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MECHANISMS OF TEE (o:,pn) REACTION 

. Robert Joseph Si~va 

Lawrence Radiation Laboratory and Department of Chemistr~ 

University of California, Berkeley, California 

.March 1959 

ABSTRACT 

Radiochemically determined excitation functions have been 
60 62 8o 110 measured for the (o:,pn) nuclear reactions of Ni , Ni , Se , Pd · , 

and Lal39 by using helium ions ·Of 20 to 48 Mevo These data, combined 

with published and unpublished data of other workers, show the general 

trends in the (o:,pn) reaction of elements ranging from Fe54 to cr252• 

Energy spectra and angular distributions of deuterons and 

protons, produced in bombardments with helium ions . of 40 and 48 Mev, 
9 27 6o 110 209 238 have been obtained for Be , Al , Ni , Pd , Bic. , and U .bY 

using scattering-chamber methods. Experimental limitations restricted 

the study to helium-ion bombarding energies greater than 40 Mev, and 

observed proton and deuteron energies of greater than about 15 Mev. 

The energy spectra and angular distributions are similar to those ,: 

characteristic .of the .optical-model component of nuclear reactions; 

i.e., energy spectra that exhibit broad distributions with large 

contributions from particles of high energy, and angular distributions 

that show very strong forward peaking with little contribution from 
0 angles greater than 90 • 

Total integrated cross sections for the (o:,d) and (o:,pn) 

reactions have been calculated from the energy spectra and angular 

distributions of the protons and deuterons. A simple mechanism, 

involving the prompt emission of a high-energy proton followed by 

neutron evaporation, was used to calculate the (o:,pn) cross sections. 

Most of the features of the radiochemically determined ex

citation functions can be explained by emission of high-energy 

deuterons and protons by direct-interaction processes. The (o:,d) 
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and (a:,pn) cross section~ C; calcuiated from the" scattering-chamber data 

can account for nearly all the radiochemically determined (a:,pn) cross 

sections for the elements studied, except- Fe 54, Ni60 , and Ni 62 ... The 

large cross sections for these nuclides appear to be best explained by 

compound-nucleus processes. 

The angular distribution of deuterons and protons from the 

Be9(a:,d)B11 and Be9(a:,p)B12 reactions, leading to definite states of 

B11 and B12 , can be fitted reasonably well by Butler's theory. 

,•' 
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MECHANISMS OF THE (o:,pn) REACTION 

Robert Joseph Silva 

Lawrence Radiation Laboratory and Department of Chemistry 
University of California, Berkeley, California 

March 1959 

I. INTRODUCTION 

There has been a good deal of speculation as to the mechanism 

of the nuclear reaction involving the bombardment of nuclei with helium 

ions accelerated up to some 50 Mev to form product nuclei which have an 

atomic number one unit higher and a mass number two units higher than 

the target nuclei, i.e., the (o:,pn) reaction. The work of Ghoshal, 
1 

which has long been cited as confirmation of the Bohr compound-nucleus 

model2 of nuclear reactions, includes the reaction Ni60 (o:,pn)cu
62

• 

According to the statistical theory,3 which is an extension of the 

original Bohr concepts, this reaction would proceed by the incorporation 

of the bombarding helium ion into the target nucleus to form an excited 

"compound" nucleus, which then de-excites ·by "evaporation" of particles 

after a time that is several orders of magnitude longer than the time 

of traversal of the nucleus by a helium ion. However, radiochemical 

cross-section investigations of the (o:,xn) and (o:,pxn) reactions made 

in the heavy-element region have led others4'5'6 to postulate that the 

heavy-element reactions involving the emission of charged particles 

proceed by direct-interaction mechanisms between the bombarding helium 

ions and the target nuclei, such as those des.cribed by Butler7 and 
8 Serber. 

Their experiments, as well as similar experiments9 in which 

medium and heavy elements were bombarded with neutrons, protons, and 

gamma rays, show a much larger charged-particle emission probability 

than would be expected from the statistical model. Eisberg, Igo, and 
10 .. 

Wegner found that, the differential cross section for the production 

of low-energy protons in the bombardment of copper,· gold, and aluminum 

with 4o-Mev helium ions does not vary with the center-of-m~ss angle in 



the vicinity of 150°, which is in accord with statistical t~eory. How

ever, .the differential cross section .for high-energy protons decreases 

with increasing angle, which is characteristic of optical~model direct 

interactions.9 Finally, a recent survey of tritium production in various 

elements across the periodic table has shown that (a,t) stripping is a 

prominent reaction and constitutes practically all of the (a,p2n) re

action in the heavy elements. 11 It has been suggested that the (a,pn) 

mechanism involves either the prompt emission of a deuteron, leaving the 

residual nucleus insufficiently excited to emit any more particles, or 

the prompt emission of a proton, leaving the residual nucleus just suf

ficiently excited to evaporate only one neutron. 4 '5 

This incestigation was undertaken to try to determine which of 

the afore mentioned processes are taking place and to what extent they 

contribute to the total (a,pn) reaction cross section. It was felt that 

_a general survey of the (a,pn) reaction cross section across the periodic 

table would be valuable in showing any trends or possible changes of 

mechanisms. Radiochemical excitation functions have been. reported for 
this reaction on Ni60 - 1 Bi209 12 u238 5 Th232, 4 Pu238, 6 ' _, ' 
and Cf252• 13 The cross section for the production of only the long-

lived isomer of a pair was determined -for bismuth, uranium, and thorium, 

. while only the short-lived isomer was measured for californium.
14 

These 

(a,pn) excitation functions have been recorded in Fig. l along .with some 

unpublished data for Fe 54 , l5 and for Pt198 • 16 In order to make 

this radiochemical survey more complete, the excitation functions for 

( ) 62 8o 110 139 -the a,pn reaction of the targets Ni ·, Se , Pd , and La were 

obtained and are presented in a later section. Because of the unusually 

large cross section for this reaction on Ni60 , a few check points near 

the maximum in the excitation functions were obtained and are shown in 

Fig. 1. 

14. Recent experimental work has shown that the ratio of the formation 

of the 36-hour isomer of E254 to the long-lived isomer is greater than 

seven, (Torbj¢rn Sikkel~d, Lawrence Radiation Laboratory, private 
·, 

communication, Nov. 1958). 



A study of the energy spectra and angular distributions of 

the deuterons and protons produced in helium-ion bombardments of some 

of the elements studie~ radiochemically should enable one to distinguish 

between the proposed mechanisms for this reaction. Comparison of the 

radiochemical cross sections with cross sections for the production of 

deuterons and protons of selected energy ranges should give an indi

cation of the contribution of these mechanisms. These data were ob~ 

t . d f B 9 Al27 N.60 PdllO B.209 d U238 f tt . a~ne . or e , , ~ J . , ~ , an rom sea er~ng-

chamber experiments, and are presented in later sections. 



:-9-

lOOOr-------------,-,,-----------------~ 

20 30 40 

Helium-ion energy (Mev) 

MU-16976 

Fig. 1-a. Reported excitation 'unctiong for the (a,pn) nuclear 
spallation reaction for Fe5 ·and Ni 0 . 
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II. EXPERIMENTAL PROCEDURES 

Radiochemically Determined Cross Sections 

A. Target Assemblies·and.Cyclotron Irradiations 

All the cross-section work presentedin this series of experi

ments was done using the 48-Mev helium-ion beam of the Crocker Laboratory 

60-inch cyclotron. Two types of target assemblies were used with the 

external beam. A "microtarget" assembly, described fully by Ritsema, 17 
was used for the palladium, selenium, lanthanum, and Ni62 bombardments; 

the stacked-foil method of target assembly was used. The beam was col

limated with a l/4-inch carbon collimator so that all the beam area fell 

upon target material. The range-energy curves of Aron,. Hoffman, and 

Williams18 were used to calculate the helium-ion energies at each target 

in a stack. 

Foreman. 19 
These curves were interpolated for platinum and gold by 

Uncertainty in the initial beam energy due to changes in 

ion source and deflector and magnet settings was about ± l Mev. Beams 
2 of 10 to 30 ~a/em were used. 

. 20 
A "recoil" assembly block described by R. Vanden,bosch was 

used for the Ni60 bombardments; however, the recoil technique was not 

used. The target was placed facing the beam rather than facing away from 

the beam, as in the recoil method. This assembly was used only because 

it is possible to remove the target in less than one minute, whereas the 

"microtarget" assembly requires several minutes. As cu62 has a half-life 

of 10 m~nutes, rapid removal-of the target was very important. 

B. Target Preparation 

l. Nickel-60 

One-centimeter-diameter targets were prepared by electrodeposition 

of lDO ~gjcm2 of Ni
60 

onto 0.0005-inch gold foils by use of standard plating 
21 60 22 equipment. The isotopic purity of the Ni was stated to be 99.1%. 

The procedure was to dilute 10 microliters of a stock solution of Ni60 

to 2 milliliters with a 0.5 ~ H2so4-o.5 ~ HCl solution. This solution 

had its pH adjusted to 5 to 6 with NH
4

oH, and contained 20 milligrams of 
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of H BO • This gave a plating so~ution similar to that described by 
3 3 23 

Blum and Hogaboom. Electroplating for 20 to 30 minutes at a current 

density of 100 m~/cm2 gave consistent yields of more than 95%. The 

plating yield was determined by precipitation of the nickel remaining 
' 24 

in the plating solution with dimethylglyoxime by a standard procedure 

and comparison with standard solutions. Uniformity of the electro

deposition by this method was checked by making three platings of nickel 

solutions containing a small amount of mixed nickel activity produced .in 

an alpha bombardment of natural nickel (a,axn). The targets were checked 

by moving a lead absorber with a hole in it over the surface of the 

s:ample and counting the exposed activity with a proportional counter. 

I 

2. Nickel-62 

Nickel-62 targets were prepared similar to those used in the 
60 Ni · bombardments and by the same methods. The targets were from 200 to 

300~gjcm2 • The isotopic purity was stated to be 96.8%.
22 

3. Selenium-80 

Selenium targets were prepared by vacuum vaporization of analyti

cal-grade selenium metal powder25 from an electrically heated tantalum 

filament onto several weighed aluminum plates. The tantalum filament was 

in the form of a crucib~e 1 em long, 5 mm wide, and 2. 5 mm deep. The 

aluminum disks were placed at a distance of 20 em from the filament, and 

thus the collection yield was very low (< 1%). The amount of selenium 
2 deposited was determined by weighing, and ran from 1 to 1.5 mgjcm • As 

any one disk represented les~ than 1% of the total collecting surface 

and as adjacent samples weighed very nearly the same, the targets were 

estimated to be uniform within 5 to 10%. 

4. Palladium-110 

Natural palladium foils 26 0.00005 .inches thick were used as 

targets for the determination of the (a,pn) cross section for Pd110 • 

The thickness of the foils was determined by weighing. The isotopic 

purity was taken as the natural abundance, 11.8%. 



