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ABSTRACT 

A radiochemical study is presented of the reactions of helium 

ions of energies less than 48 Mev with u238 to produce the spallation 

products u237, u239, Np238 , and Pu238 • A search for the product of an 

(a,2p) reaction, u240 , was unsuccessful. The (a,an), (a,2pn), and 

(a,p3n) reactions are discussed in terms of direct-interaction mechanisms, 

while the (a,4n) reaction appears to be typical of the well-known compound

nucleus process. 

Calculated values of rn/ r t for the plutonium isotopes 239 through 

242 based on the experimental cross sections of the (a,4n) reaction are 

given. On the basis of these values; theoretical"excita:tion~£unctions are 

constructed for the (a,n; 2n; 3n) reactions of u238 
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Radiation Laboratory and Department of Chemistry 
. University of California, Berkeley, California 

February 1958 

Io INTRODUCTION 

A. Direct-Interaction and Compound-Nucleus .Mechanisms 

During the past few years many investigations of nuclear re

actions induced by particles naving energies in the region of 50 Mev or 

less have shown the importance of mechanisms of the direct-interaction 

type in contrast to a mechanism involving the formation of an excited 
1-4 

compound system with subsequent particle evaporation. As early as 

194o it was suspected that fn the low-energy region an inelastic collision 

could take place without the formation of a true compound nucleus. 5 Thus, 

if a helium ion could enter a target nucleus without being immediately 

dissolved, compound-nucleus formation might not be as probable as it was 

supposed when Bohr6 first presented his theory. Experimental cross 

sections for the emission of alpha particles and protons from reactions 

of 14-Mev neutrons with medium-weight elements were found to be larger 

than those predicted by statistical-theory calculations. 7 Another pro

posal, on the basis of experiment, was that the probability for the 

formation of a compound nucleus by an incident particle is somewhat less 

than unity at energies greater than 20 Mev. 8 

At first it was thought that the lack of agreement between theory 

and experiment might be a result of slight errors in. the formulas used 

for statistical predictions. However, an investigation in the medium

weight elements of (p,pn) and (p,an) reaction~ showed that if a compound

nucleus reaction were assumed, the observed high yield of emitted charged 

particles could not be accounteq for by difficulty with the level-density 

formulas or a lowering of Coulomb barriers due to oscillations of the 

c.Ompound nucleus. 9 Direct-interaction mechanisms were assumed responsible 
' 
for the discrepancies in all the experiments mentioned above. 
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In most· cases~·· direct 'interac-t;ioris seem to be the dominating 

mechanism for the ~~issiori'of charged particles. For the heavy-element 

region, evaporation of protons· from aJ1 excited nucleus is hindered by 

the Coulomb barrier. ThusJ> neutron• emission andjor fission are found to 

be the most probable decay channels ·of a nucleus excited by compound

nucleus formation. Direct interactions shall refer to non-compound

nucleus interactions.of the knock-on, hot-spot, stripping, or pickup type~ 

Excitation functions for compound-nucleus reactions have sharp 

peaks in distinct energy regions that are d.efined by the number of parti

cles evaporated. Those for direct· interactions have various shapes, 

depending .on the specific process involved in the reaction. The time 

·necessary for the completion of a direct interaction is much shorter 

thanthat.for the decay of a compound nucleus. It is evident, then~ that 

fission can drastically reduce compound-nucleus spallation reactions 

while having little effect on direct processes. It is well known that 

fission accounts for most of the total compound-nucleus reaction cross 

sections in the'heavy-element region.
10 

On the basis of a recent experiment, 11 it is thought that in 

come cases direct emission of neutrons and protons may involve "single 

particle" emission, in·which the "single particles" are nucleiof the 

lightest elements. An incident helium ion may strip the target nucleus 

of several nucleons, or be stripped itself. Thus, for example, at ener

gies below 50 Mev an (a,p2n) reaction may well be an (a,t) reaction, 

Since Jackson first reported his successful calculation of 

neutron-emission probabilities for excited nonfissioning rtuclei, 12 several 

modifications. of his theory have been made to include .fission competition 
10 

·Of the heavy elements. ·· In general, the activation energy for fission 

in the heavy-e·lement region is less than. the neutron-binding energies. 

~1eoretical calculations of cross sections for the (a,xn) reactions for 

the heavy el~ments·canbe made through-the use of fission and neutron

emi,ssio:n probabilities. Reasonably good ·agreement has been found in 

calculations of the excitation functions for the (a:,xn) reactions of u233 

and u235., lO Similar-.calculations are included herein for u238 • Sys

temat;ics have been developed to permit the calculation of rn; r t for all 
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isotopes of an element if one value is known. 4 It follows, then, that 

with the excitation function for one specific (a,xn) reaction determined 

experimentally for one isotope, all other (a,xn) excitation functions can 

be constructed for that isotope. 

Calculations of this type are only as good as the accuracy of the 

experimental work, the choice of a suitable nuclear temperature, and the 

validity of arbitrarily nbrmalizing tie specific experimental and calcu

lated excitation function, if needed. This theory is based on compound

nucleus formation. Any reaction involving the direct ejection of neutrons 

by an incident particle will not yield an excitation function capable of 

being constructed by this method. 

