d~m) reactions~ perhaps even when x is as large as 10~ the 

peaks are sufficiently sharp to make it possible to make isotopic assignments 

of new activities by measuri<~ their excitation functionso 

V. EXPERIMENTAL DETAILS 

With the Berkele;y~ ·l84~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 cyclotron to intercept the b~am at 
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any- desired radius from about 20 inches up to the full radius of 81 inches. At 

present it is possible to obtain an internal beam current of about one microampere 

of 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.,.. 

dews and led into an external "cave~" the external beam so produced has several 

advantages. Its energy definition is good (one~half to one percent spread); 

:Lt can be col lima ted to any desired shape and is very adaptable to experiments; 

it ca.n be made to intercept the center of a target foil; 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 sacrifice 

in beam current which for the proton or deuteron beam is reduced to 10=5 to 10~4 

microamperes. Th::i.s 9 except in rare cases~ is not enough to be very useful for 

chemical investigations of reacUons with cross sections of 10~2 barns or less. 

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

severe beam reduction by use of the electrostatically deflected beam.
14 . This 

beam is produced by applying a pulsed voltage to a deflector electrode as the 

internal beam pulse reaches its maximum orbit of 81 inches o The particles are 

pushed in from thelr ma.ximum orbit an:i when they pass the end of the 120° arc 

of the deflect.orj they again move in an orbit of radius close to 81 inches but 

\'11-ith center displaced so that the beam now intercepts the middle of a target at 

a distance flUID the center of about 83 inches. The particles can be maximized 

on a certain portion of the target by adjusting the amount of voltage applied 

to the deflectoro The reduction in intensity from that of the internal beam 

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

be tolerated. 

1'Towell~ Henrich 9 Kerns 9 Se1'11'ell9 and Thornton9 Rev, Sci. Instruments 19, 

506 {1948), 
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B, Methods of Varyi.'1g the Beam Energyi Calculations and Errors Involved 

A stra:l.ghtforwar4 method of running excitation function bombardments 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 radius, The only energy spread is that of the 

incident beam since no further energy spread or straggling is introduced by pas-

sage through a thick absorber stack, When the cross sectidn of the nuclear 

1~eaction being studied is low and/or the half~life or radiation characteristics 

of the product nucleus make it necessary to maximize the absolute yield of the 

product 9 the use of this method is clearly indj_cated, 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 

to bombard with each target foil a monitor foil Which undergoes some nuclear 

reaction for which an excitation function has previously been determinedo Examples 

of useful monitor reactions are c12(d 9 n)N139 Al27(d 9 a.p)Na24 and Al27(p,3pn)Na24
0 

Polystyrene foils are cornrnonly employed for the first reaction, 

The stacked foil technique has been used most frequently (see Appendix) o 

Weighed target foils either alone or separated by intermediate absorber foils 

of aluminum or copper can be used to reduce the beam energyo A variation of 

this method is the bombardment of a thick target followed by the successive 

milling off of thin layers and the determination of the yield in each layer, 

This method in either variation is best performed with the. deflected beam, 

The range~energy relationships calculated by the Theoretical Physics Group 

at the University of California Radiation Laboratory were used in the present 

work to convert from absorber thickness to energy of the transmitted particleso
8 

' ? These data have been published in graph1cal form.," 
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The following values were taken f'o:r the maximum particle energies and the 

corresponding ranges in copper~ 34B-Mev protons9 979250 mg/cm
2

; 194-Mev deuterons, 

·2 2 22 9 420 mg/cm ~ and 388-Mev helium ions 9 11 9 260 mg/cm . The total amount of 

absorber up to the middle of each foil was converted 9 for·convenience 9 to equi-

valent thickness (mg/cm2) of copper and after subtraction from the full range 

value the difference was used to determine the energy from the proper range-

energy relationship. 

In this work the materials in the beam included copper 9 thorium9 uranitun 9 

aluminum9 and polystyrene foils. Range-energy relationships? were available 

for all three particles in copper and aluminum and for protons in carbon (from 

which that for deuterons in carbon could be calculated). It is assumed that 

carbon atoms alone are responsible for the stopping power of the polystyrene. 

In order to obtain values for thorium and uranium the values given for lead were 

extrapolated-.by means of the relationship 9 Z/A x Range = Constant. This extra-

polation is sufficiently accurate for the present purpose s] .. nce the change in 

range is only about t,wo 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 copper equivalent 9 for example 9 of a 

certain amount of thorium was determined by calculating the ratio of the difference 

in range in thorium between the two energy values to that for copper and dividing 

the amount of thorium (mg/cm2) by this figure. 