5. Lanthanum;..l39 

Lantha.num targets· were obtained by vacuum· vaporization of 

powdered ·La.F
3

, ·prepared from La2.o
3

, 
27 onto weighed platin~ disks, by 

techniques described previously •. In order to conserve material it was 

necessary to "collimate" the vaporizing LaF
3 

by using a l .. cm;..deep 

tantalum crucible and to place the disk about 6 em away from the- filament. 

The amount of LaF
3 

deposited was about 200 flgfcm2 , which represented a 

10% yield, The uniformity of the targets prepared by this method was 

checked by coprecipitation df a small amount of stable europium contain-

·ing a mixture of radioactive Eu152 , Eu154, andEu155 withLaF
3

• Four 

samples were prepared as described above and the uniformity was checked 

by scanning the surface of the sample in a manner similar to that used 

for Ni60 . This method showed that the targets- had consistently 10 to 

20% more LaF
3 

deposited on the center area than the edgeso The 6-cm 

distance was a compromise between yield and uniformity of target. 

Co Chemical Separations 

1. Nickel-60 Bombardment 
. 62 

As the (a,pn) product Cu .has only a.lO-minute half life, a 

rapid method of separation was desired. The following method gave 

separation times-of about 10 .minutes and yielcts of 50 to 6o%. 

After alpha irradiation, the nickel targets were dissolved in 

0 ~ 5 ml hot 6M_ HCi cont~inting a few drops of concentrated HNo
3

, 1 m~ of 

zinc holdback carrier,. and _10 .mg of copper carrier (the copper carrier 

was also used for yield determination); The solution was passed through 

a Dowex A-1 anion-exchange resin column 10 em long and 5 mm in diameter. 

The' resin vi-as ~ash~d with 3 ml of 6 M HCl to elute the nickel and some 

other contaminents. The .copper was washed from the resin with 2 ml of 

2 M HCl. Gold from the target backing and zinc remained on the column. 

The copper solution was diluted t~ 1 ! in HCl, a few mg of Na
2
so

3 
added, 

and the solution heated for 1 to 2 minutes to ;r-educe the cu++ to cu+. 

Then 2 or 3 of 1 ! NaSCN was added, which caused the precipitation of 

CUBCN. The precipitate was washed twice with .water and dissolved in 0.5 
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ml of 6 !:!, HNo
3

. The solution was diluted to 2 ml with a 0.1 !:!, HNo
3 

-0.1 .!:'! 
H

2
so

4 
solution and placed in a glass plating ce11. 21 The copper was plated 

· onto a weighed platinum disk by using a current density of 0.5 ampjcm2 for 

a: time of 2·minutes. The copper was ignited to form Cuo, and the yield 

was determined by weighing. The total elapsed time from cyclotron beam

off to counting was from 15 to 20 minutes. 

2. Nickel-62 Bombardments 

The same procedure was used for separation of copper as in the 

l'ifi60 bombardments. In this case; it was possible to run the columns much 

more slowly (resulting in better separation) and to do three separate 

CuSCN precipitations. The time of separation was about 3/4 hour and 

yields were from 65 to 80%. The higher yields were due mainly to longer 

plating.times of from 5 to 10 minutes. 

3. Selenium Bombardments 

Bromine-82 was isolated from the target material by the following 

procedure. The selenium targets were dissolved, with slight heating, in 

5 ml of 6 !:!, HNo
3 

containing 10 mg of bromine ion as KBr. A trace of 

fluoride ion was added to accomplish rapid dissolution of the aluminum 

backing. The dissolution was carried out in an airtight Erlenmeyer flask 

that had a glass s,ide-.arm connection which led to the bottom ofa 15-ml 

test tube containing 10 ml each of cc1
4 

and of 1!:!, HN0
3

• When the target 

had dissolved, the solution was boiled vigorously and the Br2 formed 

was distilled over and collected ·~ the cc14 layer in the test tube. The 

f~ther purification and final isolation of the bromine was accomplished 

by using oxidation-reduction and extraction cycles and AgBr precipitations 

as described by Meinke (ProcedUre 35;.,1). 
28 

Time of separation was about 

2 hours and yields were from 30 to 50%. 

4. Palladium Bombardment 

The palladium foils, in which the Ag112 activity was induced, 

were dissolved in 1 ml of concentr~ed HN0
3 

containing 10 mg of gold 

carrier and yield tracer. The purification of the gold was done by AgQl 
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28 
and Ag

2
S precipitations as described by Meinke (Procedure 47-2).. The 

final gold samples to be counted were prepared by dissolving the AgCl 

in l ml of 1 !:!_N?-CN andelectroplating the gold onto weighed platinum 

plates. Uniform samples were obtained by using a current density of 
2 . 

100 ma/cm for 10 minutes. The time of separation was about 2 hours 

and gave yields of about 50 to 60%. 

5 ~ Lanthanum Bombardment 

Cerium-141 was isolated from the target material by the 

following procedure. After irradiation, the lanthanum targets were 

dissolved in 6 M HCl containing 10 mg ~f cerium for carrier and yield 

determination, 10 mg of lanthanum holdback carrier, and. a.few drops of 

concentrated HNo
3

. The solution was passed through a Dowex A-1 anion

exchange resin column 10 em lpng and 5 mm in diameter to remove the 

large amount of platinum backing material. The further purification 

and final isolation of the cerium was accomplished by a method described 
28 

by Meinke (Procedure 58-1). The time of separation was 2 hours, and 

the yields were from 50 to So%. 

D. Counting Instruments, Countirig Techriique, 

and Treatment of Data 

1. Palladium Bombardment 
ll2 The disintegration rates of the Ag · samples were obtained by 

counting the 4.1-, 3.5-, 2 .. q-, and 1-Mev (3- particles using end-window 

gas-flow ::proportional counters ( 93% argon-7% methane) and standard 

scalers. The factors entering into the conversion from counts per minute 

to absolute disintegrations per minute are expressed in the equation 

d/m = c/m x A-W 
BS x SSSA x g ' 

where A-W is the air-plus-window absorption correction, BS the back

scattering correction, SSSA the self~scattering-self-absorption correction 

of the sample, and g the geomet-ry factor. Barr has determined this total 

convers.ion factor for various self settings for the same counters used in 
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- 24 this experiment by counting the 1. 39-Mev f3 .· of Na produced .in. a 

20-mgjcm2 aluminum target. 29 These factors-were determined for thick 

aluminum backing plates. The palladium samples had a thickness of 

about 5 mgfcTJJ.2 ~ The use of' Barr 1 s factors could re:;;.ult. in errors of 

about 10% dUe to the different SSSA correction as estimated from the 

data of Nervick and Stevenson.3° :Decay was followed on the samples 

for several days and the Ag112 activity obtained from resolution of 

decay curves. 

2. Nickel-60 Bombardment 

The disintegration rates of the cu62 samples produced by 

short irradiations were determined by two methods: (a) counting directly 

the 2. 9-Mev positrons emitted in the decay1 and (b)' counting the radis.;. 

tion produced by the annihilation of the positrons. 

The counting of the annihilation radiation was accomplished by 

using a 100-channel Penco pulse-height analyzer, 31 which utilized as a 

detector a 1-l/2-inch by l-inch-diameter thallium-activated sodium iodide 

scintillation crystal connected to a photomultiplier tube, An Am241 

standard was used to determine the geometry of the particular shelf used, 
. . 32 

and the results of Kalkstein and Hollander were used to correct for 

the variation in photopeak counting efficiency with gamma-ray energy. 

The 2.9-Mev positrons were counted by using a proportional 

counter described previously; 800 mgjcm2 of aluminum absorber was used 

to cut out all beta activities of energies less than about 2 Mev. The 

total conversion factor for the particular shelf used was obtained by 

. using a zn
62 

sample which was isolated from a Ni60 target after a 3-

hour irradiation with helium ions. The disintegration rate of the zn62 

sample was determined (a) by following the decay of the annihilation 

radiation of its own positron decay and the positrons of the cu62 

daughter in equilibrium, and (b) from the characteristio 42-kev gamma 

ray of Zn
62 • The Zn

62 di~·integration rates determined by these two 

methods agreed within 8%. All counting conditions were the same for 
62 . . 62 

counting of the positrons from the Zn standard as for the actual Cu 

samples, except for a slight difference in sample thickness which would 
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produce a different SSSA correction. This difference would amount to 
' 30 from 5 to ·lO'{o ._as estimated from the curves of Nerv:f_ck and Stevenson. 

Nickel-62, .Selenium, and Lanthanum Bombardments 

The disintegration rates of the cu64, Br82 , and Ce141 samples 

were obtained by using the Penco and associated equipment, and methods 

3. 

described previously, to count the characteristic gamma rays as follows: 

Cu64 1 4 M .3 ev; 

Br
82 0.777 Mev; 

Cel41 14 M 0. 2 ev. 

With all the samples decay was followed for a few half lives and the 

. isotope identifie~ by its characteristic gamma-ray energy and the 

observed half life of the gamma-ray peak. 

The abundances of all gamma rays and beta particles emitted 

in .the decay of the nuclides studied were taken from the compilation 

by Strominger, Hollander, and Seaborg.33 

E. Cross-section Calculations 

The activity of each isotope was extrapolated to the end of 

the bombardment, and the number of atoms present at the end of the 

bombardment was calculated by using the formula 

(d/m) . (Tl/2) 
N = --r( 0-;::'-."6--:::9:::-3") -:(rc-:-h-em--=-i c-a~l-y7ie-:l;-:d~) 

The cross section (in millibarns) was then calculated from 

a = 

2 where N is the number of atoms produced during the bombardments, njcm 

.is the number of target atoms per square centimeter, and R is the number 

of helium ions striking the target during the bombardments. If there 

was any appreciable decay of the atoms produced during the time of 

bombardment, the above formulae were put in the corre spending proper 

form to correct for this decay. 
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Scattering-Chamber Investigations 

Deuteron and proton spectra and angular distributions were 
9 27 .60 110 209 obtained for helium-ion bombardments of Be , Al , N1 7 Pd , Bi , 

and u238 , by using the 36-inch scattering .chamber at the Crocker 

Laboratory 60-inch cyclotron. In these experiments it w.as necessary 

to discriminate between the charge-1 particles and desirable to study 

certain energy ranges of these particles. This was accomplished by 

having the particle first pass through a Csi transmission crystal to 

measure their rates of energy loss, dE/dx, and then into a Nai crystal 

to measure their remaining total energy, E. Since the energy loss in 

the transmission counter is finite, it will be designated 6 E. The 

pulses obtained were then fed into an electronic particle identifier,34 

the output pulse of which is proportional to the product of the mass 

and the square of the charge of the particle. The final spectra were 

recorded on a 100-channel Penco pulse-height analyzer. A more detailed 

description of the equipment is given below. 

