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MECHANISMS OF THE (ct,pn) REACTION

, _ ..Robert Joseph Silva. ‘ S
Lawrence Radlation Leboratory and Department of Chemlstry.
Unlversity ofVCalifornia, Berkeley, Californla
| March 1959

ABSTRACT

Redlochemically determined excitation functions nave been
measured for the (a,pn) nuclear reactions of Ni6o, Ni62, Seso, Pdllo,
and Lal39 by using helium iens of 20 to 48 Mev, These data, combined
with published and unpublished data of other workers, show the general
oM 4o 02272,

Energy spectra and angulsr distributions of deuterons and
protons, produced in bombardments with helium ions of 40 and 48 Mev,
have been obtained for Be9, A127, Ni60, Pdllo, Bigo9, and U238.by
using scattering-chamber methods. Experimental limitations reétricted

the study to helium-ion bombarding energies greater than 4O Mev, and

trends in the (@,pn) reaction of elements ranging from Fe

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 pesking with little contribution from
angles grester than 900.

Total integrated cross sections for the (a,d) and (a,pﬁ)
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 (a,pn) cross sections,

Most of the features of the radiochemically determined ex-
citation fﬁnctions can be explalned by emission of high-energy

deuterons and protons by direct-interaction processes, The (a,d)
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and (a,pn) cross sections calculated from thewscattering-chamber data
can account for nearly all the radiochemically determined (o,pn) cross
sections’ for the ‘elements studied,'except~Fe54, Ni6o, and Ni62; 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
Beg(a,d)Bll and Be9(a,p)B12 reaétions,-leading to definite states of

Bll and Blz, can be fitted reasonably well by Butler's theory.
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MECHANISMS OF THE (c,pn) REACTION
Robert Joseph Silva -
Lawrence Radiation Laboratdry and Department of Chémistry

University of California, Berkeley, California
March 1959

1. INTRCODUCTION

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 & mass number two units higher than
the target nuclei, i.e., the (a,pn) reaction, The work of Ghoshal,l
which has long been cited as confirmation of the Bohr compound-nucleus
model2 of nuclear reactlons, includes the reaction Ni60(a,pn)Cu62.
According to the statistical theory,3
original Bohr concepts, this reaction would proceed by the incorporation

Which is an extension of the

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 thét is several orders of magnitude longer than the timé
of traversal of the nucleus by a helium ion. HoweVér, radiochemical
cross~section investigations of the (a,xn) and (a,pxn) reactions made
in the heavy-element region have led othersh’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 described by Butlef7 and
Serber,

Their experiments, as well as similar experiments9 in which
mediun and heavy elements were‘bombarded with neutrons, protons, and
gamma rays, show a much larger charged—particlevemission probability
than would be expected from the statistical model, Eisberg, Igo, and
Wegnerlo found that, the differential cross section for the production
of low-energy protons in the bombardment of coppef; gold, and aluminum

with 40-Mev helium ions does not vary with the center~of-mass angle in



,,7,,

the vicinity of 1500,.which is in accord with statistical theory. How-
ever, the differential cross section for high-energy protons decreases
with increasing angle, which 1s characterlstic of optical—model direct
interactions. 9 Finally, a recent survey of tritium productlon in various
elements across the periodic table has shown that (a,t) stripping is a
prominent reaction and constitutes practically all of the (a,pZn) re=~
action in the heavy elements,,ll 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.u’5 _ i
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 (&,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 Ni6o 1 Bizog, 12 U238, 2 vTh232, b Pu238, 6
_ and Cf252 13

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

The cross section for the production of only the long-

. while only the short-lived isomer was measured for cal_ifornium,llL These

(a,pn) excitation functions have been recorded in Fig, 1 along with some

54 198 16

unpublished data for Fe” ', H and for Pt In order to make

this radiochemical survey more complete the excitation functions for
the (@,pn) reaction of the targets Ni62 Se8o, Pdllo, and Tat3? were
obtained and are presented in a later section. Because of the unusually
large .cross section for this reaction on Ni6o, 8 few check points near
the maximum in the excitation functions were obtained and are shown in

Fig. 1.