There are two major uncertainties involved in the use of the stacked foil 

technique which tend to spread out a peak in an excitation function experiment~ 

par~icularly if the peak occurs at relatively low energies, First 9 there is 

the initial energy dlstribution of the beam, There is apparently an energy 

spread of up to three percent in t.he 184~inch cyclotron full energy internal 
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beam and electrostatically deflected beam9 and of about one percent in the ex-

ternal beam" When protons of initial maximum energy 348 Hev are reduced to 50 

Mev by coppe:r< absorbers 9 an initial spread of one percent in energy correspcmds 

to a spread of about 15 Mev~ and an initial three percent spread corresponds 

to about 50 Mev~ at the 50-Mev level. 

The other effect which contributes to the spreading out of ~he excitation 

function peaks so as to give falsely large widths 9 is the straggling of the 

particle beams" Calc:ulat.ion of the extent of this is possible_! a calculation 

indicating the straggling of' 348-Mev protons introduced by passage through 

copper has been made by W. Aron of the Theoretical Physics Group of the Radiation 

Laboratory. From his calculations it is seen that at 100 Ivlev~ the energy 11width11 

due to straggling is about 4o3 Mev9 while at 50 Mev it has increased to about 

7 o3 Mev" These figures represent root=mean square deviations o In order to com= 

pare them with the above figures for the initial ener~r distribution let us 

assu."'D.e 9 for instance~ that ·;re haYe to do with a square distribution law, i "eo 9 

eonstant intensity" within an interval of three percent width~ and zero outside, 

The standard de'ifiation in energy corresponding to this is 3 ol2=l/2 percent 

t:Jr Oo87 percent" When protons of initial maximum energy 3~J3 :t:-1ev a.re reduced to 

50 1JJ:ev by copper absorberss an initial deviation of Oo87 percent in energy 

corresponds to a final root-mean square deviation in energy of llol Mev which 

is slightly large:.."' than the effect of straggling at the 50~Mev leveL It must 

be remembered~ of course~ that the initial energy spread of t.he beam can vary 

. with the setting of the deflector~ so that data obtained from one experiment 

cannot be applied directly to another expe·riment 9 even though conditions were 

very much the same, 
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These two effects lead to peaks which are appreciably 1frlder than their true 

widths as illustrated by comparison of the results shown in Fig, 7 with those 

given for the same reactions as determined with machines which give low energy 

particles directly,12913 Another striking example of this comes from the work 

of E. L, Kelly who used the value of_388 Mev for the most probable maximum energy 

of the helium ion beam and roughly matched the peak energy on a Bi209(dj2n)At211 

excitation curve taken through the use of aluminum absorbers with the electro

statically deflected beam of the 184-inch cyclotron3 with a curve for the same 

reaction taken very carefully -with the 39 l"'ev external helium. ion beam of the 

60-inch Berkeley cyclotron,15 In these experiments the width of the peak at 

half maximum for the electrostatically deflected beam determination was about 

500 rng/cm2 of aluminum compared to about 116 mg/cm2 of aluminum on the 60-inch 

cyclotron, 

It is clear that 9 since the effect of straggling can be estimated theoreti-

callyl> and the relev-ant formulae are considered reliable~ comparisons like those 

just made can be used to estimate9 in a manner independent from other information 9 

the energy spread of the initial beam. A very good e~ple is the C(dl>n) 

reaction of Fig. '7, The excitation curve from low energy machines plotted on 

a range scale would consist of a sharp peak of negligible width, The effect 

of straggling transforms this into a gaussian peak with a standard deviation 
.< 

of 150 mg/cm2 of Ai (this is the range straggling fC?r reduction of a deuteron 

rfrom 190 Mev to practically zero energy), The actually observed peak has a 

standard deviation about 3/2 of that obtained from straggling alone, Thus the 

effects of straggling and initial energy distribution are comparable in good 

agreement with the previous estimate" 

15E, L. Kelly and E, Segr~y Phys, Revo 75Y 999 (1949). 
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Since the 348-Mev protons generated by the 184-inch cyclotron have a range 

of about 4o3 inches of copper9 thick copper absorbers were required to decrease 

the beam energy~ bet·vleen the thorium target foils. Because of this long range 9 