A. Scattering Chamber 

The chamber used was the 36-inch-diameter scattering chamber 

at the Crocker Laboratory 60-inch cyclotrono35,36 ,37 The helium-ion 

beam was brought out externally through a long iron pipe and, after 

quadrupole focusing and collimating, impinged on a thin metal foil 

placed at the center of the chamber at an angle of 45° to the beam. 

The detector was mounted on a rotating table that comprised the botto~ 

of the chamber and could be placed at any desired angle from 10° to 

150° with respect to the beam. The intense gamma radiation, produced 

when the detector intercepted the helium-ion beam at angles smaller 

than 10°, saturated the electronic system. Beryllium degrading foils 

were placed just in front of the focusing magnet if a beam energy less 

than 48 Mev was desired. The beam intensity was measured with a Faraday 

cup placed at the back of the scattering chamber. The Faraday cup was 

provided with foil wheels containing varying amounts of aluminum. absorber. 

The beam energy was determined by interposing just sufficient aluminum 
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to absorb out the beam and calculating the helium-ion energy from 

range-energy tables38 based on experimental p~oton range-energy data.39 

A schematic view of the apparatus is given in Fig. 2. 

B. Targets 

Natural foils of 0.001-inch Be9, 0.00025-inch Al27, and 
238 60 0.00075-inch U were used as targets. The Ni foil was prepared 

by electrodeposition of nickel onto a 0.0001-inch copper b~cking, using 

* a plating method described previously. The copper was subsequently 

dissolved off with a 0.1 ~ AgN0
3 

solution. The isotopic purity of 
6o · 2~ 

the Ni was stated to be 87%. The target prepared in this way was 

0.00034 inch thick. 
110 110 

The Pd target was prepared by electroplating Pd onto a 

0.001-inch natural palladium foil, using the method. described by Blum 

and Hogsboom. 23 The palladium solution used was stated as having an 

isotopic purity of 91.7% Pd
110

• 22 The isotopic dilution due to the 
llO natural palladium backing .,brought the amount of Pd in the target 

down to 78%; the target was 0.00038 inch thick. All the protons and 

deuterons were assumed to arise from the reactions of this nuclide. 

The Bi209 target was prepared by vacuum vaporization of 

analytical-grade bismuth from an electrically heated tantalum filament 

onto an aluminum backing, using the same volatilizing methods described 

earlier. The aluminum was subsequencly dissolved off with dilute HCl. 

The bismuth target was 0.00034 inch thick. 

C. Detectors 

l. !:::,. E Counter 

A schematic representation of the detector system is given in 

Fig. 3. 'J;'he detector used for measuring the average rate of energy loss, 

6. E, of a particle waaa:.Csi crystal 10 mils thick (115 mgjcm2 ) and 

5/16 inch in diameter. It was coated on the back and sides with an 

* See page 10. 
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Detectors 

Foil wheel 

Beam collimator~ 
Photomu lt1 pI ier tube 

MU -16990 

Fig. 2. Schematic diagram of scattering chamber and detector. 



-21-

Inside coated 
with MgO 

Brass 
retaining 

ring 

10-mil 
Csl 

11
b.E

11 

crystal 

Brass tubing 

Aluminum 
retaining ring 

Photomultiplier 
tube. 

Packaged No I ('E'')crystal 

*-mil aluminum sealing foils 

MU -16957 

Fig. 3. Diagram of detector for 6 E and E. 
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aluminum mirror for light reflection; 24-Mev deuterons lost about 2.5 

Mev when passing through the crystal. A DuMont 6292 photomultiplier 

tube operated at 1100 volts looked at this crystal at an angle of 45° 

and a distance of about 4 em. For the bombardment of aluminum with 

24-Mev deuterons, the energy spectrt~ of the elastic peak observed at 

10° had a full width at half maximum of about 15 to 17%. 

2. E Counter 

The detector used for measuring the remaining energy of the 

particles after passage through the 6 E crystal was a thallium-activated 

sodium iodide crystal about 3/8 inch thick and 1 inch in diameter. The 

crystal was packaged in an airtight aluminum container with a transparent 

window. The aluminum container at the po~nt where the particles entered. 

was 0.00025 inch thick. A DuMont 6292 photomultiplier tube was in 

contact with the crystal's window and was operated at 850 volts de. 

Precautions were taken against light or air leaks. For the bombardment 

of aluminum with 24-Mev deuterons the energy spectrum of the elastic 

peak observed at 10° had a full width at half maximum of about 3 to 4r{o. 

3. Foil Wheel 

A foil \rheel with various amounts of aluminum absorber was 

placed in front of the detector crystals and could be rotated by remote 

control. This permitted variation of the energy of the particles being 

detected by the crystals. This was used to help. identify energy peaks 

corresponding to different types of particles by measuring their energy 

loss in various amounts of aluminum. It was also used to cut out the 

helium ions elastically scattered into the detector and to help align 

the electronic 'particle identifier as described later. 

A brass 1/8-inch collimator was placed in front of the foil 

wheel so that the detector subtended a solid angle of 1.59 x 10-4 

steradians. The foil wheel could be placed between the brass collimator 

and the first aluminum window. 
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.. ' 

D. Electronic Particle !dentifier 

Ample description of the theory and operation'of'this 

electronic system has been'given e'J_sewhere, 34 therefore only a 

brief account is given here. 

·The principle of operation of this device·is based on the 

approximate eca.uation obtained from the nonrelativistic formula for 

rate of energy loss of charged particles as they passthrough matter. 40 

·For particles of charge-1 it can be put in the form 

de 
dx = 

E 

M' ' 

where M =mass of the charged particle,.E =the energy of the.charged 

parti(:!le, and c1 and c2 are.conglomerates of the constants in the 

usual .formula. The mass of a charged particle is. proportional to the 

_product of the rate of energy loss by the particle and its total 
' . 41 

energy. Stokes, Boyer, and Northrup have shown that the effect of 

the log term is greatly reduced by the addition of a properly selected 

constant E to the total energy of the particle E, so that over a wide 
0 . 

range of energies the product of (E+E ) and dejdx is closely proportional 
0 ' 

to the mass. In practice th.ere is a finite energy loss in the Csi 

crystal, therefore one-half of the ~ E must be added back to the measured 
' PBJ'ticle energy from the E crystal in order that E and ~ E correspond. 

to the same particle energy~ .The final expression is then 

.. M "' (E + E
0 

+ 1/2 ~ E) ~ E • 

The computer circuit utilizes the ~ E and E pulses to perform 

the multiplication 

(A+ B) 2 - (A- B) 2 = 4 AB., 

where A = E + E + K ~ E, and B ':" ~ E. The sca.uaring is .performed by 
0 

two Raytheon Q K - 329 beam.-deflection tubes which utilize a specially 

shaped target electrode placed in the path of the electron beam.. The 

target electrode is pierced with a parabolic aperture so that the 

current collected at the plate and at the target electrode is a function 

of the sca.uare of the deflection voltage. 



The exact values of K and E are left as adjustable parameters. 
0 

Since E is introduced as a de bias on the deflectors of the s~uaring 
0 

tubes, one can have spurious pulses appearing at the computer output. 

These pulses are the result of E multiplying the 6 E pulse of a particle 
0 

or gamma ray that traverses the 6 E crystal but does not strike the E 

crystal. These spurious pulses are eliminated by a coincidence re~uire

ment between the E pulse and the output pulse of the pulse multiplier, 

as discussed later. The product pulses obtained from this electronic 

multiplier have an amplitude nearly proportional to the mass of the 

particles observed, regardless of their energies. The spectra obtained 

in this manner will hereafter be referred to as the particle spectra, 

in contrast to the actual energy spectra of the particles. 

E. Pulse-Height Analyzer 

The pulses from the crystals or tl1.e pulse multiplier were 

analyzed by use of a 100-channel Penco pulse-height analyzer. 31 This 

analyzer has~ a coincidence ci~cuit so that signal pulses, to be accept

able~ must have a corresponding trigger pulse. The gate circuit is 

provided with a discriminator so that pulser:> smaller than a definite 

preset value will not trigger the analyzer. 

F. Alignment of the Electronic Par!icle Identifier 

A rough alignment and a linearity check of the multiplier were 
. . 34 

first obtained following the procedure of Brisco. The multiplier gave 

a linear response over a range of 5- to So-volt pulses. 

Rough selection of K and E were made by bombarding a gold foil 
0 

with 24-Mev deuterons and observing the elastically scattered deuterons 

at an angle of 10°. The multiplier output was observed with the pulse-

height analyzer and the particle spectrum consisted primarily of one 

peak due to E x 6 E of the elastically scattered deuterons •. 

By means of the aluminum foil wheel in front of the detector, the energy 

of these elastically scattered deuterons was decreased in steps to about 
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7 Mev. K and E.· were adjusted in suqh a manner ·that ·the multiplier peak: 
- 0 

did not Shift in pulse height as the energy of the elastically scattered 

deuterons changed. The same procedure was followed fbr·protons. Final 

fine adjustment of the multiplier was made during bombardment of the 

actual target with helium ions while the multiplier pulses were observed 

with ,the pulse-height analyzer. s·ufficient aluminum was. placed in front 

of the detector to stop all the el&.stically and inelastically scattered 

helium ions. Three peaks were observed in the particle spectrum, cor

respondingto protqns,·deuterons, and tritons, and small changes inK 

and E were made to max.imize the separation of these groups. .A typical 
0 . 

particle spectrum, obtained for aluminum + ex at 15°, is shown in Fig. 4. 

In order to determine if the multiplier was distorting _the 

true counting rates of the particles observed, the number of counts in 

the peak of an energy spectrum obtained directly from the E crystal for 

elastically scattered deuteronswas compared with the number of counts 

· ii1 th~ peak bf the deuteron particle spectrum for equal numbers of 

incident,beam particles. The same was done for elastic protons. The 

· colinting rates agreed within 10%. The same procedUre was carried out 

with varying beam intensitie's. At counting rates actually used (less 
. 4 ) . . than 10 cpm there was no distortion of the counting rate by the multi-

plier. Frequent checks were made during the· series of bombardments to 

make sure that the multiplier and associated equipment was functioning 

properly~ 

G. Method of Operation 

1. Energy 'spectra 
. . 
The energy spectra of.protons and deuterons from the various 

bombardments were· obtained by using the E pulse as the signal pulse to 

the Penco and electronic particle-identifier pulse (after proper modifi

cation) to generate a gate pulse for the Penco. A schematic diagram of 

the electronic circuit used is given in Fig. 5. 
The pulse shape'r was iised to' eliminate the negative half of 

the pulses from the Franklin DD.;.2 amplifier with a series-shlint diode 
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Fig. 4. Particle spectrum obtained in the bombardment of 
aluminum with 41-Mev alpha particles at 15 deg (lab), 
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Fig. 5. Block diagram of electronic circuit used to obtain 
.energy spectra. The pulse heights in volts and the 
_pulse widths in microseconds are included. 
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network. It was also used to adjust the pulses so that they were as 

nearly identical as possible for pulse multiplication. An 8-microsecond 

delay was used in the E-pulse signal circuit to match in time the pignal 

pulse and the gate pulse obtained from the relatively slow coincidence 

circuits. The rest of the electronic e~uipment performed its standard 

functions. 