14, Recént experimental work has shown that the ratio of the formation
of the 36-hour isomer of E25LL to the long-lived isomer is-greater than
seven, (Torbjgrn Sikkeland, Lawrence Radiation Laboratory, private

communicatlon, Nov, 1958).
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A study of the energy spectra and angular distributions of
Fhe deuterons and protons produced in helium-ion hombardments of some
of the elements studied 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-
tained for Be9, A127, Ni6o, Pdllo, Bizo9,

chamber experiments, and are presented in later sections.

and. U238 from scattering-
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II. EXPERIMENTAL PROCEDURES

Radiochemically Determined Cross Sectlons

A, Target Assemblies and Cyclotron Irradiations

A1l the cross-section work presented in this series of experi-
ments was done ﬁsing-the 48-Mev helium-ion beam of the Crocker Laboratory
60-inch‘éyclotron. Two types of target assemblies were used with the

17

external beam. A "microtarget" assembly, described fully by Ritsema,
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 1/bk-inch carbon collimator so that all the beam ares fell
upon target materisl, The range-energy curves of Aron,,Hoffman, and
Williams].'8 were used to calculate the helium-ion energies at.each target
in a stack. These curves were interpolated for platinum and gold by
Foreman.19 Uncertainty in the initial beam energy due to changes in

ion source and deflector and magnet settings was abdut + 1 Mev, Beams

of 10 to 30 ua/cm2 were used,

A "recoil" assembly block described by R. Vandenbosch20 was
used for the_Ni6O 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 minutés. As Cu62 has a half-life

of 10 minutes, rapid removal of the target was very important.

B. Target Preparation

1. Nickel-60 A .

One~centimeter-diameter targets were prepared by electrodeposition
of 100 pg/em? of N1
equipment.21 The isotopic purity of the Ni6o was stated to be 99,1%.22

onto 0,0005-inch gold foils by use of standard plating

The procedure was to dilute 10 microliters of a stock solution of Ni °
to 2 milliliters with a 0.5 M stoth.S M HCl solution, This solution
had its pH adjusted to 5 to 6 with NHLOH, and contained 20 milligrams of
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of H3BQ3. This gagg a plating solution similarbto that described by

Blum and Hogaboom, Electroplating for 20 to 30 minutes at a current
density of 100 ma;/cm2 gave consistent yields of more than 95%. The
plating yield was determined by precipitation of the nickel remaining

in the plating solution with dimethylglyoximé by a standard procedure24
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

sample and counting the exposed activity with a proportional counter.

2. Nickel-62
Nickel-62 targets were prepared similar to those used in the
Ni6o bombardments and by the same methods. The targets were from 200 to

300ug/cm2. 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 tentalum
fllament onto several weighed aluminum plates. The tantalum filament was
in the form of a crucible 1 cm long, 5 mm wide, and 2.5 mm deep. -The
aluminum disks were placed at a distance of 20 cm from the filament, and
thus the collection yield was very low (< 1%). The amount of selenium
deposited was determined by weighing, and ran from 1 to 1.5 mg/cm?.' As
any one disk represented less than l% of the totai collecting'surface
and as adJjacent samples weighed very neaily.the same, the targets were

estimated to be uniform within 5 to 10%.

4, Palladium-110

Natural palladium foilsz6 0.00005 inches thick were used as

targets for the detérmination of the (a,pn) cross section for Pdllo.

The thickness of the foils was determined by weighing. The isotopic
purity was teken as the natural abundance, 11.8%.
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5. Lanthanum=-139 _
Lanthanum targets: were obtained by'#acuum‘vaporization of
21 onto weighed platinum disks, by

owdered LaF3 -prepared from Laz 35
techniques described previously.. In order to conserve material it was
necessary to “collimate" the vaporizing_LaF3 by using a l=cm-deep
tantalum crucible and to place the disk about 6 em away from the. filament,
The amount of LaF3.deposited was about 200 ug/cmz, which represénted a
10% yield. The uniformity Qf the targets prepared by this method was
checked by coprecipitation of a small smount of stable eurepium contain-
‘ing a mixture of radiocactive Eul52, EulB%, and Euls5 With:LaF3c ~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 targetshhad_consigtently 10 to
20% more L‘aF3

distance was a compromise between yield and uniformity of target.