B. This Investigation 

Other investigations of reactions induced in u238 by helium ions 

with energies less than 50 Mev have shown discrepancies in the magnitude 

of the (a,an) and (a,4n) excitation functions, and an uncertainty as to 

the presence of an appreciable (a,2p) reaction. 13,l4 These investigations 

involved similar experimental techniques, including Geiger-Mueller count

ing of spallation products and the resolution of beta-decay curves. The 

work described herein was undertaken in order to try to solve some of 

these difficulties with another method of product analysis, gamma-ray 

counting. Two other spallation reactions are also included in this study. 
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II. EXPERIMENTAL DETAILS 

A. Targets and Their Preparation 

Natural uranium foils ranging in thickness from 0.7 mil to 1.5 

mils were used for the bombardments in which uranium spallation products 

were studied. Uranium foils of these. thiclmesses degrade the energy of 

an incident helium ion by. 4 to 6 .Mev. · The amount of. uranium that had been 

oxidized to u
3
o8 on the surfaces of these foils was 2ojo or less. Thiri 

targets of natural uranium electrodeposited onto aluminum foils were used 

when neptunium and plutonium were the products removed. These targets had 

the advantage of causing a negligible uncertainty in the energy of the 

helium ions, which is especially important in defining the narrow peak of 

the (a,4n) reaction. 

The plating procedure yielding the best results was a modification 
. 15 

of one given by Wilson and Langer. The surface of the aluminum foils 

was scratched with a fine cleansing powder. The desired amount of stock 

uranyl nitrate was added to several milliliters of 0,4 M ammonium oxalate 

and the pH was adjusted with ammonium hydroxide to a methyl red color 

change. This solution was transferred to a plating cell immersed in a 

water bath, which maintained the temperature at 90-100°C. A rotating 

·platinum electrode was used to stir the plating solution and insure an 

even distribution of uranium over the target area. Currents of 0.02 to 

0,04 ampere were found to be the most efficient; plating times ranged from 

30 to 60 minutes. Yields obtained were 70% to 90% when 1 to 2 milligrams 
2 of uranium was deposited onto a surface area approximately 2 em . 

The amount of uranium deposited was determined by counting the 

alpha radiations from the thin targets in an alpha ionization chamber and 

utilizing the value for the specific activity of natural uranium, 1503 

alpha disintegrations per minute per milligramo 16 Several d~terminations 
were usually within 2 to 3% agreement, and the distribution of uranium 

over the surfaces of the targets varied by not more than lOojo. The deter

mination of plating yields was also attempted in several cases by weighing 

the uranium as hydrated uranium dioxide. The results of wieghing did not 



·I 

-8-

agree with determinations by alpha-particle counting because the composi

tion of the uranium compounds seemed to vary as to type of oxide and 

number of associated water molecules. Yield determinations by counting 

methods were used exclusively. 

One -mil aluminum foils were used to cover all target surfaces 

during a bombardment in order to catch any recoils. A microtarget holder 

similar to that described by Ritsema13 was used in all experiments. 

B. Helium-Ion Beam 

Bombardments were accomplished on the 60-inch cyclotron of the 

Crocker Laboratory, University of California (Berkeley). The maximum 

available energy of helium ions was approximately 48 Mev. Aluminum foils 

of varying thicknesses were used to degrade the energy of the helium ions 

to the desired value for each experiment. Range-energy measurements for 

either protons or helium ions were made twice a month. 17 The miarotarget 

holder also served as a Faraday cup to determine the amount of beam 

incident on the target surface. The beam was collimated and confined to 

an area 5/8-inch in diameter. The error in the beam integrators was 

possibl~ 0.5%, and the maximum energy spread of the beam due to accel

eration and degradation by aluminum foils was approximately 1%.18 

C. Chemical Purification of Products 

1. Uranium 

Isotopes of uranium were the principal spallation products of 

interest in the foil bombardments~ No impurities could be discovered in 

the uranium samples prepared by the following chemical procedure, assum

ing that no serious complications arose. This procedure took 60 to 90 

minutes and gave yields of 20% to 50%. Purification was fast enough to 

permit observation of the 23.5-minute u239 for several half lives. 

The uranium foil was dissolved in 0.5 ml of aqua regia. A mild 

reduction was accomplished by making the solution 0.1 ~ in hydrazine and 

adding two drops of ferrous solution. After heating, ammonium hydroxide 

was added until methyl red changed color. Addition of a few drops of 

acetic acid, 2 to 3 ml of sodium nitrate, and several drops of sodium 
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acetate solution, and heating, resulted in the precipitation of sodium 

uranyl acetate. Reduced. neptunium and plutonium should not be carried on 

this precipitate. The sodium uranyl acetate was removed, washed, and 

dissolved in 6 ~hydrochloric acid. This initial precipitate separated 

the uranium from the bulk of the fission products. A second reduction 

was carried out by making the solution 1 M in .Q.ydriodic _ acid, and 0.1 !i 
in hydrazine and heating for several minutes. Addition of lanthanum ions 

and hydrofluoric acid provided a lanthanum fluoride precipitate for co

precipitation of reduced neptunium and plutoniUm. After removal of this 

precipitate, stannous chloride was added to reduce uranium to uranium (IV) 

and precipitate uranium tetrafluoride. After separation and washing, the 

uranium tetrafluoride was dissolved in a hydrochloric-boric acid solution 

and ammonium hydroxide was added to precipitate a uranous hydroxide. 