The coincidence circuit had variable discriminators so that 

only coincidence pulses were generated for incoming multiplier pulses 

of pulse height between adjui:;'table upper and lower limits. An E-pulse 

coincidence re~uirement was also imposed to eliminate trigger pulses 

originating from spurious pulses in the multiplier spectrum. 

To properly adjust the discriminators in the gate circuit for 

obtaining a deuteron energy spectrum, the upper dis·cr,iminator window was 

set for a pulse height corresponding to the middle of the deuteron-triton 

valley and the lower discriminator window set for the middle of the 

proton-deuteron valley in the particle spectrum. This was easily ac

complished by using the amplified particle-spectrum pulses from the 

multiplier as a si~al, as well as a trigger pulse, and adjusting the 

upper and lower discriminators until only the deuteron particle peak was 

recorded in the spectrum of the pulse-height analyzer. 

With this arrangement, only those pulses in the all-inclusive 

energy spectrum were recorded for which there was a coincidence pulse 

corresponding to a deuteron in the particle spectrum. A similar scheme 

was used for obtaining the proton spectrum. 

In order to convert channel number to energy, it was necessary 

to calibrate the pulse-height analyzer and associated e~uipment. This 

was done by observing (a) the peak for elastically scattered protons 

arising from the bombardment of gold with 12-Mev protons, and (b) the 

proton groups leading to the ground and first excited states of Be10 

arising from Be9(d,p)Be10 reaction. The beryllium reaction has been 

studied ~uite extensively and the Q values corresponding to these groups 
42 are well known. The protons detected from both bombardments were 

degraded in energy step by step with the alUminum foil wheel in front of 

the detector. It was possible to obtain a well~defined calibration curve 
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running from 5 to 28 Mev. All points fell within 1 Mev of the best 

straight line. through the points. Several such curves were obtained for 

different amplifier settings used. Check points were t~en before and 

after each series of angular measurements. Corrections were made for 

any slight shifts due to small changes in photomultiplier or amplifier 

voltages. 

2. Particle Spectra 

The particle spectra could be obtained simply by using the 

amplified output of the particle identifier directly as a signal pulse. 

In order to eliminate spurious multiplied pulses that did not correspond 

.to any E pulse, the E pulse was used as a gate pulse. The discriminator 

in the Penco gate circuit could be used to set a lower limit to the 

energy of the particles recorded. The Penco discriminator circuit was 

calibrated by observing at 15° the elastically scattered deuterons 

obtained from the bombardment of gold with 24-Mev deuteronso The energy 

of the peak for elastically scatt.ered deuterons could be changed by 

using the aluminum absorber foil wheel in front of the detector, and the 

discriminator setting just necessary to reject the elastic peak.recorded. 

Other energy settings could be obtained by interpolation with an esti

mated error of ± 1 Mev. 
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III. RESULTS 

A. Radiochemically Determined Cross Sections 

The excitation functions for the (a,pn) spallation reaction on 

se80 , Pd110 , and Lal39 for helium-ion energies up to 48 Mev are 

presented in Fig. 6. 
. 60 

The cross sections determined for Ni are 

compared with Ghoshalus curve in Fig. 1. ~~e errors shown were estimated 

for each on the basis of uncertainties in target thickness, counting ef

ficiencies and geometries, and resolution of gamma-ray peaks and decay 

curves. Probable errors due to counting statistics were usually less 

than lojoo The estimated errors are as follow~~ 
Ni6o ± 10% 
Ni62 ± 15% 

se80 ± 15% 
PdllO ± 20% 
Lal39 ± 15% 

The errors listed are .relative errors for each set of data. 

Any changes in the listed abunda."JCeS of the gamma rays or beta particles 

detected accordingly changes the absolute values. The errors in the 
62 listed abundances are low except for Ni , where there could be an 

uncertainty of as much as ± 30% in the abundance of the 1.34-Mev gamma 

ray used to determine the disintegration rate. 

B. Scattering-Chamber Studies 

l. Introductibn 

Energy spectra and angular distributions of deuterons and 

protons emitted during the bombardment of Al27, Ni60 , Pd
110

, Bi209, and 

u238 with helium ions of 41 and 48 Mev were obtained. In light nuclei, 

the nuclear levels .near the ground state may be separated by several Mev. 

Reactio~s leading to these states produce groups of particles of discrete 

energies. As the angular distributions of protons and deuterons leading 

to separate ievels are of considerable theoretical interest, energy 

spectra were obtained at a helium-ion bombarding energy of 48 Mev for 
Be9. 
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Fig. 6-a. Spallation excitation function for the (a,pn) 
reaction of Ni62. 
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Fig. 6-c. Spallation excitation function for the (a,pn) 
reaction of PdllO · 
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Fig. 6-d. Spallation excitation function for the (a,pn) 
reaction of Lal39. 
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Because of the high intensity and large energy loss 1n the. cryStals. 

the elastically scattered helium ions present in the bombardments 

completely saturated the electronic system and caused the amplifiers 

to "limit" at gain settings desirable for proton and deuteron study. 

It was therefore .necessary to place suffic.ient alW!linum in front of 

the detector to absorb all the helium ion$. At bombarding energies 
; 

* below about 4o .Mev, some protons and deuterons that were considered . 
to be ~contributing to the (a,pn) radiochemical cross sections (i.e., 

a,d plus a,pn), were also being .absorbed. This was because the protons 
i 

and deuterons had to pass through the 6 E crystal (ap additional 115 
2 . . 

mg/cm .of Csi) to ::..·each the E crystal. As the energy of the bombarding 
2 . 

particles was lowered, the 115 mgjcm of Csi became an increasingly 

larger fraction of the range of the protons and deuterons emitted from 

nuclear reactions. When bombarding with 48-Mev helium ions, the low

energy cutoff for protons was about 15 Mev and for _deuterons about 20 

Mev. Unfortunately this energy limit eliminated the possibility of 

bombarding at lower helium-ion energiesJ where the maxima, attributed 

to compound-nucleus mechanisms, occur in the light-element radiochemical 

excitation functions. 

2. Deuteron Energy Selection 

In order to obtain the cross section for the production of 

deuterons corresponding to the (a,d) reaction only, and not this rea,ction 

followed by the emission of other particles, it was necessary to adopt 

a scheme for selecting from the entire. deuteron-energy distribution the 

deuterons whose energies were most probably associated with this re

action. This was done by placing an energy restriction on the particles 

selected, based on assumptions about the kinetics of the reactions. 

The assumption was made that deuterons would be considered to contribute 

to only the (a,d) react.ion when their observed energy corresponded to a 

*It was possible to obtain some points for Al27 at an al~ha energy of 

34 Mev, because .of the relatively low Q values involved, 



deuteron emitted first and leaving a residual nucleus with an excitja.., 

tion energy of less than the binding energy of the last, least bound 

particle. In all the elements bombarded except Ni
60 , the binding 

energy of the last neutron to the product nucleus from (a,d) reaction 

is .less than that of the last proton. The binding energy of the 

proton in cu62 is about 2 Mev less ~~han the neutron. However, evap-

* oration of "slow" protons supposedly does not compete favorably with 

gamma-ray emission until the nuclear excitation energy is about 2 Mev 

greater than the binding energy of the proton. 43, 44 1'iherefore "slow" 

proton emission and neutron emission would appear at about the same 
60 nuclear excitation in Ni • The assumption was that whenever the ob-

served deuteron energy was low enough to leave the residual nucleus 

excited to the binding energy of a neutron, a neutron would be emitted 

and the reaction would then no longer contribute to the (a,d) reaction 

as defined. The acceptable energy range for deuterons was taken as 

where Q is the energy release in a given reaction. This analysis was 

not made for Be9. 

3. Deuteron Cross Sections 

The deuteron differential cross sections for Al27, Ni60 , Pd
110

, 

Bi209, and u238 were obtained from the proton-deuteron-triton particle 

spectra (with the proper selection of energy) rather than from the 

deuteron energy spectra. This method was felt to yield more reliable 

cross sections than could be obtained from the deuteron energy spectra. 

During the early development of the particle-identification system, the 

separation of the deuteron peak from protons and tritons in the particle 

spectra was not considered good enough to eliminate contamination of 

the deuteron energy spectra. With improved resolution, there was still 

appreciable triton contamination in the bismuth and uranium bombardments' 

for in these cases the triton particle peak was considerably higher than 

* Protons of energy considerably less than the Coulomb barrier,. 
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the deuteron pe,ak. However, it was possi.ble .to resolve the deuteron .. . . - . ' .[' 

particle peak from the proton and triton peaks with, some confi~ence, 
r I t • 0 0 " J ' 

as the particle pea.lts were fairly symmetric about their mar;ima •. 

Only deuterons whose energies w~re above the, er1ergy_limit 

assumed for deuterons associated wit;h only the (a:,d) re~ction were 

included in the particle spectra. This .was done using the calibrated 

discriminator in the Pence gate circuit. Ch~cks weremade on the 

discriminator calibration, using_elastically scattered deuterons, 

before each series of angular measurements. 

The variation of the differential.cro~s sections wit:h. angle 

for the produc~:i.on of deuterons leading to the (o:,.d) reaction for 

aluminum, nickel, palladium, bismuth, and uranium are presented in 

Table. I. Also listed in Table I are the total cross sections obtained 

from an integration of these angular dis~ributions. As the differential 

cross sections continued to decrease with increasing angle, it was not 

felt worth while to go to larger angles, because the counting time was 

quite long. This.amounts to an estimated elimination of less than 5% 
of the total cross sections. 

The total cross sections were obtained by integration of the 

angular distribution curves according to the equation 

a = 2 1( I·~ sin 9d9 • 

In practice the integra·l was approximated by a summation. The 

graphical integration was carried out step-wise in 5°, inter,vals by usine: 
· do ' 

the average va~ues of dD and sin e for that interval. The angular 

distribution o~ deuterons from the Be9(o:,d)B11 reaction, leadin-~ to the 
11 ·. . . 

ground and first excited states of B '·were obtained from the. deuteron 

. energy _spectra when ti?-e resolu_tion of t~e particle spectr~ was improved. 

Less _than 10% of th~ counts in th.e deuteron particle peak might_ be 

attributed to protons or tritons. The angular distributions of deuterons 
. 11 

leading to these states in B are also given in Table I. 