deposited on the center area than the edges, The 6-cm

C. Chemical Separations

1. Nickel-60 Bombardment
‘ " As the (a,pn) product Cuéz,has only a 10-minute half life, a
rapid method of Separétioh was desired. ‘The'following method gave
separation times of about 10 minutes and yields of 50 to 60%;"v

After alpha irradiation, the nickel targets were dissolved in
' 0.5 ml hot'6M ﬁCi’conuéinﬁng'a few drops of coﬁéentrated HNog; 1 mg of
zinc holdback carrier;jand,lo,mg of copper carrier (the copper carrier
was &also used for yield determination). The solution was'passéd through
a_DoWex A-l'anionwexchange resin célumn 10 cm_long and 5.mm in'diameter.
The' resin was washed with 3 ml of 6 M HCL to elute the nickel and some
other contaminents, The copper was washed from the resin Wifh 2 m1 of
2 M HC1l, Gold from the target backing and zinc remained on the column.
The copper solution was diluted to 1N in HCl a few mg of Na2803 added,
end the solution heated for 1 to 2 minutes to reduce the Cu to cu” .
Then 2 or 3 of l N NaSCN was added, Which caused the precipitation of

CuSCN. The preclpitate was Washed twice with water and dissolved in 0.5
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ml of 6 M HNO, . The solution was diluted to 2 ml w:iLth a 0.1 M HNO,-0.1 M
H soh solution and placed in a glass plating cell. The copper was plated
" onto a weighed platinum disk by using a current density of O, 5 amp/cm for
& 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 éO minutes.

2. Nickel-62 Bombardments

‘ The same procedure was used for separation of copper as in the
Ni6o bombardments. In this case, 1t 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
5mlof6MHl\IO3

fluoride ion was added to accomplish rapid dissolution of the aluminum

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

backing. The dissolution was carried out in an airtight Erlenmeyer flask
that had a glass side-arm connection which led to the bottom of a 15-ml
test tube containing 10 ml each of CCl& and.ofvl'M HN03° When the targeﬁ
had dissolved, the solution was boiled vigorously and the Br2 formed

was distilled over and collected in the CClu layer in the test tube, The
further purification and final isolation of the bromine was accomplished
by u51ng oxidation-reduction and extraction cycles and AgBr precipitations
as described by MEinke (Procedure 35=1), 28 Time of separation #as about

2 hours and yields were from 30 to 50%.

4, Palladium Bombardment
The palladium foils, in which the Agllz activity was induced,
were dissolved in 1 ml of concentrgted HNC

3.containing 10 mg of gold

carrier and yield tracer. The purification of the gold was done by AgCl
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and AgZS precipitations as described by Meinke (Prqcedure:h752).?8 The
final gold samples to be counted were prepared by dissolving the AgCl
in 1 ml of 1 M NaCN and electroplating the gold onto weighed-plétinum
plates. Uniform sampl?s were obtained by using a‘current density of
100 ma./cm2 for 10 minutes, The time of separation was sbout 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 HC1 containing 10 mg of cerium for carrier and yield
determination, 10 mg of lanthanum holdback carrier, and a few drops of
concentrated HNO3. The solution was passed through a Dowex A-1 anion-
exchange resin column 10 cm long 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
by Meinke (Procedure 58-l),28 The time of sepsaration was 2 hours, and

the yields were from 50 to 80%.

D. Counting Instruments, Counting Technique,

and Treatment of Data

1, Palladium Bombardment -
The disintegration rates of the AgL}Z samples were obtained by

counting the 4,1-, 3;5-, 2;7—,'and 1-Mev B— perticles 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 expreésed in the equation

c/m x A=W
BS x SSSA x g

d/m =

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 geometry factor. Barr has determined this total

conversion factor for various self settings for the same counters used in
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‘this experiment by counting the 1.39-Mev B~ of-l\Ia24 produced .in-a
Zo-qng/cm2 aluminum target.29 These factors were determined for thick
aluminum backing plates, The palladium semples had a thickness of
about 5 mg/cm?; The use of Barr's factors could result in-errors of
about 10% due to the different SSSA correction as estimated from the
data of Nervick and Stevenson.3o Decay was folldéwed 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 Cuéz samples produced by

short irradiations were determined by two methods: (a) counting directly
the 2,9-Mev positrons emitted in the decay, and (b) counting the radia~
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,3l which utilized as a
detector a l-l/Z-inch by l-inch-diameter thallium-activated sodium lodide
seintillation crystal connected to a photomultiplier tube. An AmglLl
standard was used to determine the geometry of the particular shelf used,
~ and the results of Kalkstein and Holla_nder32 were used to correct for
.the variatien in photopeak counting efficiency wiﬁh ganma?ray energy.