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 in energy but. is also attenuated, Rough correction factors for this 

effect were obtained from measurements made by V o Peterson of the Radiation 

Laboratory who mea.sured the amount of absorption of the proton beam in copper 

blocks of known thicknesso A plot of the data~ absorber thickness vso trans~ 

mission 9 shows an exponential dependence for the experimental arrangement used 9 

with a transmission of about Oo6 for 70 g/cm2 copper absorber 9 the data being 

good to about .20 percent o A correction for this nuclear absorption has been 

applied to the yield calculations for all of the sa.t11ples from proton bombard-

mentso No corrections were made in the case of the deuteron and helium bombard~ 

ments 9 where the ranges are so much less as to make the error introduced smallero 

Co Ex;eerimental Details in Use of the Three Beam Types 

L Internal Beam Bombardment.so== The small amount of u230 and u 229 alpha

activity produced by the Th232 (a.~6n) and Th232(o.~7n) reactions made it necessary 

to use the internal b earn for the determination of their exci ta.tion functions, 

Thin foils were mounted on the probe ani the beam energy determined by an ac= 

curate determination of the radius to the leading edge of the foiL The target 

thickness in each case was only a few percent of the total range of the incident 

particle so 
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Attempts were rrade to use the stacked foil technique in the internal beam~ 

but the runs were unsatisfactory since the variation of the angle of incidence 

of the internal beam served to spread out and falsify the peaks of the ... excitation 

functions studied, 

2, External Beam Measurementso-~ The reaction cross sections and product 

isotope decay characteristics were not favorable enough in the reactions studied 

here to permit use of the external beam except for absolute yield determinations 

in the two most favorable caseso These two were the reactions Th23 2(p~6n)Pa227 

and Th232(d~7n)Pa227 o Even here only a few thousand disintegrations of Pa227 

per minute at shutdmm were obtained from 40-mino bombardments of 5-mil thorium 

at full energyo In these experiments the current passing through the target 

was collected and measured in a Faraday cupo 

3o Electrostatically Deflected Beam Experimentso-m Most of the experiments 

were run in the electrostatically deflected beam with the use of the apparatus 

shown in Fig" lOo In this apparatus accurately weighed copper absorbers of 

various thicknesses with sides milled parallel to within Oo2 mils were employed 

to reduce the beam energyo As much as 4o3 inches of copper could be inserted 

to ensure complete stoppage of the most energetic beam (348=Mev protons)o 

The 5-mil target material in the form of 3/4 inch diameter metal discs was 

fastened by small pieces of scotch tape (l/4 inch to l/8 inch) to masks of 

5-mil copper and thus located 3/4 of an inch from the beam side edge and midway 

between top and bottom of the copper absorberso The copper on the beam side 

of the target material serves the very important function of reducing the 

background due to particles coming in from the side of the absorber stack to 

about one-hundredth (or less in some cases) of the maximum activity of the 

excitation curveo 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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The 1-:;1/2 inch thick copper collimator with the 3/4 inch collimating hole 

was used in front of the absorber stack to increase the definition in the 

deuteron and helium ion bombardments. It was possible to obtain reproducibly-, 

good results without it as sho\.rn by the proton bombardments in which it could 

not be used for lack of space. The use of the collimator 11/here possible actually 

increased the yields of activity by a factor of 20 or more; this results from 

the fact that the collimator, being grounded~ allows the beam current to be 

maxim~ized on the target foils themselves, rather than to strike haphazardly 

on the block of absorbers~ which ensures that the target foils are hit by the 

11hot spot 11 of the beam. 

Other details of the apparatus are designed to ensure the absorbers in the 

stack being held rigidly in place. 

'When the apparatus is assembled, the copper current-reading contact rests 

upon the absorber stack vmich is insulated from the rest of the apps.ratus both 

by the "DilectL11e 11 insulator tray and by pieces of mica between the stack and 

the absorber shield which is grounded to the absorber support. It is necessary 

to shield the absorber stack electrically from the external electrostatic ·fields 

vmich ~uld influence the current readings and the copper box is used for this 

purpose. This absorber shield is kept in position by t>vo screws on each end 

of the absorber Sl.lpport. The beam passes through a thin copper foil window 

in the shield; this window thickness being included in the range energy calcul~ 

ations. The entire apparatus fits onto th~ standard cyclotron probe head. 

Irrnnediately after bombardment ·the four centering screvm are loosened, the 

absorber shield removed with a pair of tongs by a small hook which is not 

shown on the drawing, the bolt on the absorber stack loosened, a small rod 

slipped through the tab holes in the masks, and the masks lifted free. The 
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taroget discs are removed from the masks in the chemical laborator.r and subjected 

to the chemic:al operations described below. 