Table I 

Deuteron differential cross sections as a function of laboratory-system angle for helium-ion bombardment at 34, 41, and 48 Mev 
(millibarns/steradi~ l 

Angle 27 
(lab system) Al 

(degrees) 34 Mev 41-Mev 

Isotope 

liB Mev 

Ni6o ----;;-uo____ Bi209 -----~23E 

~~ ~~ ~~ ~·~ ~~ ~~ ~~ ~~ 
Be9 

48 Mev 48 Mev 

Ground lst excited 
state state 

10 5.45±0.54 

12.5 8.38±0.84 5.13±1.02 6.96±0.84 2.34±0.19 0.883±0.132 

15 5.39±0.75 5.85±0.39 3.49±0.24 5.0l±0.6o 6.6o±0.53 4.28±0.63 4.80±0.~ 1.66±0.33 2.39±0.~ 4.19±0. 76 5.96±1.80 l. 43±0.080 0.889±0.090 

20 3·90±0.39 4.23±0.33 2.60±0.21 3.52±0.53 4.6o±0.37 3.29±0.~ 4.02±0.41 1.07±0.21 1.90±0.38 3·34±0.66 4. 45±0. 53 0.926±0.047 0.586±0.059 

25 2.58±0.15 2.92±0.27 1.84±0:18 2.13±0.26 3.22±0.26 2.25±0.22 3.46±0.35 0.93±0.19 1.15±0. 23 1.52±0.44 3.18±0.47 0. 780±0.042 0.416±0.042 

30 1.68±0.15 2.25±0.18 1.34±0.12 1.68±0.34 l. 75±0.18 1.77±0.18 2.55±0.24 0.74±0.15 0.99±0.20 0.76±0.38 1.93±0.29 0.898±0.0~ 0. 236±0.024 

35 1.24±0.12 l. 76±0.15 l.l4±0.ll 1.26±0.13 1.86±0.19 0.60±0.20 1.35±0. 33 0.933±0.065 0.260±0.026 

4o 0.91±0.09 1.56!:0.15 0.91±0.09 0. 76±0.ll 1.37±0.14 0.91±0.09 1.61±0.16 0.42±0.08 0.57±0.ll 0.38±0.13 0.83±0.29 0.720±0.050 0.255±0.026 

45 l.l3±0.ll 0.82±0.15 0.61±0.20 0.522±0.042 0.182±0.025 

50 0.56±0.09 0.85±0.09 0.56±0.ll 0.62±0.09 0.77±0.08 0.52±0.06 0.74±0.09 0.23±0.05 0.35±0.07 0.19±0.09 0.70±0.15 0.388±0.038 O.ll8±0.025 

55 0.45±0.05 

60 0.51±0.09 0.61±0.06 0.35±0.05 0.31±0.05 0.42±0.04 0.30±0.04 0.39±0.05 0.15±0.03 0.18±0.04 0.12±0.06 0.35±0.13 0.320±0.048 0.078±0.023 

70 0.44±0.09 0.42±0.08 0.28±0.04 0.22±0.05 0.24±0.02 0.18±0.03 0.17±0.02 0.10±0.02 O.ll±0.02 0.196±0.040 0.050±0.020 

8o 0.23±0.09 0.16±0.03 0.14±0.03 0.17±0.02 O.ll±0.02 0.12±0.02 0.06±0.02 0.07±0.02 0.05±0.02 O.ll±0.04 0.126±0.038 

90 0.37±0.08 0.14±0.03 0.08±0.02 0.07±0.02 O.ll2±0.044 

100 0.25±0.ll 0.06±0.02 0.06±0.01 o.o2±o.o66 o.o2±o.oo6 0.03±0.01 

llO 0.08±0.03 0.03±0.01 

Total cross 
section 6.50±1.63 7.95±1.39 5.14±0.77 5.57±0.95 7.49±0.85 5.57±0.79 6.84±0.96 2.18±0.76 2.93±0.65 3.42±1.36 6.18±1.85 

(mb.) -

I 
l-0 
CP 
I 
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Figure 7 shows some typical energy spectra obtained for 

beryllLium, aluminum, and palladium. Figure 8 shows angular distributions 

of deuterons for the (a7d) reaction on aluminum and palladium. The other 

elements studied gave very similar results. Figure 9 shows plots of the 

variation of the differential cross. Bections with center-of-mass angle 

for the Be9(ayd) reaction leading to the ground and first excited states 
11 . of B 7 together w~th the9retical ctu~es calculated by using Butler 3 s 

theory45 as described below. 

The errors listed were estimated from uncertainties in target 

thicknessess energy calibrations, and resolution of the particle spectra 

peaks. Errors due to counting statistics were usually small except at 

very large angles. The errors listed for the Be9 bombardments are 

relative errors estimated from resolution of energy ... spectra peaks and 

counting statistics. 

4. P:coton Energy Selection 

The deuteron cross sections obtained do not account for even 

half of the observed, (a 7pn) radiochemically determined cross sections at 

these bombardment energies. It is certainly to be expected that reactions 

involving the emission of a proton a11d neutron would contribute to this 

reaction. It is not clear in this case, however, just what range of 

proton energies toassociate with the (a,pn) reaction. As some of the 

previously discussed radiochemical work indicates a large contribution 

to this reaction from direct-interaction processes, a crude analysis based 

on this assumption is possible. Prompt emission of a low=energy nucleon 

by direct process, leaving the nucleus highly excited7 would on the average 

lead to multiparticle evaporation. A prompt particle 7 leaving the nucleus 
. ' 

excited to less than the binding energy of two nucleons 7 might be expected 

to contribute considerably to the (a,pn) reaction. When the residual 

excitation energy of the nucleus is only of the order of the binding energy 

of two nucleons, neutron evaporation should be considerably favored over 

proton evaporation, at least in the medium and heavy elements, because of 

the Coulomb barrier effect on the charged partic~e. Emission of the proton 

as a prompt high-energy particle, leaving the nucleus just sufficiently 
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Fig. 7-a. Deuteron energy s~ectrum obtained at 15 degrees 
(lab) for the Be9(a,d)Bl reaction. The helium ion 
energy was 48-Mev. Plotted are the relative number 
of counts and energy versus the pulse-height analyzer 
channel number. The curve labeled E corresponds to 
the energy scale. 
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Fig. 7-b. Deuteron energy spectrum obtained.at 15 and 
90 degrees (lab) for the Al27(a,d)Si29 reaction. The 
helium ion energy was 48-Mev. Plotted are the relative 
number of counts and energy versus the pulse-height 
analyzer channel number. The curv'e labeled E corresponds 
to the energy scale. 
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Fig. 7-c. Deuteron energy spectrum obtained at 15 and 90 
degrees (lab) for the PdllO(a,d)Agll2 reaction. The 
helium ion energy was 48-Mev. Plotted are the relative 
number of counts and energy versus the pulse-height 
analyzer channel number. The curve labeled E corresponds 
to the energy scale. 
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Fig. 8-a. Angular distribution of deuterons associated 
with the (a,d) reaction of Al27 with 48-Mev helium ions. 
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Fig, 8-b. Angular distribution of deuterons associated with 
the (a,d) reaction of PdllO with 48-Mev helium ions. 



-45-

-"'C 
0 .... 
Q) -(/) ........ 
.c 1.5 
E 
c 
0 -0 
Q) 
(/) 

(/) 
1.0 (/) 

0 .... 
0 

0 -c 
Q) .... 
Q) 

0.5 --0 

0. 0 L._..l__L___..L___JL_..L..._~£L--::L:--~~=-~;:::---' 
0 40 60 80 100 

Angle (c.m.) (deg) 

MU-16966 

Fig. 9-a. Angular distribution of deuterons from the 
Be9(a,d)Bll reaction leading to the ground state of 
Bll (£ = 2). The points represent the experimental 
data. The solid line is a theoretical curve calcu
lated according to Butler's theory with r

0 
= 

5.7 x lo-l3 em 
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Fig, 9-b. An~lar distribution of deuterons from the 
Be9(a,d)B 1 reaction leading to the first excited 
state of Bll (£ = 0). The points represent the 
experimental data. The solid line is a theoretical 
curve calculated according to Butler's theory with 

1 -13 r 0 = 5.7 x 0 em. 



excited to evaporate a neutron, would seem to be a reasonable direct 

process involving proton emission. This picture is obviously too 

simplified, as it neglects the possli)ility of the simultaneous emission 

· of a neutron and a proton of medium energy. 

The assumption was made that, fram the entire energy spectrum~ 

only those protons contributed to the (o:,pn) reaction whose observed 

energies corresponded to a residual nucleus left.with just sufficient 

energy to evaporate only one neutron. Protons were accepted as soon 

as their ener~y corresponded to leaving the residual nucleus excited to 

an energy that was the sum of the binding energy of one neutron plus its 

average evaporation energy plus the binding energy of a second neutron . 

. The average evaporation energy of the first neutron was taken as 2T, 

computed from Lang's and Le Couteur' s empirical formula 
46 

where Tis the nuclear temperature~ A is the mass number~ and·E is the 

excitation of the residual nucleus. As the average evaporation energy 

was of interest for those cases in which the residual nucleus was left 

excited to the binding energy of the second neutron, E was taken as 

Qo:, pn - Qo:, pZn. The acceptable energy range for protons was taken as 

E + Q > E > E + Q - 2T. ~ error of 1 Mev in the estimated o: ll,pn · p o: a,pzn· 
energy corresponds to about a 5% error in the total integrated cross 

section. 

It has been assumed in this analysis that only a small contri~ 

bution to the proton spectra used for the cross-section calculations 

results from processes involving the re-emission of the incident helium 

ion after proton emission, i.e"' the (o:,o:'p) reaction. Protons in the 

energy range used in the calculations could be obtained from events in 

which the helium ion was re-emitted with .an energy getween about 5 and 

lp Mev. The work of Igo 47 and the work of Merkl~,, 48 dealing with in

elastic scattering of helium ions of about 40 Me¥' show that helium ions 

re.emitted with energies in the range of 5 to 15 Mev tend to have 
/ 

angular distributions symmetric about 90° and nearly isotropic, as one 



would expect from an evaporation process. As the Coulomb barrier dis

criminates against charged-particle evaporation, one would expect neutron 

evaporation to be more probable in most cases than helium-ion evaporation. 