Upon separation, this hydroxide was dissolved in 12 ~ hydrochloric acid 

and the solution passed through a small column of anion-exchange resin 

(Dowex A-l).· The column was washed with 12 ~hydrochloric acid tore

move any remaining impurities; the uranium was eluted with 5 ~ hydro

chloric acid. Hyd.iofluoric acid was then added to the resulting solution 

and the uranium tetrafluoride precipitate was mounted on a filter disc, 

dried, and weighed as uranium tetrafluoride monohydrate. 19 

The bulk of the neptunium and plutonium produced during the bom

bardment was found to remain in the initial solution. In a few of the 

early experiments, complications arising from the failure of one or more 

of these steps or possibly from the impatience of the chemist resulted in 

minor impuri ~ies in the uranium samples. 

2. Plutonium 

The plutonium and neptunium purification procedures used in these 

experiments have been described elsewhere3,l3 and will be only briefly 

reviewed here. · 

The thin uranium target, aluminum backing, and cover foil were 

dissolved in concentrated hydrochloric acid an.d one drop of nitric acid. 

For one initial experiment Pu239 was added as a tracer; Pu
242 was used for 

·all others. For the determination of the chemical yield of neptunium, 

Np237 was added to the target solution. 
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When dissolution of the target was complete, reduction of 

neptunium and plutonium was undertaken with the addition of hydrazine 

sulfate and ferrous chloride and heating. All heating was done in a 

water bath maintained at a temperature of 8o-90°C. In this step, nep

.tunium was reduced to neptunium (IV) and plutonium to plutonium (III). 

The formation of a zirconium phosphate precipitate resulted in the co

precipitation of neptunium. Care must be taken to allow a small amount 

of precipitate to form before the solution is stirred vigorously, in 

order to prevent complexing and dissolution of the zirconium phosphate. 

The supernatant, containing plutonium, was ?eparated from the precipitate, 

which was set aside for subsequent purification of neptunium. Plutonium 

was oxidized to plutonium (IV) upon addition of sodium bromate. The loss 

of plutonium here may have been large because oxidation to higher valence 

states is possible. Formation of a second zirconium phosphate precipitate 

caused coprecipitation of the plutonium and separation from the bulk of 

the fission products, uranium, and any oxidized neptunium still present. 

After dissoluti~n of this precipitate in a solution of nitric acid, 

hydrazine, ferrous ion, and hydrofluoric acid, lanthanum was added to 

form a lanthanum fluoride precipitate, which carried the plutonium. This 

precipitate was then dissolved in a nitric-boric acid solution and 

lanthanum hydroxide was precipitated with addition of ammonium hydroxide. 

Plutonium was also carried here. The lanthanum hydroxide was dissolved 

in concentrated hydrochloric acid and the solution was passed through a 

previously prepared anion column (Dowex A-1). Plutonium was adsorbed 

and the impurities were washed through the column with additional hydro

chloric acid. Concentrated hydrochloric acid that was 0.1 M in hydriodic 

acid was used to remove the plutonium. 

The resulting solution was evaporated to dryness. The plutonium 

was dissolved in 1 ~ hydrochloric acid and ammonium hydroxide was added 

until methyl red gave a color change. One drop of 0.1 ~hydrochloric acid 

and 1 ml of 0.4 M ainmonium sulfate were added. This solution was trans

ferred to a .plating cell and the plutonium was electrodeposited onto a 

platinum disk. The sample was then flamed. 
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Care must be taken in each step to insure that the correct valence 

state of plutonium is obtained. Yields of lojo to 25% were obtained with 

this procedure which took approximately 90 minutes. 

3. Neptunium 

The initial zirconium phosphate precipitate containing neptunium 

(IV), previously mentioned .in the plutonium chemistry, was dissolved in a 

solution of nitric acid, hydrazine, ferrous chloride, and hydrofluoric 

acid. After heating, lanthanum was added to carry down neptunium (IV) 

with the lanthanum fluoride precipitate. This precipitate was then dis

solved in a nitric-boric acid solution, which was made basic to bring 

down lanthanum hydroxide and carry neptunium (IV). The hydroxide was 

· dissolved in hydrochloric acid, and the solution was diluted to 1 M 

hydrochloric acid, made 1M in potassium iodide, and heated. Several 

drops of stannous chloride were added, This step assures the reduction 

of neptunium to neptunium (IV)a The neptunium was extracted from the 

a~ueous solution with an e~ual volume of 0.4 ~ thenoyltrifluoracetone in 

benzene. As a further purification, the neptunium was back-extracted 

from the organic phase with 12 M hydrochloric acid. This solution was 

then evaporated to dryness, The neptunium was dissolved in 1M hydro

chloric acid and electrodeposited onto platinum plates, by the procedure 

. mentioned above for plutonium. 

Chemical yields for the neptunium chemistry were 3% to 22ojo; the 

procedure took approximately one hour. 

D. Detection of Radiations 

The uranium isotopes of interest were followed throughout their 

decay by gamma analysis, utilizing a 100-channel scintillation spectrome

ter e~uipped with a sodium iodide (thallium activated) crystal 1.5 inches 

in diameter by 1 inch high optically coupled to a Dumont 6292 photomulti

plier tube. The crystal and photomultiplier tube were supported on a 

stage of shelves which also holds samples being counted. This assembly 

was enclosed within a lead box. The recording instrument was a pulse

height analyzer, Model PA-3, manufactured by the Pacific Electro-Nuclear 
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Company, Culver City, California. The geometries of the various shelves 

of the stage were obtained by counting the prominent 60-kev gamma ray of 
241 a standard Am sample. The abundance of the 60-kev gamma radiation 

t k t b 0 37 d .. t t• f Am24l 20 was a en o e . gamma ray per 1s1n egra 1on o • 

Of principal interest in the uranium spectrum were the 60-kev 

and 208-kev gamma rays of 6.75-day u237, 
21 

the 74.5-kev gamma ray 

of 23.5-minute u239 , 
22 

and the 560-kev gamma ray of 14.1-hour u240-

Np240. 23 An energy scale was determined for each ~eriod of counting 

with standard samples of Am241, Hg203, Bi207, and cs137. The decay of 

the uranium isotopes was followed for several half lives in order that a 

decay curve could be constructed, Thus, an isotope was identified from 

the energy of its prominent gamma radiation and from the observed half 

life of the gamma-ray peak. 