To maximize the beam on the target~ it is possible to vary both the radius 

of the tar-get apparatus and the voltage on the deflector., Furthermore~ the 

entire tray of' absorbers can be raised or lowered to position the targets verti-

eally in the beam by loosening the wing nuts holding the absorber support as 

shown in the insert in the drawing., 

With this apparatus and sui table absorbersj it is possible to determine 

simultaneously as many as 16 points on an excitation curve (with a minimum inter-

val of 5 Mev betv:een p9ints for alpha bombardments and much less for deuteron 

and proton bombardments). 

D. Chemical Procedures for Protactiniwn 
and Uranium Separation 

The only essential requirement of the chemical procedure is that the amount 

of interfering radioactivity be reduced quickly to such a degre~ that the product 

isotopes of interest can be accurately measured through some characteristic 

radiation (in the present case by 'the alpha-particles of characteristic energy 

and half-life). However~ these are severe requirements when it is considered 

that (1) an exceedingly complex ffiixture of radioactivities is produced (2) up 

to 16 samples must be processed and counted before the short~lived activities 

(such as the 3go3-mino Pa227) have disappeared (3) the chemical yields must be 

reproducible (4) the final samples must be virtually weightless to permit 
\ 

accurate determination of the alpha~particle energy spectrumo 

The follo1rlng separation procedure based on the sol vent extraction of an 

organic complex ion of the element fulfilled the above conditions for protactiniumo 

. 16 
Stud1.er~ Hagemannj Hyde and others were the first to apply to bcmba.rdment 

lt.. 
vStudier~ Hagemann~ Jro~ and Hyde~ unpublished work (1945). 
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chemistry the fact that protactinium forms a complex w'ith the ~=diketone thenoyl

trifluoroacetone9 (TTA) which is soluble iri benzene and other organic solvents 

and may be ex':.racted from a strongly acidic aqueous solution o Many other efements 

·form solvent ext.rac.table TTA complexes but no other alpha-particle emitt.ing 

element except protactinium 11dll extract from strongly acidic: solutiono 

. 17 ' In the chemic:aJ.. procedure ' each thorium (·"Oo4 gram) or uranium (""Oo 7 g:ram) 

disc ivas dissolved in a 125 ml Phillips beaker with 10 ml. concentrated nitric acid 

and~ in the c:asr::: of thorimn~ one drop of Oo2M anmonium fluosilicate solution.: 

'The solution wa,s heated gently on a. hot plate. until the reaction started. The 

solution was diluGed with 10 rnl of water and transferred into a separatory funnel 

(consisting of' a 40 ml calibrated centrifuge cone with a stopcock sealed to the 

bottom). The mass production arrangement is shown in Fig, lL Ten ml of 0.~ 

t.henoyltrifluoroacetone (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 layer (containing the 

protactinium) evaporated on a platinum disc:~ ignited to destroy the organic 

matter and form a weightless film~ and counted for gross alpha-disintegration 

rateo The evaporations were made ca.rei'ully to prevent loss of protactinium 

which was especially necessary in the case of the uranium bombardments" Fig. 12 

shows the apparatus for t,he simultaneous evaporation of 16 samples. The 1/4 

inch washers shown were used to raise the platinum. discs above the surface of 

the hot plate and. thus allow loading of as much as 1 ml of the benzene solution 

at a. time. It has been possible· to start counting the samples from a run of 

16 foils as ea.rly as 110 minutes after the end of bombardment o This protactinium 

1 ?l.r T.r M ~ . k .· U .., 
'~ • v~ 0 _e ... n -6 ~ • OJ " Atomic Energy Commission Declassified Documents 

AECD=2?38 (Aug,., 1949) and AECD,~2750 (July-Aug"~ 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-rnl samples on platinum plates. 
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procedure worked smoothly when applied to thorium targets,· somewhat erratically 

but still for the most· part consistently when applied to uranium targets. 

The chemical yields of the runs reported in this paper are consistent among 

themselves to within five to ten percent, but the absolute chemical yield has 

in most cases been left undetermined.. It is known that the majority of the 

protactiniw~ is extracted in t~e one equilibration with TTA-benzene solution. 

The absolute cross sections for the reactions Th232(p,6n)Pa227 and 

232 7 . ' 
Th · (p, 7n)Pa22 were determined for runs made with the external beam as mentioned 

previously. In these runs the chemical yield of protactinium was determined 

with the use of Pa231 tracer. Precautions were taken to eliminate the uncer

tainties frequently ~ncountered in the exchange of Pa231 tracer because of un~ 

known ionic or colloidal species formed on starrling in aqueous solutions partie-

ularly of low acidity, but it is not certain that this was accomplished success-

fully. Therefore; the absolute yields reported are subject to some question. 