The 2,9-Mev positrons were counted by using a proportional
counter described previously; 8OOvmg/cm2 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 Zn62 sample which was i1solated from a Ni6o target after a 3-

62

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

sample was determined (a) by following the decay of the annihilation
radiation of its own positron decay and the positrons of the Cu.62
deughter in equilibrium, and (b) from the characteristic 42-kev gamma
ray of Zn62. The Zn62 dieintegration rates determined by these two

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

counting of the poslitrons from the Zn62 sﬁandard as for the actual Cu

sampies, 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%.as estimated from the curves of Nervick and Sbevenson.

3, Nickel=-62, .Selenium, and Lanthanum Bombardments

The disintegration rates of the Cu6h, Br 82, and Cel)+l samples

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

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

Cu&L 1.34 Mev;
prOC 0.777 Mev;
Cell}l 0.142 Mev.

With all the samples decay was followed for a few half lives and the
_isotope identified 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.compiiation

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

(afm)  (Tyyp)
(0.693) (chemical yield)

N =
The cross section (in millibarns) was then calculated from

N (10%7)
n/em® - (R)

Where N is bhe number of ambmsvprdduced during the mebardménts, n/cm2
is thebnumbgr 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 bf
bombardment, the above formulae were put in the.corresponding”proper

form to correct for this decay.
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Scattering-Chamber Investigations

Deuteron and proton spectra and angular distributions were
obtained for helium-ion bombardments of Be9, Alz7 s Ni6o s Pdllo s B1209 s
and U238, by using the 36-inch scattering chamber at the Crocker
Laboratory 60-inch cyclotron. In these experiments it was necessary
to discriminate between the charge-l particles and desirable to study
certain energy ranges of these particles, This was accomplished by
having the particle first pass through a Csl transmission crysfal to
measure their rates of energy loss, dE/dx, and then into a Nal crystal
to measure their remaining total energy, E. Since the energy loss in
the transmission counter is finite, it will be designated A E. The
pulses obtained were then fed into an electronic particle identifier,3lL
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 1s given below,

A, Scattering Chamber

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

at the Crocker Laboratory 60-inch cyclotron°35’36’37 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 hso to the beam,

The detector was mounted on a rotating table that comprised the bottom
of the chamber and could be placed at any desired angle from 10° to

150O with respect to the beam., The intense gemma radiation, produced
when the detector intercepted the helium-ion beam at angles smaller

than 100, saturated the electronic system. Beryllium degrading foils
were placed Jjust 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 chain.ber° The Faradsay cup was
provided with foil wheels containing varying emounts 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

39

range-energy table338 based on experimental pfoton,range-energy data.

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

B. Targets
Natural folls of 0.00l-inch Be”, 0.00025-inch A1%7, and

0.00075-1inch U238 were used as targets. The Ni6o foil was prepered

by electrodeposition of nickel onto a 0. OOOl-lnch copper backlng, using
a plating method described previously, Thevcopper was subsequently
dissolved off with a 0.1 M AgNO, solution. The isotopic purity of
the_Ni60 was steted to be 87%.2 The target prepared iﬁ_thievway was
0.0003% inch thick. '

' The Pdllo target was prepared by electroplating Pdllo onto a
0.001~inch natural palladium foll, using the method descrlbed by Blum
and Hogsboom, 23 The palladium solution used was stated as having an
isotopic purity of 91.7% Pdllo 2z The isotopic dilution due to the
natural palladium backing brought the amount of Pdllo in the target
down to T8%; the target was 0.00038 inch thick, All the protons and
deuterons were assumed to arise froﬁ the reactions of this nuclide.