Small samples of uranium tetrafluoride (0.5 to 1.0 mg) were slur

ried onto counting disks and the beta radiations were followed on a 

Geiger-Mueller counter. This counting provided decay curves from which 

prominent half lives could be resolved. Beta counting could show the 

presence of an isotope that might not have appeared in the gamma spectrwn 

as a result of masking by sample background, the presence of gamma 

radiations with approximately the same energy, or low counting efficiencies, 

which are important for high-energy gamma rays. This procedure was ini

tiated to detect the presence of u240
, the product of the (a,2p) reaction. 

It was suspected that any u240 produced would be in small abundance. 

The alpha radiation from the plutonium samples was counted on an 

alpha pulse-height analyzer, which sorts the various emitted alp~a 

particles according to their energies. The presence of the various 

plutonium isotopes could be determined from the energy spectrum obtained. 

The geometry of the shelf used in each alpha analysis was determined by 

also counting the samples in a windowless alpha-ionization chamber with 

a known geometry of 52%. Care was taken to insure that the range of 

energies covered in the alpha-pulse analysis included the energies of 

all alpha particles emitted by the plutonium isotopes present on the 

sample plate. When this was not possible, a sample with a single alpha 

group was counted to determine the geometry. The absolute amounts of the 
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various plutonium isotopes present could be calculated from these two 

counts. The alpha groups of principal interest were the 4.88-Mev alpha 
. 242 239 4 238 24 
of Pu J the 5.15-Mev alpha of Pu , and the 5. 9-Mev alpha of Pu • 

A sample containing Np237j Pu239 , and em244 was used to calibrate the 

energy range covered in each count. 

Neptunium samples were set aside and allowed to decay for one 

month. Since Np238
and Np239 have similar half lives~ it was impossible 

to resolve a beta-decay curve of these two isotopes to determine the 
238 238 absolute amount of Np · present. Hence:J Np was allowed to decay to 

Pu238 :J which could be distinguished from the daughter of Np239 • 

These samples were counted on an alpha pulse-height analyzer, 
·237 238 since both the tracer, Np :J and the decay product, Pu , were alpha 

emitters. 

E. Analysis of Data 

1. Gamma-Ray Analysis 

The 60-kev andjor the 208-kev peak(s) of u237 and the 74.5-kev 

peak of u239 appearing in the uranium gamma-ray spectrum were integrated 

and a decay curve was plotted for each isotope. If this curve gave the 

correct half life it was extrapolated back to the time of the end of the 

bombardment. Thus, counts per minute of each isotope produced was ob

tained. Because of the short half life of 23.5-minute u239, the follow

ing formula was used to correct for its decay during a bombardment. 

The corrected counts per minute is N; Nto is the counts per minute at 

the end of the bombardment; ~ is the decay constant of the isotope; t is 

the length of time of the bombardment. 

The correction factors and values mentioned below had to be in

cluded in the calculations to determine the disintegrations .per minute 

of the isotope in question. The geometries of the shelves on which the 

samples were counted were determined as previously described. The values 

ranged from 0.10 for shelf No. 2 to o.oo4 for shelf No. 10. 
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Gamma rays that enter a sodium iodide crystal cause the produc

tion of iodine x-rays, which often escape before they can be counted. 

This ph~nomenon necessitates an escape-peak correction which depends on 
\ 

the energy of the gamma radiation and the geometry of the sample during 

the count. "Good geometry," in which the sample is several centimeters 

away from the crystal and the gamma rays enter perpendicular to the face 

of the crystal, requires small corrections. However, when the sample is 

close to the crystal, many more gamma rays enter the crystal at large 

angles and interact near the crystal surface, providing a greater chance 

for the secondary gamma rays and x~rays to escape. The initial inter

action of low-energy gamma rays occurs near the crystal surface. Thus, 

they require a larger correction than high-energy gamma rays. The 

escape-peak corrections applied to these data were taken from a Brook

haven National Laboratory report by Axel.
2
5. 

Another correction is the coun.ting efficiency of the photopeak 

in a sodium iodide crystal. Gamma radiation, in the energy range of 

interest here, usually undergoes one of two distinct processes when 

entering a scintillation crystal. The most important process at low 

energies is the photoelectric effect.~ which gives rise to a photopeak 

that defines the energy of the incident gamma ray. At higher energies 

the Compton effect or Compton scattering becomes important. In this 

process the incoming gamma ray imparts only part of its energy to a 

bound or free electron and is scattered. The Compton process could 

contribute to the photopeak if the scattered gamma ray underwent a photo

electric process. Often these secondary gamma rays escape before being 

counted. The counting efficiency also depends on the position of the 

sample with respect to the crystal. These corrections, as a .function 

of gamma-ray energy and of distance from sample to crystal, were taken 
26 'from a UCRL report by Kalkstein and Hollander. 