The efforts to develop a uranium purification procedure for the Th(a,xn)U 

studies were not v ~ry satisfactory. An ether extraction procedure of the type 

described 'qy Newton18 suggested itself as a very promising starting point, but 

in attempting to reduce this to a minimum-step procedure suitable for the simul

taneous processing of 16 samples with enough spe~d to detect a one-hour half-

life,difficulties developed. Some success in removing all extraneous activities 

from a uraniUII). fraction was attained with a more lengthy procedure similar to· 

that devised by Crarte.17 It involves precipitation of the uranium on lanthanum 

hydroxide, followed by dissolution and removal of impurities by zirconium iodate 

precipitations from the uranyl solution, in addition to the ether extractions. 

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

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

18 ' 
A. S. Newton, Phys. Rev. 75, 209 (1949). 
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The alpha-'particle emission rate ·of the samples was determined in an ordinary 

argon ionization' chamber in which 50-52 percent of the particles are detected. 

A standard· scale of 512 scaling circuit was used and the measured counting ~ates 

were such that coincidence corrections were not necessary. The decay of the 

emission rate was followed to identify the half-life in question. Appropri~te 

allowance-was made for the contribution of daughters to the gross aytivities in 

calculating the true counting rate of the parent itself. 

In many cases it was necessary to subject the samples to alpha pulse analysis 

10 
with the 48-channel differential pulse analyzer. Pulse analysis was especially 

important in determining the amount· of beta-particle emitting Pa23° by measure

ment of the amount of the alpha-emitting u23° daughter present several weeks 

after bombardment. The amount of Pa230 initially present was calculated by means 

of the appropriate daughter growth equation and decay constants, 19 allowing for 

; . . ... . 230 
the ten percent branch;mg decay of Pa by negative beta-particle emission 

reported by Studier and Bruehlma.n.
11 

In the experiments in which the beta-particle emission rate of the poly-

styrene and aluminum targets were measured, an end-window, bell-type Geiger tube 

filled With a 9 em argon and 1 em ethyl alcohol gas mixture was e~ployed. The 

th~ckriess .. of the mica window was 3 mg/cm2. Samples were placed 7.0 em below 

the' counter window, where a geometrical counting yield of 1.7 percent obtains. 

A scale of 64 scaling circuit was used· and a coincidence correction of 1. 2 

per9ent per thousand pulses per minute was applied to all counting rates. 

Allof 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 

19 . . . 
M. H. Studier and E. K. Hyde:, Phys. Rev. 74, 591 (1948). 
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question (i.e., the gross counting rates have beert corrected for activity due 

to the daughter: isotopes). The relative yields were normalized to 0.4 gram 

thorium., o. 7 gram uranium, 0.1 gram aluminum, or 0.04 gram polystyrene. In 

those cas~s where more than one run on a certain reaction was made, the one 

that was considered most accurate or more consistent was taken as a standard 

and the ~elds of the other runs normalized to it. In one of the runs on the 

Th232(d, ?n). reaction a.· mistake was apparently made in tabulating the absorbers, 

in which one absorber was overlooked, and the results without correction gave 

a plot with the peak shifted about 12 Mev. In this case the error in tabulation 

was assumed and the corresponding correction \'las made in plotting the data in 

Fig. 5. 
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UCRL-868 
Page 62. 

27- 28 - - -Al (d,p)Al - E.M,McMillan and E. 0. Lawrence, Phys. Rev .. 47, 343 (1935). 

(Historically the first use of the stacked foil technique with a_ccelerated 

particles.) 

2.8 Mev: 

cl2(d,n)NJ-3- C. L. Bailey, M~ Phillips, and J, H. Williams, Phys. Rev. 62, 

80 (1942). 

3.5 Mev~ 

Mg26(d,p)Mg27; Mg26(d,a)Na24- M. C. Henderson; Phys. Rev. 48, 855 (1935). 

Na23(d,p)Na24~ Al27(d,p)Al28 ; Si3°(d,p)si31 ; cu63(d,p)Cu64- E. 0. Lawrence, 

_EM. McMillan, and:R. L. Thornton, Phys. Rev. 48, 493 (1935). 

,..12 13. __ 14 '15.- i6 ) 17 -
v (d,n)N , W (d,n)O , 0 (d,n F -H. W. Newson, Phys. Rev. 48, 790 (1935). 