It has been noted5 that the (a,a 1n) reaction is a fairly 

prominent one, and this reaction has a cross section of about 40 to 50mb 

in the bombardment of u238 with helium ions. The (a~a'p) reaction of 

Pu239 has been shown to be< 1 mb. 49 These facts would suggest that the 

(a,a'x) reaction, where x is a neutron or proton, proceeds mainly by the 

inelastic scattering of the incident helium ion with high energy leaving 

the excited target nucleus to de-excite by the evaporation of a low-energy 

nucleon, primarily a neutron.5 

5. Proton Cross Sections 

The angular distributions of protons corresponding to the (a,pn) 

reaction, as defined, were obtained from the entire energy spectrum by 

selection of protons of the proper energy range. The differential cross 

sections and the total integrated cross sections for the elements studied 

are listed in Table II. Included are the differential cross sections 

leading to the 1.67- and 3.76-Mev level of B12 obtained in the helium-ion 

bombardment of Be9. Figure 10 shows some typical proton spectra obtained 

for beryllium, aluminum 7 and bismuth. Figure 11 shows plots of the 

variation of the differential cross sections with angle for the production 

of protons leading to the (a,pn) reaction on aluminum and bismuth. The 

other elements studied give similar results. Figure 12 shows the angular 
12 distributions of protons leading to the 1.67- and 3.76-Mev levels of B , 

together with theoretical curves calculated by using Butler's theory. 

Errors in the values of the proton angular distribution cross 

sections were nearly constant with angle, and arose primarily from un

certainties in target thicknesses and energy calibrations. Errors due 
. 

to counting statistics were usually ~uite low. The estimated limits of 

error are 10 to 15%. Errors listed for Be9 are relative errors estimated 

from resolution of energy-spectra peaks and counting statistics. The low-
12 

lying levels of B lay relatively close together. With the e~uipment 

used, it was difficult to resolve the peaks in the proton spectra 



Table II 

Proton differential cross sections as a function of laboratory-system angle for bombardment with helium ions at 41 and 48 Mev 
· (millibarns/steradian) 

Isoto e 
Angle 27 Ni6o PdllO Bi209 u238 Be9 (lab system) Al 

(degrees) 4l Mev 48 Mev 41 Mev 48 Mev 41 Mev 48 Mev 41 Mev 48 Mev 41 Mev 48 Mev 48 Mev 48 Mev 
--

l.67 Mev 3.76 Mev 
state state 

12.5 15.0 46.3 23.1 8.87 0.226±0.036 

15 16.8 18.7 47.2 40.4 20.2 20.9 7.14 7.16 5.56 6.25 <0.025 0.130±0.020 

20 13.8 14.8 34.9 32.8 16.7 16.9 6.20 6.59 4.26 4.47 <0.051 0.065±0.016 

25 ll.O 12.1 25.7 25.6 13.7 12.5 5·59 3.56 3.41 0.062±0.018 0.026±0.013 
I 

5.27 +=-
\.0 

30 8.07 10.7 19.0 2l.4 9.43 8.79 4.15 4.52 2;90 3.02 0.086±0.017 <0.065 I 

35 17.3 7·31 6.72 0.018±0.0092 0.065±0.045 

40 5.56 7·92 14.7 16.1 5.15 5.08 2.95 3.28 l.88 2.35 0.070±0.014 0.131±0.059 

50 4.38 4.89 8.38 10.3 3.71 3·33 2.12 2.16 l.20 l.23 0.018±0.007 0.036±0.0ll 

6o 2.74 j.82 6.13 7.02 2.72 2.18 l.42 l.50 1.02 0.88 0.002±0.001 0.033±0.010 

70 3.00 4.91 3·79 l.45 l.36 0.92 0.55 0.005±0.003 0.022±0.007 

8o l.60 2.26 3·85 2.64 0.93 0.85 0.78 0.59 0.56 0.31 0.006±0.003 0.005±0.003 

100 l.26 l.29 l.94 l.23 0.50 '0.43 0.38 0.30 0.25 0.19 

120 0.86 0.79 l.6::J 0.31 0.06 

150 l.22 0.14 0.20 
-
Total 
cross 
section 
(mb) 34.2 40.8 8l.4 76.3 30.5 28.9 15.8 15.7 10.8 10.1 
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Fig. 10-a. Proton e9ergy s~ectrum obtained at 15 degrees 
(lab).for the Be (a,p)B 2 reaction. The helium ion 
energy was 48 Mev. Plotted are the relative number of 
counts and energy versus the pulse-height analyzer 
channel number. The curve labeled E corresponds to 
the energy scale. 
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Fig. 10-b. Proton energy spectrum obtained at 15 and 90 
degrees (lab) for the Al27(a,p)Si3° reaction. The 
helium ion energy was 48 Mev. Plotted are the relative 
number of counts and energy versus the pulse-height 
analyzer channel number. The curve labeled E corresponds 
to the energy scale. 
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Fig. 10-c. Proton energy spectrum obtained at 15 and 90 
degrees (lab) for the Bi209(a,p)Po212 reaction. The 
helium ion energy was 48 Mev. Plotted are the relative 
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Fig. ll-a, Angular distribution of protons assumed to be 
associated with the (a,pn) reaction of Al27 with 48-Mev 
helium ions. 
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associated with the (a,pn) reaction of PdllO with 
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Fig. 12-a. Anru=ar distribution of protons from the 
Be9(aip)Bl reaction leading to the 1.67-Mev state 
of B1 (£ = 0). ~e points represent the experi
mental data. The solid line is a theoretical curve 
calculated according to Butler's theory with 
r 0 = 5.7 x lo-13 em. 
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Fig. 12-b. Angular distribution of protons from the 
Be9(a p)Bll reaction leading to the 3.76-Mev state 
of Bli (£ = l). The points represent the experi
mental data. The solid line is a theoretical curve 
calculated according to Butler's theory with 
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corresponding to transitions to these levels; consequently the dif

ferential cross sections obtained are only approximate, and their 

ahsolute magnitude may be considerably in .error. They were obtained 

primarily to compare w:itth a Butler-theory calculation. 

If the (o:,pn) reaction on a uranium target proceeds by the 

evaporation of a neutron after prompt proton emission, fission occurs 

in competition with the neutron evaporationo The (o:,pn) cross sec

tions calculated from the scattering-chamber data are therefore too 

large. One may estimate a correction to the scattering data by de

creasing the calculated cross sections in the ratio of the neutron

emission width to neutron-emission-plus-fission width, r j(r + rf), 
241 n n 

of the nucleus undergoing competition, i.e., Np • The value of 
241 r j(r + ff) for Np can be estimated from curves by Vandenbosch 

n n 50 
and Huizenga, and was taken as 0.57. 

6. Proton Spectra Contamination 

A sharp maximum occurred in the proton-energy spectra at 

forward angles for all elements studied. This peak showed a marked 

downward shift in energy as the angle of observation was increased, 

and disappeared from the observable energy range at an angle of 

about 45°. The energy of this peak had the same angular dependence 

for all the elements. The dependence on energy and angle fitted 

quite well with that calculated for the interaction of helium ions 

with free hydrogen nuclei. The full width at half maximum of this 

peak was 8 to 12%, which is slightly slightly larger than for a peak 

corresponding to a group of particles of discrete energy. If this 

peak corresponded to protons being "knocked out'' of the nucleus by 

an incident helium ion, one would expect a smearing out of the other

wise unique correlation between the angle and energy of the emerging 

particle due to the momentum distribution of the nucleons in a nucleus. 

Certain investigations51 , 52 ' 53 indicate that the momentum distribution 

should produce a proton peak whose full width at half maximum would be 

10 to 20 Mev, rather than the 2 to 3 Mev observed. This observed peak 



is attributed to the interaction of the bombarding helium ions with 

hydrogenous material on the surfaces of the targets (possibly a thin 

oil film). This phenomenon has also been observ~d by others. 5~- The 

peak was consequently subtracted out of the energy spectra. 
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IV. DISCUSSION 

·A. Angalar Distributions 2 ·Energy Spectra, and Cross ·Sections 

Expe~tedi'roin Statistical-Model and Optical..;.Model.Interactions 

Deuterons and protons produced in reactions proceeqing via 

formation of a compound nucleus and statistical decay should ,exhibit 

certain characteristic features in their energy and angular distribu

tions. In low nuclear exci ta.tion in the light elements 2 : in which the 

level densities are low, it is possible to obtain groups of particles 

of discrete energies corresponding to decay involving separate levels"55J56 

In medium and heavy elements, at energies corresponding to 

excitation of the nucleus .to its cont:tnuum, the energy spectrum to be 

expected from the statistical decay of compound nuclei has been given 

by Weisskopi'.57 With the introduction of the idea of nuclear temper

ature a...'rld entropy, the eg_uation giving the energy spectra to' be ex-

pected can be written in its simplest .form 

where 

P. (E) dE = const o (E) E exp ( -;E/T) d EJ> 
J 

Pj (E) dE =the pro1;>ability per unit time for the emission of 

the particle j with .energy between E and E + dE 2 

CJ (E) 

E 

T 

::: cross section for the .captur.e of the pa.rticle j 

by the target nucleus, 

= energy of emitted particle, 

= nuclear temperature. 

If the variation of a (E) with E is neglected, one obtains .the 

familiar Maxwellian distribution in the energy of the emitted particles)> 

with the most probable energy occurring at E = T. If the particles are 

charged, the probability for emission is quite energy-sensitive; low 

values of E mean that the probability f.or penetration of the barrier is 

low and a (E) distorts the Maxwellian distribution by shifting the 

maximum to higher energies. 57 The most probable energy is slightly 

above that corresponding to the Coulomb barrier. 
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The statistical. theory assumes that the compound nucleus has 

lost all memory of its mode of formation by the time the particle is 

emitted. It might be expected that the angular distribution of decay 

products should be isotropic in the center-of-mass system. This point 

has been examined by Wolfenstein58 ·ru1d further developed by Hauser and 

Feshback. 59 If all the assumptions58 of statistical decay are met, so 

that certain simplifications can be made, the angular part of the 

calculated differential cross section can be expressed as a function 
2 of cos 9; 9 is the angle of the emitted particle relative to the 

incident particle. It appears that the angular distribution of the 

product particles need not be isotropic, but must be symmetric about 

a plane at 90°. 
The cross section for the production of charged particles should 

show a strong z dependence. In order to be emitted with appreciable 

probability, the escaping particles must have kinetic energy exceeding 

the Coulomb-barrier energy. On the statistical model, the average kinetic 

energy of the emitted particles is of the order of 2T. For heavy elements, 

T ~ 1 Mev and the barrier for protons > 10 Mev, so that T << barrier. The 

relative width for charged-particle emission (r /ft t 
1

) should decrease c . o a 
rather rapidly with z. Figure 13 is a plot of rcjrtotal calculated for 

proton and deuteron emission from nuclei excited to 40 Mev as a function 

of A. The calculat~on was made for the most stable even-even nuclei of 

a given A, using the equations given by Dostrofsky and co-workers60 Here 

rtotal is the.sum of the calculated widths for emission of neutrons, 

protons, deuterons, tritons, and alpha particles. These widths can shift 

up or down by a factor of about 2 for other nuclear types because of the 

differences in level densities. 