The number of specific gamma radiations per disintegration of 

the particular isotope in question must be known if absolute determina

tions are to be made. Values of 0.38 60-kev gamma ray and 0.24 208-kev 

gamma ray per disintegration of u237 were used.
21 

The number of 74.5-

kev gamma rays per disintegration of u239 was determined by experiment 

to be approximately 0.20 ± 0.10.
2

7 
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Chemical yields were determined by weighing. Correction factors 

were also calculated for any adsorption of gamma.radiation by protective 

covers on the face of the sodium iodide crystal {usuallynot more than 

20 mils of aluminum). 

On the basis of the respective decay constants, the counts per 

minute at the end of the bombardment, and the above correction factors, 

the number of atoms of u237 and u239 produced during the bombardment was 

calculated. Cross sections were determined from the formula 

N 

n It 

The number of atoms of product made is N· 
. ' n is the number of target 

atoms per square centimeter; It is the number of helium ions incident 

on the target throughout the bombardment. 

2. Alpha Pulse-Height Analysis 

The peaks appearing in the alpha spectrum of the plutonium samp~Les 

were integrated. In this case, the half lives were too long to permit 

construction of decay curves. The isotopes present were identified only 

by the energies of their respective alpha groups. Chemical yields were 

determined from the integrated peak of the Pu242 alpha group. Shelf 

geometries were determined as mentioned previously. The number of atoms 

of Pu238 ,produced was calculated. Cross sections were then determined 

with the same formula as used for gamma-ray calculations. 

Treatment of the neptunium-samplecdata was similar to that for 

the plutonium data above. 
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III. EXPEEIMENTAL RESULTS 

A. Spallation Cross Sections 

The cross sections observed for various helium-ion energies 

for the production of u237, u239 , Np238, and Pu238 from u2
3
8 

are given 

in Table I. The excitation functions obtained for the (a,an), (a,2pn), 

(a,p3n), and (a,4n) reactions are shown in Figures 1 to 4. The (a,4n) 

excitation function is the normalized curve calculated. for this re

action by use of the Jackson model. The experimental results are plot

ted for comparison. The designation of a reaction as an (a,an) or 

(a,2pn) reaction serves only to identify the product and not necessarily 

the mechanism by which this product was made. Possible mechanisms are 

discussed in a later section. 

The cross-section values for the (a,2pn) reaction should be 

considered only relative, in the final analysis. I believe that the 

values are approximately correct. The calculated values of the cross 

sections are dependent on the accuracy with which the abundance of the 

gamma radiation of u239 is known. This value has been tentatively 

assigned on the basis of experiments explained in the Appendix. 

The search for measurable cross sections of the (a,2p) reaction 

by both gamma analysis and beta-particle counting was fruitless. 

Donovan had previously reported a cross section of 1 millibarn at 34 Mev 

for this reaction. 14 Although no u240 was detected in this series of 

experiments, an upper limit for the cross section is estimated to be 

0.1 millibarn. 

B. Errorts 

Percent errors were calculated or estimated for each value that 

entered into the cross-section calculations. Many errors were the same 

for each experiment: geometries of the counters, amount of escape peak, 

gamma-ray abundance, etc. Possible errors in such values as chemical 

yields, target areas, and sample activity had to be calculated or esti

mated for each experiment. 
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Table I 

Experimental cross.sections 

E Cross section 
(Mev) (millibarns) 

{a,an) (a,2pn) (azp3n} (az4n) 

o.o 0.07 0.39 

0.0-11.0 0.25 . 0.41 

6.1-12.2 0.22 0.37 

14.6-lf3.9 0.37 0 .. 37 

17.6-23.0 0.50 

27.2-30.5 1.03 

30.0-33.8 3.15 0.66 

31.0-34.6 3.84 0.90 

33.5 0.71 

34.8-38.6 0.91 

35.3 4.29 

37.0 5.18 

37.4 2.71 7.57 

37.7-42.6. 15.12 1.,03 16.8 

39.2 17.56 

39.7-42.5 22.66. 1.56 

4o.2 23.1 

41 .. 1 4.20 19.22 

42.5 20.66 

44.8 4.82 16.4 

47.1 5.10 8.64 
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Fig. 1. Excitation function for u238(a,an)u2
37 reaction. 
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Fig. 2. Excitation function for u 238(a,2pn)u239 reaction. 
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A total error was obtained by taking the square root of the 

sum of the squares of the individual percent errors. The total errors 

were usually between 10% and 25%. They are indicated for each value 

of the cross sections plotted in Figures 1 to 4. Several sources of 

error, such as large variations in the cyclotron beam, sample thickness, 

and daily varfations of the counting instruments, could not be estimated. 
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IV • DISCUSSION 

A. Spallation Reactions 

From the· shape of their exictation functions, I believe that the 

(a,an), (a,2pn), ahd (a,p3n) reactions proceed by means of direct-inter

action mechanii:mis. The (a,4n) reaction: is typical of the compound

nucleus process. 

1. The (a 2an) Reaction. 

The cross sections for this reaction begin,to rise rapidly after 

the energy requirements for surmounting the Coulomb barrier and the 

neutron-binding energy have been satisfied. Because of this dependence 

on the Coulomb barrier, it would seem that the incident helium ion must 

enter the nucleus or interact with the nuclear surface, Also, Coulomb 

excitation in general does not involve enough nuclear excitation to 

evaporate a neutron. The (a,~n) excitation functions for thorium and 
2 28 neptunium also rise sharply at approximately this same energy, ' 

If the mechanism of this reaction involves the evaporation of 

a neutron after the helium ion has transferred a portion of its energy 

to the target nucleus, the excitation function should fall off from 

competition of the (a,a2n) reaction as one goes to higher energies. 