5 Mev: 

cl~2(d,n)N13; N14(d,n)o15; o16(d,.n)F17 - H. W. Newson, Phys. Rev. 51, 620 (1937). 

40 ) u - c· ) A (d,p A - A. H. Sn~ll, Phys. Rev. 49, 555 1936 . 

" 60 ) 61 Ni (d,n Cu - R. L. Thornton, Phys. Rev. 51, 893 (1937). 

63 64 Cu (d,p)Cu - s. N. Van Voorhis, Phys. Rev. 50, 895 (1936). 

6 Mev: 

Pdl08(d,p)Pd109; Pd110(d,n)Ag
111

- J.D. Kraus and J. M. Cork, Phys. Rev. 52, 

763 (1937). 

Al27 (d,p)Al28 ; Si3°(d,p)Si31 - W. Riezler, Naturwiss. 34, 157 (1947). 
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54( ) ' 55 . 6 ( ) Fe d,n Co - ,J. M. Col:'k .and B. R. Curtis, Phys. Rev. 55, 12 4 1939 . 

Pb206(d,2n)Bi206; Pb208(d,p)Pb209- K. Fajans 'and A. F. Voigt, Phys. Rev. 60, 

619 (1941). 

u23f3(d,p)u239- N. Feather and R. S. Krishnan, Proc. Camb. Phil. Soc. 43, 267 (1947). 

Th232(d,fi.ss); u238(d,fiss) -D. H. T. Gant and R. S. Krishnan, Proc. Roy. Soc. 

London Al78, 474 (1941). 

Bi209(d,n)Po21°; Bi209(d,p)Bi210 - D. G. Hurst, R. Latham, and W. B. Lewis, 

Proc. Roy. Soc. London Al74, 126 (1940). 

Th232(d,fiss); u238(d,fiss)- I. C. Jacobsen and N. 0. Lassen, Phys. Rev. 58, 

867 (1940). 

Ag107(d,p2n)Ag106 • R. S. Krishnan and T. E. Banks, Nature 145, 777 (1940). 

F19(d,H3)F18 - R. s. Krishnan, Nature 148, 407 (1941). 

Agl07(d,p)A;.os; AglQ7(d,H3)Agl06; Agl07(d,2n)Cdl07; Agl09(d,2n)Cdl09-

R. S. Krishnan, Proc. Camb. Phil. Soc. 36, 500 (1.940). 

Aul97(d,p),Al:ll98; Au197(d,2n)Hgl97.- R. S. Krishnan, Proc. Camb. Phil. Soc. 37, 

186. (1941). 

cu63(d,p)cu64.; cu63(d,H3)cu62; Sb121(d,p)Sb122; Sb121(d,H3)sb120 - R. s. Krishnan 

and T. E. Banks, Proc. Camb. Phil. Soc. 37, 317 (1941)~ 

Ptl96(d,p)Pt197; Pt198(d,p)Ptl99.-R. S. KrishnanandE. A. Nahum, Proc. Camb. 

Phil. Soc·. Jl, 422 (1941). 

Aul97(d,p)Aul98; Aul97(d,2n)Hgl97; Tl205(d,p)Tl206; Tl205(d, 2n)Pb205; 

Pb208(d,p)Pb209 ; Bi2~9(d,p)Bi210 ; Bi209(d,n)Po210 ; Th232(d,p)Th233 -

R. S. Krishnan and E. A. Nahum, Proc. Roy. Soc. London Al80, 333 (1942). 

Bi209(d,p)Bi210 ; Bi209(d,n)Po210 - H. E. Tatel and J. M. Cork, Phys. Rev. 71, 

159 (1947). 



.. 

,_; 

10 Mev: 

UCRL-86S 
Page 64 

Bi209(d,p)Bi210; Bi209(d,n)Po210 - J. M. Cork, J. Halpern, and H. Tatel, 

Phys. Rev. 57, 371 (1940). 

Fe54(d,n)co55 ; Fe54(d,a.)Mn52 .:., J. M. Cork am J. Halpern, Phys. Rev. 57, 667 (1940). 

Agl07(d,2n)Cd107 - D. N. Kundu and M. L. Pool, Bull. Am~ Phys. Soc .. 25, No. 4, 

11 (1950). (Abstract) 

11 Mev: 

Be9(d,p)Be
10

- E. M. McMillan, Phys. Rev. 72, 591 (1947). 

14 Mev: 

Na23(d,p)Na24; Br81(d,p)Br82; Br79(d,2n)Kr79 - E. T. Clarke and J. irJ. Irvine, Jr., 

Phys. Rev .• 66, 231 (1944). 