The optical-model effects on the energy distribution of reaction 

components are rather varied. There has been little work done on the 

product particles resulting from helium-ion bombardments leading to other 

than single levels, except to show that the cross sections for the pro

duction of high-energy charged particles are greater than expected from 

statistical theory. 9 '
10 

Inelastically scattered protons, neutrons, and 
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Fig. 13. A plot of the relative widths for proton and 
deuteron emission, fc/ftotal' versus mass number 
for the most stable even-even nuclide of a given 
mass number excited to 4o Mev. The circles are the, 
experimentally determined widths, acfatotal' for 
prgtons associated with the (a,pn reaction of Al27, 
Ni o, PdllO, Bi209, and u238. The squares represent 
acfatotal for deuterons. 
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. 9 61 
helium ions show rather broad peaks in their energy spectra. ' 

Direct interactions seem to show this characteristic flat high-energy 

distribution of product particles. This leads to a higher average 

emission energy than that of the decay particles of the compound 

nucleus.9 This is because surface interactions contribute a great 

deal and involve only a few nucleons, Which tends to lead to large 

transfers of energy to the emitted particles. 

The optical components always tend to give angular distri

butions peaked in the forward direction,62 ,63,64 especially at high 

energies. Since only a few target nucleons at most are involved in 

a direct reaction, the forward momentum of the incident particle 

causes forward peaking ,of the reaction products. Forward asymmetric 
0 peaking about 90 is taken as evidence for a direct-interaction 

process. 9 For reactions of helium ions with nuclei in which particles 

of discrete energies are emitted -- corresponding to interactions 

involving separate levels -- Butleris theory has been quite successful 

in predictingthe variation of differential cross sections for these 
. 7 11 65 66 particles w~th center-of-mass angle. ' ' ' 

Considerable experimental data9 have shown that direct

interaction processes generally yield charged particles with energies 

E ~Coulomb barrier, and do not exhibit the strong Z dependence of 

compound-nucleus reactions. Thus, a yield of charged particles sub

stantially in excess of that predicted by the statistical model is 

evidence for direct-interaction processes. 

B. Butler's Theory 

t . 62 67 Butler s theory ' was originally derived for deuteron 

stripping reactions; however, it was soon shown7, 45,64,68 that the 

angular distributions from other types of surface reactions should be 

very similar and be similarly dependent on spin and parity changes 

between the initial and final nuclear states. 

A simple form of Butler's theory can be written as 
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dO' . 
where d.Q is the differential cross section pt=r_unit solid angle; A is 

taken as ~ constant for a given reaction energy (it involves level 

widths, factors of the wave functions involved, and assorted constants); 

F is called a form factor and is a decreasing function wfth. ·increasing 
' . 

angle; j (~) ( q r 
0

) is a spherical Bessel function of order £, where 

£ is the relative change in angular momentum between the initial and 

final nuclei; q is the absolute value -of the vector difference between 

the vector wave numbers of the bombarding particle (ki) and final light 

product particle (~).; after correction for the finite masses of the 
. . ~ Mi ~I . 

initial and final nuclei (M17Mf)' q is given ~y jki ~ Mr k~ ; r
0 

is the 

radius of interaction. The A and r are usually taken as adjustable' 
: 0 

par~eters; r
0 

has the property of shifting the_peaks in the angular 

distribution, and A adjusts the absolute magnitude of the cross section. 

The value of £ is determined by conservation of angular 

momentum according to the equation 

I ;fi + ~f + Ij min :::;_ £~ J i + J f + 1 • 

where ~ and ~f are the spins of "the initial target nucleus and final 

residual nucleus' respectively; r ;i.s the vector sum of incident and 
., 

escaping partictes. Parity must be conserved in the choice of £-. When 

several values are allowed, the lowest £ is taken .as contributihg the 

most to the reaction .• 

The form factor is made up of the interhal wave function of 

the incoming particle and the wave function .of the incoming p'article 

expressed as a plane wave. It is a decreasing function with increasing 

momentum change between the incoming anq. outgoing particles, i.e., with 

increasing angle. It represents the fact that the incident particle 

always prefers to split in such a way that the direction of the outgoing 

particle is as close as possible to the direction of motion ·Gf the 

incident particle. 

The approximations used in the derivation of Butler's ex-
. 45 

pression have been discussed elsewhere. 



C. Angular Distribution From 
9 11 9 12 Be (a 9 d)B and Be (a 9p)B Reactions 

Butler~s theory has predictedj with fair success, the angular 

distribution of protons66
)>
69,70 and tritons11 produced in helium-don 

bombardment of some light elements. It would be of interest to make a 

trial at fitting the angular distributions of deuterons from the (a,d) 

reaction on Be9, in addition to the protons from the (aJp) reaction. 

The angular distributions of the deuterons leading to the 

ground and first excited states of B11 and of the protons leading to 
12 the 1.76-Mev and 3.76=Mev states of B , shown in Figs. 9 and 12, agree 

fairly well with those predicted by Butler's theory. This clearly shows 

their origin from direct-interaction processes. 

It was not possible to use a rigorous theoretical form factor, 

as this re~uires a knowledge of the wave function of helium. Hunting 

and Wall have shown that the approxima"tle form factor given by Butler. 

does not appear to contribute enough to forward peaking of the reaction 

products in helium-ion interactions. 66 They find that a factor of the 

form 

2 where Q is an adjustable parameter, gives a.better fit to the data. 
0 

This factor gives more emphasis to forward. peaking than Butler.1 s factor. 

The best fit of the experimental data seems to be obtained by 

using an interaction radius of 4o7 x lo-13 centimeter. This value is 
' -13 

slightly larger than the 4.3 x 10 em contact distance obtained from 

the sum of the radius of Be9, as calculated from the expression 

r = 1.5 x 10-l3 A 1/3 em, and the radius taken for the helium ion, 

1.2 X 10=l3 cmo 

The £ values chosen for the spherical Bessel functions were. 2 

and 0 for the ground-state (J = 3/2-) and first-excited-state (J = l/2-) 
' 11 

transi-tions to B , and 0 and l for the 1.67-Mev-state (J = 1-, 2-) and 

the 3.76-Mev=state (J = 2+) transitions to B12 • The ground-state spin 

of Be9 was taken as 3/2-. All the spins were taken from the compilation 

by Ajzenberg and Lauritsen. 42 
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After consideration of the details of the reaction, an £ value 

of 2.was taken for the reaction of Be9(a,d)Bll ground-state transition;> 

rather than the allowed £ value of o. If one considers the incoming 

helium ions, spin 0+, l;>rea.k.ing up and producing .a.deuteron, spin 1+, 

a.s an outgoing particle, then the proton and neutron that enter the 

nucleus very likely have their spins of. l/2+ aligned to give a resultant 

spin of 1+. (This assumes no spin flip.) 

A consideration of the shell"iD.odel structur'e of Be9 shows that, 

to lead to a ground-state transition, both the proton and neutron must 

go into a p
3

/ 2 state. Each must have nne unit of orbital angular momen~ 

tum added onto the intrinsic spins of 1/2 to give a resultant J value 

of 3/2' J = £ + s. As th.eir intrinsic spins axe aligned parallel, then 

their angular-momentum vectors must also be aligned parallel. This 

results in a change in angular momentum of 2 rather than 0. In order 

to fit the experimental data to an £ value of 0, the very small value 

of r = 3.2 x 10-l3 em must be used; the data are fitted :well with an 
0 •13 

£ of 2 and the much mar~ reasonable radius of 4.7 x 10- em. 

Butler has pointed out that, as the helium ion cannot be 

considered loosely bound, some of the nuclear approximations are not 

valid. 45 ·Also, for the doUbly charged helium ion, the Coulomb effects 

are rather large. These factors tend to fill in the valleys between 

the peaks of the theoretical distributions and tend. to broaden and 

shift the peaks. The cross sections at large ·angles are larger than 

the theory would predict. This seer;ns to be a general failing .of the 

theory; factors leading to this have been discussed elsewhere.71 

Do Energy Spectra and Angular Distributions of Protons 

and Deuterons Involvins Transitions to Many Levels 

In light elements, such .as beryllium and aluminum, transitions 

to well-separated nuclear energy levels near the ground state give rise 

to protons and deuterons .of discrete energies. As the nuclear excitation 

and the atomic numl;>er increase, the density of nuclear levels increases 

and the average level spacing decreases. Using apparatus of moderate 
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resolving power, one expects proton and deuteron energy spactra involving 

states of high nuclear excitation, and those associated with heavy ele

ments to consist entirely of continuous spectra. 

The proton and deuteron spectra obtained for aluminum and 

heavier elements were for the most part continuous, and exhibited the 

broad distributions, with.large contributions from particles of high 

energy, characteristic of the optical-model component of nuclear re-
o actions. Except at angles greater than 90 , they are very different 

from the type of exponential distribution characteristic of evaporation 

from an excited compound nucleus. 

The angular distributions of protons and deuterons correspond

ing to the (a~d) and (a,pn) reactions, as defined, show very strong 

forward peaking with little contribution to the integrated cross sections 
0 from angles greater than 90 • This forward peaking is associated with 

particles of the entire observed energy spectrum and is not limited to 

just the energy range taken for the calculation of the integrated cross 

sections. 

The cross sections for the production of deuterons and protons 

obtained from the scattering-chamber experiments are considerably larger 

than one would expect from statisticalamodel calculations. Even though 

they represent only 10 to 20"/o of the total proton and deuteron energy 

spectra, the cross sections for the production of protons and deuterons 

taken as contributing to just the (a,pn) and (a,d) reactions are as large 

as or larger than one would predict for the total proton and deuteron 

evaporation probabilities for nuclei excited to 4o Mev. Figure 13 is 

a comparison of calculated relative widths for proton and deuteron emis

sion from nuclei excited to 4o Mev with the experimentally determined 

relative widths for emission of protons and deuterons corresponding to 

just the (a,pn) and (a,d) reaction. The experimental relative widths 

were taken as the ratio of the experimental cross section to the geometric 

cross section, a fat. t 1; the observed widths for the emission of protons 
c . 9 a 

and deuterons r~ge from one to several orders of magnitude times as 

large as the statistical model would predict as one proceeds from light 

elements (A~ 27) to heavy elements (A~ 200). 



The three pieces .of information obtained_,., ... i.eo, the energy 

distributions, the angular distributions, and the .total cross sections 

-- point to the conclusion that the processes yielding protons and 

deuterons associated with the (o:7 pn) and (o:,d) .. reactions of nuclei with 

helium ions, in the energy range 40 to 48 Mev, are related to ·optical

model interactions and have little to do with compound-nucleus formation. 

E a Discussion of ,Radi;ochemically Determined Cross Sections and 

ComparisQJn With Scattering-Chamber Cross Sections 

The radiochemical excitation functions for the (o:,pn) reaction 
.60 61 exhibit several distinguishing features. In the region of N~ ~ Ni , 

and Fe 54, a large maximum of several hundred. millibarns occurs in the 

excitation functions at a helium-ion bombarding energy of about 30 Mev. 