However, if after the Coulomb barrier is passed the cross section for 

inelastic scattering of helium ions rises sharply and the amount of 

energy transferred to the target nucleus remains constant and close to 

the binding energy of the last neutron, then the excitation function 

for such .a mechanism must be very similar to this experimental one. 

Another plausible mechanism is a cascade reaction in which the neutron 

is knocked out directly as the helium ion interacts at the nuclear 

surface. 

This excitation function also resembles that for the (d,t) pickup 

reaction of u23
8 . 11 

If this were the mechanism, the emitted particle 

would be He5, which is unbound to the extent of about 1 Mev. Its esti

mated half life is 2 x 10-Zl second, 29 hardly enough time for it to 

escape the region of the nucleus before decay, "Single particle" 



emission is possible in some cases, but the outgoing particles observed 

heretofore have been relatively stable. An interesting experiment would 

be a search for He6 as the explanation for the (a,a2n) reaction mechanism. 

This reaction would then compare to the double neutron pickup reaction 

observed for protons incident on u238. 11 

In any event~ the residual nucleus must be left with low excitation 

if it is to survive fission or neutron emission. The emitted particles 

carry off most of the energy of the incident helium ion. 

Experiments with low-energy helium ions were undertaken to show 

the contribution,. of the (n,2n) reaction to the product of interest, u237. 

Fast neutrons can be produced from the interaction of the helium-ion beam 

vri th the beam collimators and the aluminum degrading foils. A measurable 

cross section, as indicated in Figure 1, was obtained when the helium-ion 

beam was completely stopped with aluminum. Having probably originated in 

front of the target, these fast neutrons must be peaked in the forward 

direction and have energies 'ranging to 8 to 10 Mev.30 

2. The (a,2pn) Reaction. 

The excitation function for this reaction is very similar to that 

for the (a,an) reaction, raising rapidly after 30 Mev. This reaction is 

probably a single energy-dependent mechanism in which .a neutron is stripped 

from the incident helium ion as it interacts with the nuclear surface. 

Since the (a,p2n) reaction has been found to be mostly an (a,t) reaction, 

one might be inclined to call the (a,2pn) reaction (a,He3). The threshold 

for the (a,2pn) reaction is 24 Mev, while that for the (a,He3) reaction is 

only 16 Mev. The Coulomb barrier to an incident helium ion is about 23 Mev. 

In view of these values, it is assumed that Coulomb repulsion of the helium 

ion by the target nucleus prevents the cross sections from rising sharply 

just above 16 Mev. 

Another argument for assuming an (a,He3) reaction is the failure 

to observe any appreciable (a,2p) reaction. The emission of two protons 

from an excited nucleus at these energies is not considered very probable, 

In general, deuteron bombardments of the heavy elements have demon

strated that the probability for neutron capture by a target nucleus is the 
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Bame as or greater than for proton capture. It is interesting to note 

that the reverse is true of helium-ion bombardments. The (a,t) reaction 

is larger by several orders of magnitude than the (a,He3) reaction, 

although the residual nuclei are the same as in the deuteron. case. Of 

course, the Coulomb barrier and the binding energies of the proton and 

neutron in the helium ion shift the (a,He3) ;Cross sections to hi~her 
energies. In both reactions the incj_dent helium ion is assumed to proceed 

23B to the surface of the target nucleus. Having an excess of neutrons, U 

may prefer capture of a proton. Note also that subse~uent removal of a 

triton from the region of the nuclear surface would be easier at lower 

energies than removal of He3, owing to Coulomb effects. More energy is 

re~uired to hold He3 at the nuclear surface. If proton and nuetron cap

ture are e~ually probable, the products, Np239 and u239, may be cut down 

differently by subse~uent neutron evaporation. The neutron-binding 

energy of u239 is only 4.8 Mev, while that for Np239 is 6.1 Mev. If He3 

and t carry off most of the original energy of the helium ion, u239 is 

probably cut down by neutron emission more than Np239 is. 

Bombardments at lower energies show the contribution of neutron 

capture to the product of interest, u239. The thermal-neutron-capture 

cross section of u238 is 2.8 barns. The production of these neutrons has 

been discussed previously. Donovan has noted a slight increase in the 
14 product at low energies, indicating an increase in the neutron flux. 

No such effect was noticed in these experiments. 

3. The (a,2p) Reaction 

It was suspected that a direct-interaction mechanism involving the 

capture of two neutrons by the target nucleus from the incident helium ion 

might yield the product of this reaction, u240 • Compound-nucleus formation 

and double proton evaporation is very improbable at these energies. How

ever, no u240 
was detected in the uranium samples by gamma analysis. 

4. The (a,p3n) Reaction 

This reaction begins to become important when the (a,t) reaction 

has risen to comparatj_vely large cross sections.ll,l3 Thj_s reaction might 

more properly be termed an (a,tn) reaction, the triton being ejected 
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directly with subsequent neutron evaporation. The excitation function is 

still rising slowly even after the (a:,4n) reaction has peaked. In view o:f 

this, there may be some contribution ·co the total reaction at higher ener-· 

gies from a compound-nucleus mechanism. If this is the case, the excitation 

function should fall off at higher energies from competition of other 

compound-nucleus reactions. 

5. The (a:,4n) reaction 

The cross sections for this reaction begin to rise when the compound 

system. is provided with sufficient energy to evaporate more than three 

neutrons:, and begin to fall off when enough excitation energy is available 

to evaporate more than four neutrons. 