Mg24( d,a.)Na22; Mg26( d,a.)Na24; Cu 63 ( d, p)Cu64; Cu 65(d~,a.)Ni 63
; Cu 63 ( d, 2n)Zn 63 ; 

65 65 Cu (d,2n)Zn -E. T. Clarke·and J. W. ;I:rvine, Jr., Phys. Rev. 69,680 (1946). 

Al27(d~pa.)Na24 - E. T. Clarke, Phys. Rev. 71, _187 (1947). 

1.5 Mev: 

Bi209(d,p)Bi210 ; Bi209(d,n)Po210 - J. M. Cork, Phys. Rev. 70, 563 (1946). 

Cu63(d,p)Cu64; Cu63(d,2n)zn63 - R. S. Livingston and B. T. Wright, Phys. Rev. 58, 

656 (1940). 

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

Phys. Rev. 78, 338 (1950). 

19 Mev: 

Bi209(d,p)RaE, Bi209(d,n)Po210 , Bi209(d,3rt)Po208 - E. L. Kelly and E. Segr~, 

Phys. Rev. 75, 999 (1949). 
... 

Th-232(d,fiss); u238(d,fiss)- J. Jungerman and S.C. Wright, Phys. Rev. 74, 

150 (1948). 
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Al27(d,~p)Na24; Al27(d,~p2n)Na22 - A. C. Helmholz and J. M. Peterson, Phys. Rev • 

12.' 541 (1948). (Abstract) 

cu63, 65(d, )zn63; Cu6J, 65(d, )zn62 ; Cu63, 65(d, )Ni; Cu63, 65(d, )Co -

D. Bockhop, A. C. Helmholz, and J. M. Peterson, Phys. Rev. 74, 1559 (1948). 

(Abstract) 

Cu63,65(d, )Mn52; Cu63,65(d, )Mn56; Cu63,65(d, )Fe59; Cu63,65(d, )Co56; 

. Cu63,65(d, )zn62; t:u63, 65(d, )zn63; cu63, 65(d, )cu64 - D. Bockhop, A. C. 

Helmholz, S.D. ~oftky, J. W. Rose, and T. Breakey, Phys. Rev. 75, 1469 (1949). 

(Abstract) 

Cu63~65(d, )Mn52; Cu63,65(d, )¥m56; Cu63,65(d, )Fe52; Cu63,65(d, )Fe59; 

cu63' 65(d, )Ni57 ; Cu 65( d, 2p)Ni 65; Cu q3, 65( d, )Cu 61 ; Gu 63 ' 6\ d, . )Cu 64; 

63,65( ') 62. 6},65( ) 63 . . . 1 Cu d,. Zn , Cu d, Zn -F. 0. Bartell, A. C. Helmho z, S.D. 

Softky, D. B. Stewart, University of California Radiation Laboratory Unclassified 

Report.UCRL-757 (July, 19.50). 

195 Mev: 

c12(d,dn)c11 - R. L. Thornton and R. W. Senseman, Fhys. Rev. 72, 872 (1947). 

B. Helium Io_l!!?, 

5.3 Mev: 

F19c~·,p)Ne22 ; F
19(a,n)Na22 - N. K. Saha, z. Physik 110, 473 (1938). 

27 . 30 
Al (a,n)P - A. Szalay, Nature 141, 972 (1938). 

Al27c~,n)P3°- A. Szalay, z. Physik 112, 29 (1939). 

6 Mev: 

c12(a,n)w!3 ~ W. ~iezler, Naturwiss. 34, 157 (1947). 

7 Mev: 

Na23(a,n)Al26 ; p31 (a,n)Cl34- H. Brandt, z. Physik 108, 726 (1938). 
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, .... 

9·Mev: 
..... 

7 . 10 ...... · .. . 
Li (a,n)B - o." ·HaxeLand :B:• stuh~inger; z. Physik 114, 178 (1939) . 

B(a,n)N; Be9(a~·n.)c12 - E. Stuhlinger, z. Physik 114, 185 (1939). 

11 Mev: 

Cu63(a;n)Ga.66; cu65(a;n)Ga68'- W. B. Mann, Phys. Rev. 52, 405 (1937). 

20Mev: 

UCRL-868 
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Rh103(a,n)Agl,06 (25m); Rh103(a,n)Ag106 (8.2d); Rh103(a,2n)Ag105 - H. L. Bradt 

and D. J, Tendam, J?hys. Rev. 72, 1117' (1947). 
·. - . 