The Bizo9 target was prepared by vacuum vaporization of
analytical-grade bismuth from an electrically heated tantalum filament
onto an sluminum backing, using the same volatilizing methods described
earlier; The aluminum was subsequencly dissolved off with dilute HCI1,
The bismuth ﬁarget was 0.00034 inch thick, |

C. Detectors
1. A'E Counter | |
A schematic representation of the detector system is gi&en in
PFig. 3. The detector used for measuring the average rate of energy loss,
A E, of a particle wasa:CsI erystal 10 mils thick (115 mg/cmz) and
5/16-inch_in diemeter, It was coated on the back and sides with an

*
See page 10,
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Filg. 2. Schematic diagi‘am of scattering chamber and detector,
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aluminum mirror for light reflection; 24-Mev deuterons lost about 2.5
Mev when passing through the érystal. A DuMont 6292‘photomultiplier
tube operated at 1100 volts looked at this crystal at an angle of 450
and a distance of about 4 cm. For the bombafdment of aluminum with
2L4-Mev deuterons, the energy spectrum of the elastic peak observed at

10° had a full width at half maximum of about 15 to 1T7%.

2. E Counter

The detector used for measuring the remaining energy of the
particles after passage through the A 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 containér with a transparent
window. The aluminum container at the point 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 dc.
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 4%,

3. Foil Wheel

A foil wheel 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 electrohic'particle identifier as described later.

A brass l/8-inch collimator was placed in front of the foil
wheel so that the detector subtended a solid angle of 1.59 x lOV-l+
steradians. The foil wheél could be placed between the brass coilimator

and the first aluminum“window.
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":D.H.ﬁiectronic'Parﬁicle‘Identifief

Ample ‘description of the theory and-operation of ‘this-
34

électronic system has beén given elséwhere, therefore only a

- brief account is given here. ' ‘

' ‘The principle of operation of this device‘is based on the
approximate eQuation obtained from the nonrelativistic formula for 7
rate of energy loss of charged particles as they pass. through matter.

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

Q:e_ _ -ClM ]_n"‘C E '
d_x‘ E _ 2 M°’

where M.= mass of the charged particle, E = the energy of the.charged
particle, and.cl and_02 are. conglomerates of the constants in the
- usual formula. The mass of a charged particle is proporticnal to the
product of the rate of energy loss by the particle and its total
energy. _Stokes, Boyer, andANorthruphl have shown that the effect of
the log term is greaﬁly reduced by the addition of a properly selected
constant E0 to the total energy of the particle E, so that over a wide
range of energies the product of (E+EO) and dé/dx isvclosely:proportional
to the mass. In practice there is a finite energy loss in the CsI
crystal, therefore one-half of the A E must be added back to the measured
particle eneréy from the E crystal in order that E and A E correspond
to the same particle energy, .The final expression is then -
| ‘_‘M~(.E-+EO_,+1/2AE) AE .
_ The computer circuit utilizes the A E and E pulses to perform
the multiplication ‘ _ .

| | (a+B)% - (a-B8)% - 4B,
.~ where A = E + EO +KAE, and B = A E. The squaring is performed by

two Raytheon Q K - 329 beam-deflection tubes which utilize a specially
shaped target électrode placed.in the path of the electron beam. The
target electrode is.pierced.with a parebolic apertuie so that the
current collected at the plate and at the target electrode is a function

of the square of the deflection voltage.
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The exact values of K and EO are left as adjustable parameters,.
Since Eo is introduced as a dc bias on the deflectors of the squaring
tubes, one can have spurious pulses appearing at the computer output.
These pulses are the result of EO multiplying the A E pulse of a particle
or gamma ray that traverses the A E crystal but does not strike the E
crystal. These spurious pulses are eliminated by a coincidence require-
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 spectrs,

in contrast to the actual energy spectra of the particles,

E. Pulse-Height Analyzer

The pulses from the crystals or the pulse multiplier were
analyzed by use of a 100-channel Penco pulse-height analyzer.3l This
analyzer has a coincldence circuit so that signai pulses, to be accept-
able, must have a correspondlng trigger pulse, The gate circuit is

~provided w1th a discriminator so that pulses smaller than a deflnlte

preset value will not trigger the analyzer.