Direct-interaction mechanisms for (a:,xn) reactions are prohably 

important only for the (a:,n) reaction and for the high-energy tails of 

several others. Thomas has noted that any direct interaction mechanism of 

significance for this reaction is probably the result of the direct ejection 

of one neutron and the subsequent evaporation of three neutrons as the cap

tured helium ion shares its energy with the nucleus.3 Contribution from 

this mechanism is probably small in the region of the (a:,4n) peak. 

It has been proposed earlier that fission competes at each stage 

of a nuclear reaction.1 In the (a:,4n) reaction, fission has four chances 

to compete with neutron emission. One can get an idea .of the degree of 

fission competition by noting that John has found the maximum cross section 

for this same reaction of Pb206 , a nonfissioning nuclide, to be approxi

mately 1 barn.3l Theoretical calculations based on the Jackson model and 

neglecting fission competition afso give a cross section of about 1 barn. 

B. Calculations of the (a:,xn) Reactions 

The schematic model originally proposed by Jackson
12 

for calcu

lation of (p,xn) excitation functions has been adapted by Thomas3 and 

Vandenbosch4 to permit calculation of the (a:,xn) reactions for the heavy 

elements in which fission competition is very important. The procedures 

for this type of calculation are described in detail by Vandenbosch and 
10 

co-workers. Only the major assumptions upon which these calculations are 

based are mentioned here. 
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The (a~4n) reaction is assumed to be the result of a pure compound

nucleus mechanism. At excitation enErgies above neutron-binding energies 

and fission thresholds, neutron emiseion and fission are assumed to be the 

only important events. The energies of the evaporated neutrons are assumed 

to have a Maxwellian distribution. 'I'he nuclear temperature is considered 

constant in the energy region of intE·rest. The following expression is 

used to calculate a given (a,xn) crot>s section at an energy E~ 

a (a,xn) = C1 
c P (E ~ x) 

The calculated cross sections for the fo,rmation of' a compound nucleus is 

a ;32 G is the neutron branching ratio; P (E,x) is the probability for c Ilx. ' 
emission of x neutrons from a nucleus with excitation energy E. This 

probability is given by the difference of two of Pearson's incomplete 

gamma functions, P (E,x) =I (~, 2x-3) -I (~f', 2x-l). The first term 
X X 

is the probability of emitting x neutrons, and the second tern is the 

probability that' the residual nucleus will then fission. The internal 

terms are given by~ = (E- B. )/T and ~f = (E- Bi •E )jT. The neutron• x ~ x ac 
binding energies (B. ) were taken from tables by Foreman and Seaberg; 33 

~ 

the activation energies for fission (E ) were calculated by Vandenbosch 
4 ac 

and Seaborg.3 A nuclear temperature of l.35·Mev was chosen, 

The ratio of neutron-emission width to fission width is assumed 

to be independent of excitation energy and twice as great for even-even 

nuclei as for even-odd nuclei. An average G was calculated by use of 
n 

the experimental (a,4n) cross section at the peak, 20.5 millibarns at 

42 Mev. The individual G values for Pu239 through Pu242 were then cal
n 

culated by use of the fact that rn; rt increases by a factor of 1.3 for 

every unit increase in mass number.34 The calculated G values are· given 
n 

in Table IIe 

The calculated (a,xn) excitation functions are given in Figure.4. 

The (a,2n) reaction might be expected to have larger cross sections than 

the (a,3n) reaction, since fission has had an additional chance to compete 

in the latter reaction. However, the (a,3n) reaction is larger because of 

the even-odd effect and because the (a,2n) reaction is cut down by the 
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Coulomb barrier. The experimental (a,n) excitation function is not ex

pected to have the shape indicated in Figure 4. Previous work on u233 

and u235 has shown this reaction to h:= the result of a direct-interaction 

process.3' 4 These calculated excitation functions should be considered 

relatively correct. They ar.e based essentially on the normalization of 

the peak of the (a,4n) reaction. It is also possible to calculate other 

(a,xn) reactions, but it is expected that they will be very small in the 

energy region of interest here. 

It is interesting to note the fair accuracy of this type of calcu

lation. This method might prove useful in predicting the possibilities of 

producing undiscovered nuclides by neutron evaporation from a compound 

system. 

Table II 

Neutron branching ratios for the u2
3 (a,~) calculations. 

The excited compound nucleus is indicated. 

Pu239 

Pu240 

Pu241 

Pu242 

c. 

Oo238 

Oe448 

0.345 

0.578 

Summary 

1. Nuclear reactions of u238 induced by helium ions and involving 

the emission of charged particles proceed by direct-interaction mechanisms. 

2. The cross sections for the (a,~) and (a,4n) reactions of u238 

originally reported by Ritsema appear to be too large at energies above 30 

Mev. 

3. No evidence was obtained for the (a,2p) reaction of u23
8 

.pre

viously noted by Donovano 

4. Calculation of the (a,4n) and prediction of the (a,2n) and 
238 (a,3n) excitation functions of U · were successfully carried out through 

the use of neutron-emission and fission probabilities based on the Jackson 

model. 
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APPENDIX 

Several experiments involving cyclotron irradiations of u238 

were undertaken to determine the abundanee of the 74.5-kev gamma ray 

appearing in the decay of u239. These experiments were unsuccessful 

in giving an accurate value of the abundance. 