Agl09(o.,n)In112; Ag109(a.,2n)In111 - D. J. Tendam and H. L. Bradt, Phys. Rev. 72, 

1118 (1947). 

32 Mev: 

Bi209(a,2n)At211 .... D. R. Corson, K. R. Ma·cKenzie,. and E. Segr~, Phys. Rev. 58, 

672 (1940). 

· 17: Mev: 

Inll5(a,n)Sb118; In115(a,2n)Sb117; In115(a,3n)Sb116 - G. M. Temmer, Phys. Rev. 76, 

424, 1002 (1949). 

?8 Mev: 

Bi209('a 12tt)At211 ; Bi209(a,3n)At210 - E. L. Kelly and E. Segr~, Phys. Rev. 75, 

999, {1949). 

· ... Th23.2(a,ffss); u238(a,fiss)- J. Jung~z:l}!anand S.c. Wright, Phys. Rev. 74, 

150 (1948). 

Agl07(c.i.,n)Inl,l0; Agl07(a,2n)Inl09; Al09(a,2n)Inlll; Agl09(a,3n)Inll0-

s. ·N.·Ghoshal, Phys.- Rev. :a, 417 (1948) • 

. 60( ') 63 . 60(· . ) 62 . 60( '.. ) 62 107( ) .110 107( ) 109 NJ,. · a,n Zn ; N1. ·a,2n Zn ; ~Nl. a,pn Cu ; Ag. · a;.n In ; Ag a,2n In ; 

107 . 108 109 ' 111 .109 . . . 110 . . 
Ag (a,3n)In ; Ag (a,2n)In ; Ag · (a,·3n)In - :s. N. Ghosh~l, 

University of California Radiation L'aboratory Unclassified Report UCRL-709. 

Revised (Ju~y,l9$0). 
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380 Mev: 
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27 . 24 .·· 27 . . • ·. 22 
A1 (a.,a.2ph)Na ; A1 (a.,2a.n)Na . - A. C. Helmho1z and J. M. Peterson, Phys. Rev • 

11, 541· (194$). 

· 390 }1ev: 

. c12(u:,a.n)c
11 

- R. L. Thornton and R. W. Senseman, Phys. -Rev. 72, 872 (1947). 

G. Protons 

· 4 Mev: 

18( ) 18 . ' 0 p,n F ~L.A. DuBridge, S. W. Barnes, J. H. -Buck, and C. V. Strain, 

Phys. Rev. 53, 447 ·(1938). 
"""'"l' 

5.Mev: ·'· 

A~07(p,n)cci107 - D. N. Kundu and M. L. Pool, Bull. Am. Phys. Soc. 25, No. 4, 

11 (1950). (Abstract) 

5.7 Mev: 

14( ) 11 ' 6 ( ) N p,a. C .. W. H. Barkas, Phys. Rev • .2_, 287 1939 • 

6.6 Mev: 

Cr52(p,n)Mn52 - A. Hemmendinger~ Phys. Rev. 58, 929 (1940). 

7 Mev: 

Pd106(p,n)Ag106; Pd(p,n)Ag .(Sd + 45d) - T. Enns; Phys. Rev. 56, 872· (1939). 

Ni 61(p,n)cu6\ Ni64(p,n)cu64; cu63(p,n)zri63; Zn 
6~(.p,n)Ga 68 ; Pd106(p,n)Ag106; 

A~07(p,n)Cd107 ; Cd114(p,ri)In
114 

- V. F. Weisskopf and D. H. Ewing, 

Phys. Rev. 57, 472 (1940). 

16 1-fev: 

,J'o Cu65(p,pn)cu64- J. R. Richardson and B. T. ·wright, Phys. Rev. J2., 445 (1946). · 
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32 Mev: 

UCRL-868 
J;>age68 

63( ) 63 63( ' . ) . 62 63( ) 62 ' . . . Cu p,n Zn ; Cu p,2nZn ; Cu p,pn Cu - S. N. Ghoshal, University of 

California Radiation Laboratory Unclassified .Report UCRL-709 .Revised (July, 1950). 

140 Mev: 

11 12 11 
Boric acid (p, )C ; C (p,pn)C - W. W. Chupp and E. M. McMillan, Phys. Rev. 

72, 873 (1947). 

350 Mev: 

cl2(p,pp)c11 - Lee Aamodt, Vincent Peterson, and Robert Phillips, Phys. Rev. 78, 

87 (1950). (Abstract) 

\ 
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