F., Alignment of the Electronic Particle Identifier

A rough alignment and a linearity check of the multiplier were

34

first obtained following the proceddre of Brisco. The multiplier gave
a linear response over a range of 5- to 80-volt pulses

Rough selectlon of K and E were madm by bombardlng a gold foil
with 24-Mev deuterons and observing the elastically scattered deuterons
at an angle of 10° The multiplier.output was obser#ed with the pulse-
helght analyzer and . the particie spectrum ccnsisted primarily of one
peak due to E x A E of the elastically scattered deuterons.. .. . 1
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 Eo~were adjusted in such a manner -that the multiplier pesak
did not shift in pulse height as the energy of the elast;cally scattered
deuterons changed. The same prbcedure was followed fOrwprotons. Final
fine adjustment of the multiplier was made during bombardment of the
actual .target with helium ions thle the multiplier pulses were observed
with the pulse-height analyzerjf Sufficient aluminum was placed in front
of ‘the detector to stop all the-elastically and inelastically scattered
‘helium ions, - Three peaks werepbbserved in the particle spectrum, cor-
.responding. to prcotons,:deuterons, and tritons, and small changes in K
and E -were made to maximize the separation - of these groups. A typical
partlcle spectrum, obtained for aluminum + O 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 ef counts in
the peak of an energy spectrum~sbtained directly from the E crystal for
elastically scattered deuterons. was compared with the number of counts
'in the peak of the deuteron particle spectrum‘forbequal numbers of
 incident beam particles, The same was done for elastic protons. The
‘‘counting rates agreed within 10%. The same procedure was carried out
withivarying beam intensities. At countlng rates actually used (less
than lOlL cpm) ‘there was no dlstortlon 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 thé Penco. A schematic diagram of
the electronic circuit used is given in Fig. 5. o

‘The pulse shaper was used to eliminate the negatlve half of

the pulses from the Franklin DD-2 amplifier with a series- shunt diode
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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 ﬁsed in the E-pulse signal circuit to match in time the signal
pulse and the gate pulse obtained from the relatively slow coincidence
circuits, The rest of the electronic équipment performed its standaxd
functions. |

The coincidence circuit had variable discriminators so that
only coincidence pulses were generated for incoming multiplier pulses
of pulse height between adjustable upper and lower limits. An E-pulse
coincidence requirement 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 discriminator 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 singal, 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 coineidence pulse
corresponding to a deuteron in the particle spectrum, A similar scheme
was uéed for obtaining the proton spectrum.

In order to convert channél number to energy, it was necessary
to calibrate the pulse-height analyzer and associated equipment, 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-Belo
arising from Be9(d,p)BelO reaction., The beryllium reaction has been
studied quite extensively and the Q values corresponding to these groups
are well known.hz The protons detected from both bombardments were
degraded in energy step by step with the aluminum foil wheel in froht 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 amplifief settings used. Check points were taken before and
after each series of angular measurements. Corrections were made for
any slight shifts due to small éhanges in photomultiplier or amplifier

voltages,

2. Particle Spectra

The particle spectra ¢ould be obtained simply by using the
amplified output of the particle identifier directly as a signal pulse,
Iﬁ 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 Pehco 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 150 the elastically scattered deuterons
obtained from the bombardment of gold with 24-Mev deuterons, The energy
of the peak for elastically sca£tered deuterons could be changed by
using the aluminum absorber foil wheel in front of the detector, and the
discriminator setting just neceésary to reject the elastic peak recorded.
. Other energy settings could be ébtained by interpolation with an esti-

mated error of + 1 Mev,
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ITIT. RESULTS

A, Radiochemically Determined Cross Sections

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

Ni62, Se8o, Pdllo, andeal39

presented in Fig. 6. The cross sections determined for N16O are

for helium-ion energies up to 48 Mev are

compared with Ghoshal'’s curve in Fig. 1. The errors shown were estimated
for each on the basis of uncertainties in target thickness, counting ef-
ficiencies and geometries, and resolution of gamma-ray pesks and decay
curves, Probable errors due to counting statistics were usually less

than 1%, The estimated errors are as follows:

3190 + 109
Ni62 + 15%
Se80 + 15%
pall®  : 20
a3+ 159

The errors listed are relative errors for each set of data,
Any changes in the listed abundances of the gamma rays or beta particles
detected accordingly changes'the absolute values. The errors .in the
listed abundances are low except for Ni62, 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-Cheamber Studies