Essentially, the uranium was separated fro~ the nep~unium after 

the bombardments; an ion-exchange separation was utilized as the final 

step. The resulting uranium solution was separated into two parts. The 

first sample was gamma-analyzed immediately for u239. After u239 decay 

to the daughter was complete, neptunium was removed from the second 

sample and the amount of Np
2

39 present was determined by absolute beta

particle counting. However, the exact time of the uranium-neptunium 

separation on the exchange column must be known to give an accurate 

value for the gamma~ray abundance. Elution of the uranium took several 

minutes. This fact, together with the short half life of u239 (23.5 

minutes), gives a large uncertainty as to the correct value. Estimates 

from two experiments were well within the limits of error of the value 

finally ch,osen, 0.20 ± 0.10 74.5-kev gamma rays per disintegration of 
u239

0 

Possibly the best way to determine this value is a neutron ir

radiation of a very thin foil of u238 . This foil could immediately be 

gamma-analyzed for u239. Enough u239 would be produced to permit one to 

follow the growth of Np239 also by gamma analysis. The abundance of the 

gamma ray in ~uestion could then be calculated. 



-31-

REFERENCES 

1. Glass, Carr, Cobble)' and Seaberg, Phys. Rev. 104, 434 (1956). 

2. w. M. Gibson, Fission and Spallation Competition from the Inter

mediate Nuclei Americium-241 and Neptunium-235 (thesis), UCRL-3493, 

November 1956. 

3. T. Darrah Thomas, Spallation-FL3sion Competition from the Compound 
233 4 System U plus He (thesis), UCRL-3791, July 1957. 

4. Robert Vandenbosch, Fission and Spallation Competition in Ra226 , 

Th23°, u23~, and Np237 (thesis), UCRL-3858, July 1957. 

5. V. F. Weisskopf and D. H. Ewing, Phys. Rev. 2JJ 472 (1940). 

6. Niels Bohr, Nature 143)' 330 (1939). 

7. H. McManus and W. T. Sharp, Phys. Rev. 87, 188 (1952). 

-8. R. Nahasima and K. Kikuchi, Frog. Theoret. Phys. (Kyoto) 14, 126 (1955). 

9. Cohen, Neuman, Charpie, and Handley, Phys. Rev. 94, 620 (1954). 

10: Vandenbosch)' Thomas, Vandenbosch, Glass, and Seaberg, Spallation

Fission Competition in Heaviest Elements; Helium Ion-Induced Re

actions in Uranium Isotopes, UCRL-8032 (rev) January 1958. 

11. Wade, Gonzalez-Vidal, Glass, ~d Seaberg, Phys. Rev. 107, 1311 (1957). 

12. J. D. Jackson, Can. J. Phys. 34, 767 (1956). 

11. Susanne E. Ritsema, Fission and Spallation Excitation Functions of 

u238 (Master's thesis), UCRL-3266,, January 1956. 

14. Paul F. Donovan, University of California Radiation Laboratory, 

unpublished data, 1956. 

15 .• C .. R. Wilson and A. Langer, Nucleonics 11, No. 8, 48 (1953). 

16. A. F. Kovarik and N. I. Adams, Jr., Phys. Rev. 98, 46 (1955). 

17. W. Wade, D. Hoffman, H. Conzettij scatter experiments at the Uni

versity of California Crocker Laboratory, 1957. 



-32-

18. Peter McWalters, University of California Crocker Laboratory, 

private communication 7 October 1957. 

19. J. J. Katz and E. Rabinowitch, The Chemistry of Uranium, 1st Ed. 

(McGraw-Hill Book Company, Inc., .New York, 1951). p. 360. 

20. L. B. Magnusson and D. W. Engelkemeir, Bull. Am. Phys. Soc. !, 
No. 4, 171 E8 (1956). 

21. Rasmussen, Canavan, and Hollander, Phys. Rev.' 107, 141 ( 1957) • 

22. N. Feather and R. S. Krishnan, Cambridge Phil. Soc. 43, 267 (1947). 

23. Knight, Bunker, Warren, and Starner, Phys. Rev. 91, 889 (1953). 

24. Hollander, Perlman, and Seaberg, Revs. Modern Phys. 25,.469 (1953). 
\ 

25. Peter Axel, Escape Peak Correction to Gamma-Ray Intensity Measure

ments Made with Sodium Iodide Crystals, BNL-271, September 1953~ 

26. M. I. Kalkstein and J. M. Hollander, A Survey of Counting Effi~ 
ciencies for a 1-1/2-inch diamemer by l-inch high Sodium Iodide 

(Thallium Activated) Crystal~ UCRL-2764, October 1954. 

·27. Appendix. 

28. Bruce M. Foreman 7 University of California Radiation Laboratory" 

unpublished data, 1957. 

29. Chart of the Nuclides" General Electric, Knolls Atomic Power Labora

tory, Schnectady, New York, April 1956. 

30. Ao J. Allen and J. F. Nechaj, Phys. Rev. 81, 536 (1951). 

31. W. John, Jr., Phys. Rev. 1032 704 (1956). 

32. J. M. Blatt and V. F. Weisskopf, .Theoretical Nuclear Physics (Wiley 

and Sons, New York, 1952), p. 353. 

33. B. M. Foreman and G. T. Seaborg7 Nuclear Thermodynamics of the 

Heaviest Elements, II, to be published, also UCRL-8015 (rev.), 

January 1958. 

34. R. Vandenbosch and G. T. Seaberg, Some Considerations on the Proba

bility of Nuclear Fission, to be published, also UCRL-8047, November 

1957. 