As the helium~ion energy is increased, the magnitude of th.e cross sec

tion decreases rapidly at first, but then appears to 81 tail out1
' and 

decrease more slowly with energy. 

As one proceeds to slightly heavier nuclides, such as se80 

and Pd110 , the observed magnitudes of the (O:ypn) cross sections show a 

drastic reduction (factor of -10) over that in the nickel region. The 

cross section decreases more slowly (factor of "-"3) with Zas one proceeds 
110 238 110 from Pd to the region of Pu ,., For Pd and the heavier elements 

studied, the excitation functions tend to show a broad maximum at a 

constant helium•ion energy of about 4o Meva 

As others have pointed out,5'6 the (o:,pn) cross sections are 

as large as the corresponding (o:7 2n) cross sections in the heavy-element 

region where fission also can be induced with helium ions of the energies 

used here,; (o:,2n) cross sections are much .larger in nonfissioning heavy 

elements such as lead ·~d bismuth 672 :~73 Also, only a small decrease in 

the magnitude .of the (o:,pn) cross section occurs as one proceeds from the 

nonfission region i.e.o 1 lead and bismuth ,.._ to the fission region; a 

large decrease is observed in the magnitude of the (o:7 2n) reaction., 

Some . .of the features observed can be explained by the scattering

chamber data, others can not. Table III compares the cross sections for 



Table III 

Comparison of cross sections for (a,pn) reactions obtained from radiochemical • 
and scattering-chamber data from bombardment of various isotopes with 41-Mev and 48-Mev hel.ium ions 

Isotope 
Ni60- PdllO ·- -~ - ··~ ~~~ -738 

41 Mev 48 Mev 41 Mev 48 Mev 41 Mev 48 Mev 41 Mev 48 Mev 

Scatterin6-chamber cross section {mb) 
I 

7-49 6.84 2.18 3.42 6.18 
0'\ 

a,d 5-57 5-57 2.93 (X) 
I 

a,pn 81.4 76.3 30.5 28.9 15.8 15-7 10.8 10.1 
6.16a 5. 768 

a,d + a,pn 87.0±13.1 83.8±12.4 36.1±5.4 35-7±5-3 18.0±3.2 18.6:1:3.1 9.58±1.86a ll.9±2.4a 

Radiochemicall~ determined cross section {mb) 

465±50 ---- 42.6±8.5 38.4±7-7 1.5b ---- 6.8±l.Ob 5.0±l.Ob 

%,pn- '\:x,2n 8.6 6.6 4.6 5.1 

----
aCorrected for fission. 

bYield of long-lived isomer only. 



the (aJ>pn) reaction obtained by radiochemical methods with those obtained 

from the scattering-chamber data. 

The large maximum occurring in the (aJ>pn) excitation function 

for Ni60 cannot be accounted for by the direct mechanisms considered 

here. The (a7 d) and (a,pn) ·cross sections obtained from scattering

chamber data remain approximately constant or increase .as the helium

ion energy is increased from 4o to 48 Mev" The high-energy 11tail11 to 

the radiochemical cross sections is partly explained by the direct-
.• 60 

interaction processes considered here. The (a,pn) reaction of Ni has 
1 been interpreted as proceeding by compound-nucleus formation and decayo 

The large cross section for the evaporation of protons from the compound 

nucleus has been attributed to the low binding energy of protons relative 

to neutrons, and to possible large level-density differences between 

residual nuclei resulting from proton and neutron evaporation. 44,74 

Similar conditions exist in the bombardments of Fe54 and Ni62 , as shown 

in Fig. 14, 

Odd~odd nuclides have a greater level denisty and even-even 

nuclides a lesser density than odd-even nuclides. Weisskopf and Ewing 

have proposed that the even-even nuclides will in general have a level 

density 1/2 that of ah even'""()dd .and 1/4 that of an .odd..,odd nuclide.75 

However, experimental data obtained for nuclides in the region of nickel 

suggest that the difference in level density between even-even and odd• 
42 odd nuclides in,this region may be as much as a factor of 10 or more .. 

As the probability of evaporation of a particle is directly proportional 

to the level dens.i ty of the residual nucleus 7 3 proton emission could be 

favored. over neutron emission when proton emission leads to a much greater 

level denisty than neutron emission. 

The observed maximum cross sections for the (a7 pn) and (a,2n) 
54 60 62 reactions of Fe 7 Ni , and Ni occur at a helium ... ion bombarding energy 

of about 32 Mev and are as follows~ 

Nuclide r1 a,pn 
(mb) 

r1 a,2n 
{mb} 

Fe 54 500 10 
Ni6o 950 250 
Ni62 475 Stable product formed. 
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Ni 6~ Zn64 <e-el 

;I () 
. 

Cu 63
(o-e) 

/ ~ 
0. . 

N ·62 
I (e-el 

N·64 
I (e-el 

62 Cu (o-ol 

' N·162 cr z 66 n (e-el 

Cu 65
(o-e) 

' 
,p 

~ 

" 
C 64 

U (o-ol 

N·57 I (e-o) 

N·56 I (e-el 

62 Zn (e-el 

Z 64 n (e-el 

MU-16975 

~ig, 14. Possible paths of evaporation of protons and 
neutrons from co~Bound nucGei formed in the bombard
ment of Fe54, Ni , and Ni 2 with helium ions. Even
even (e-e), even-odd (e-o), odd-even (o-e), and odd
odd (o-o), refer to nuclear type. p and n refer to 
proton and neutron evaporation. The binding energies 
of protons and neutrons to the corresponding decaying 
nuclei are listed. 
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Because of the restrictions placed on the observable proton 

and deuteron energy ranges, and on the helium-ion bombarding energy, 

the present scattering-chamber data do not help much in showing whether 

the reaction proceeds by direct interaction or by way of a compound 

nucleus. For the present, the major part of the (a,pn) cross sections 
6o 62 54 of Ni , Ni , and Fe appear to be best explained as proceeding by a 

compound-nucleus mechanism. 

For the most part, the radiochemically determined (a,pn) cross 

sections obtained for nuclei heavier than nickel can be accounted for by 

the scattering-chamber data. The cross sections determined in the 

scattering chamber are larger than those cletermined radiochemically for 

Bi20.9 and u238 (the radiochemically determined data represent the yield 

·of only the long-lived isomers); they are comparable to the 15 to 20-mb 
238 232 radiochemical cross sections of Pu and Th , however. 

The magnitudes of the scattering-chamber cross sections 

exhibit a decrease with increasing Z as do the radiochemically determined 

cross sections. The decrease in the scattering chamber cross sections 

is due to three effects: 

(a) A gradual decrease with Z in the total cross section for the 

production of protons and deuterons (about a 25 to 35% decrease in going 

from Pd110 to the heavy-element region, as estimated from the total energy· 

spectra). 

(b) A decrease in the fraction of the total energy spectra of the 

protons and deuterons associated with only the (a,d) and (a,pn) reactions, 

resulting in a lower cross section. This arises from the fact that the 

binding energy of a neutron to the product nucleus of the (a,d.) and (a,pn) 

reaction •lecreases as Z increases, i.e., the energy ranges (%,a·- %,dn,) 

(% - % 2. ) decrease with increasing z. Table III shows that the 
'pn 'P n · 60 209 

binding energies changed by a factor of two in going from Ni to Bi • 

(c) For the same excitation energy, the nuclear temperature decreases 

and the average evaporation energy of the neutron of the (a,pn) reaction 

decreases as the mass number increases. A decrease in the nuclear 

temperature, from about 2.0 Mev in Ni60 to less than l in u238, decreased 



the fraction of the total energy spectra of protons associated with 

only the (a:,pn)' -reactions. A decrease in the nuclear temperature of 

1 Mev decreases the (a:,pn) cross section about lOojo. 

The (a:,d) reaction constitutes only about 10 to 20ojo .of the 

total scattering-chamber (a:,pn) cross section in elements of lower Z 

than uranium. For elements in which fission may be induced in addition 

to spallation, the (a:,d) reaction can become a larger fraction of the 

total cross section; the (a:,d) reaction makes up about one-half the 

total (cx~pn) cross section of u238 . The activation energies for fission 

are not very different from the neutron binding energies for many nuclei 

in which fission is induced.76 The (cx,d) direct interaction can leave 

residual nuclei excited to 4 to 6 Mev without inducing fission. The 

cross section for a .process involving the prompt emission of a proton 

followed by neutron evaporation is reduced due .to competition between 

neutron evaporation and fissiono In this picture, the (cx,d) reaction 

is an increasingly larger fraction of the total cross section as rnjrf 

for nuclei decreases. 

The (cx,d) reaction, as .defined here, suffers .little from fis-

sion competition. For the (cx,pn) reaction, as defined here, there is 

fission competition at one step. For the (cx,2n) reaction there is 

fission competition at two stages if both neutrons are evaporated. In 

addition, for nuclei of the same mass but differing in Z by one unit, 

rn;rf is from 2 to 10 times as large for the nuclide of the lower z.5° 
The total (cx,pn) cross sections would not be expected to exhibit as large 

a reduction as the (cx,2n) cross sections as one proceeds from nuclei in 

which fission is not induced to nuclei in which fission can be induced. 

The exact difference in reduction depends on the r /ff of the nuclei 
238 233 n 

involved, e.g., U ~ 6, U - 30 (assuming the direct-interaction 

contributions are the same for u233 as for u238). 

The broad maximum in the radiochemically determined excitation 

functions at a constant helium-ion energy of about 40 Mev for Pd110 and 

heavier elements are not explained by the scattering chamber data. More 

complicated processes than were considered here may be taking placeo 



F. Conclusions 

It has been shown that, except for light elements in the region 

-of nickel (possibly also elements of lower z, as no radiochemical data 

. were available), the (a,pn) reaction appears to proceed primarily by 

direct-interaction processes for incident helium ions of energy greater 

than 4o Mev. For the elements studied, the (a,d) reaction can account 

for less than half the (a,pn) "radiochemical" cross sections; a .process 

involving proton and neutron emission is responsible for a large fraction 

of the reaction. 

A simple mechanism, involving the prompt emission of a high

energy proton followed by neutron evaporation, permits calculation of 

(a,pn) cross sections-from the measured proton spectra. When the calcu

lated (a,pn) cross sections are combined with the (a,d) cross sections, 

their sum agrees fairly well with the radiochemical data for the elements 

heavier than nickel •. This simple picture does not explain certain features 

of the radiochemical excitation functions, and a more complex process may 

be taking place: possible simultaneous emission of a medium-energy proton 

and neutron by a direct process. 

Butler• s theory gives a reasonably good fit to the angular 

distribution of the direct-interaction deuterons from the (a,d) reaction 

as well as the protons from 'the (a,p) reaction of Be9 ~ 
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