1. Introduction
Energy spectra and angular distributions of deuterons and
. 27 ...60 110 _.209

protons emitted during the bombardment of A17', Ni ", Pd , Bi

U238 with helium fons of 41 and 48 Mev were obtained. In light nuclei,

, and

the nuclear levels near the ground state may be separated by several Mev,
Reactions leading to these states producé groups of partlicles of discrete
energies, As the angular distributions of protons and deuterons leading
to separate levels are of cbnsiderable theoretical interest, energy
spgétra were obtained at a helium-ion bombarding energy of 48 Mev for
Be”*
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Because of the high intensity and large energy loss in the crystals,
the elastically scattered helium ions present in the bombardments
ébmpletely saturated the electronic system énd_caused the amplifiers
to "limit" at gain settings desirable for proton and deuteron study.

It Wés therefore,neceésary to place sufficient aluminum in front of

the detector to absorb all the helium iong. At bombarding energies
below about.hO,Mev,* some protens and deuterons that were considered

to be contributing to the (a,pn) radiochemical crdés'sections (i.e.,
a,d plus Q,pn), were also being absorbed, This was because the protons
and deﬁterons had to pass through the A E crystal (an additional 115
mg/cmz.of CsI) to reach the E crystal, As the enefgy of the bombarding
particles was lowered, the 115 mg/cm2 of Csl became an increasingly
larger fraction of the range of the protons and deuterons emitted from
nuclear feactions. 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 energies, 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 reaction
followed by the emlssion of other particles, it was necessary to adopt
a scheme for selecting from the entiregdeutéron-energyvdistribution the
deuterons whose energles were most probably associated with this re-
action. This was done by placing an energy restrictioh 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) reaction when their observed energy corresponded to a

* : :
It was possible to obtain some points for A127'at an alpha energy of

34 Mev, because of the relatively low Q values inVolvéd.,
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deuteron emitted first and leaving a residual nucleus with an excita-
tion energy of less than the binding ehergy of the last, least bound
particle. In all the elements bombarded except Ni6o, 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 Cu.62 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

43,44

greater than the binding energy of the proton. Therefore "slow"

proton emission and neutron emission would appear at about the same
nuclear excitation in Ni6o. The assumption was that whenever the ob-
served deuteron energy was low enocugh 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

By * %,a 7 Ba > By + Yyan’
where Q 1s the energy release in a given reaction. This analysis was

9.

not made for Be

3. Deuteron Cross Sections

The deuteron differential cross sections for A127, Ni6o, Pdllo,

31209, 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 enocugh 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 pesk was considerably higher than

*
Protons of energy considerably less than the Coulomb barrier,
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the deuteron,peak. However, it Was.possible,to,resolVejthe deuteron
particle peak from the proton and triton peaks w1th some confldence,
as the particle peaks were . fairly symmetric about their maxima

Only deuterons whose energies were above the energy limit
assumed for deuterons associated with only the (o,d) reacthn.were
included in the particle spectra, This was done using the calibrated
discriminator in the Pencc gate.cifcuit, Check3-were.made on»the
diseriminator calibration, using elastically scattered deutegons,
before each series of angular measurements.

The s ariatlon of the differential cross sections with angle
for the production of deuterons leading to the (a d) reaction for
aluminum, nickel, palladium, bismuth, and_uranium are presented in
Tsble I. Also listed in Table I are the total cross sections obtained
from an integratipn'of these angular distributicns. As the differential
cross sections continued'tc decrease.with‘increasing anglegiif was not
felt worth while tc go to larger aﬁgles, becaﬁse.phe ccanticg time was
quite long. This,amouﬂts to an estimated elimination of less than 5%

of the total cross sections,
The total cross sections were obtained by integfation of the
angular distribution curves according to the equation
o

o = 2x - | % sin €46 ..

In practlce the 1ntegral was approx1mated by a summatlon The
graphlcal 1ntegratlon was carrled out step-w1se in 5 1ntervals by using
the average values of %g and sin © for that 1nterval The angular
‘ distribution of. deuterons from the Be9(a d)B reactlon, leadlng to the

ground and first excited states of Bll, were obtalned from the deuteron
‘energy spectra when the resolutlon of the partlcle spectra was 1mproved
Less ﬁhan lO% of the counts in the deuteron particle peak might be
attributed to protons or trltons The angular distributions of deuterons

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



Table T

Deutercn differential cross sections as a function of laboratory-system angle for helium-ion

(millibarns/steradian )

bombardment at 34,

21, and 48 Mev

(laﬁniztem) NGl n:& PZiig@e 2% u?38 Be’
(degrees) 34 Mev 4] Mev 18 Mev 11 Mev L8 Mev L1 Mev 18 Mev L1 Mev 18 Mev 11 Mev 18 Mev 18 Mev 18 Mev
Ground 1st excited
state state

10 5.45£0.54
12.5 8.38+0.84 5.13+1.02 6.960.84 2.340.19 0.88340.132
15 5.39+0.75 5.85%0.39 3.49%0.24 5.01+0.60 6.60%0.53 L4.28+0.63 L4.80£0.48 1.66%0.33 2.39£0.48 14.19%0.76 5.96%1.80 1.43t0.080 0.889%0.090
20 3.90£0.39 4.23%0.33 2.60£0.21 3.52%0.53 4.60%£0.37 3.29%0.48 4.02%0.41 1.07+0,21 1.90%0.38 3.34%0.66 L.45%0,53 0.926+£0.047 0.586%0.059
25 2.58£0.15 2.92+0.27 1.84%0.18 2.13t0.26 3.22%0.26 2.25%0.22 3.46£0.35 0,93%0.19 1.15%0.23 1.52%0.4% 3.18t0.47 0.780£0.042 0.41620.042
30 1.68+0.15 2.25%0.18 1.34%0.12 1.68+0.3% 1.75%0.18 1.77:0.18 2.55%0.24 O.74+t0.15 0.99+0.20 0.76£0.38 1.93%0.29 0.898+0.048 0.236+0.024
35 1.2&:0.12 1.76%0.15 1.140.11 1.26£0.13 1.86%0.19 0.60£0.20 1.35%0.33 0.933%0.065 0.260£0.026
Lo 0.91+0.09 1.56£0.15 0.91+0.09 0.76£0.11 1.37+0.14 0.91%0.09 1.61+0.16 0.42£0.08 0.57£0.11 0.38%0.13 0.83%0.29 0.720%0.050 0.255+0.026
45 1.13%0.11 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£0.11 0.62#0.09 O0.77%0.08 0.52%0.06 0.740.09 0.23%0.05 0.35%0.07 0.1920.09 0.70x0.15 0.388%0.038 0.118+0.025
55 0.45£0.05
60 0.51%0.09 0.61%0.06 0.35t0.05 0.31#0.05 0.%2£0.04 0.30x0.04 0.39%0.05 0.15%0.03 0.18+0.0% 0.12%0,06 0.35t0.13 0.320£0,048 0.078£0.023
T0 0.44£0.09 0.4240.08 0.28£0.0% 0.22£0.05 0.24%0.02 0.18%0.03 0.1T7+0.02 0.10%0.02 0.11%0.02 0.196:0.040 0,050%0.020
8o 0.23+0.09 0.16£0.03 0.140.03 0.17+0.02 0.11#0.02 0.120.02 0.06t0.02 0.070.02 0.05£0.02 0.11%0.04 0.126+0.038
90 0.37+0.08 0.14+0.03 0.08£0.02 0.07+0.02 0.112£0.044
100 0.2520.11 0.06£0.02 0.060.01 0.02+0.006 Q.02+0.006 0.03%0.01
110 0.08£0.03 0.03%0.0L
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 6.8440.96 2.18%0.76 2.93+0.65 3.421.36 6.181’1.85

(b, )

_82_
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Figure 7 shows some typical energy spectra obtained for
beryllium, aluminum, and palladium, Figure 8 shows angular distributions
- of deuterons for the (a,d) reaction on aluminum end palladium. The other
| elements studied gave very similar results; Figure 9 shows plots of the
- variation of the differential cross ,ections With'cenﬁernofwmass angle
for the Be9(a d) reasction lead;ng to the ground and first excited states
- of Bll)1 together with theoretical curves calculated by using Butler's

5 :

theory © as described below,

, The errors listed were estimated from unéertainties in target
. thicknesses, energy calibrations, and resolution of the particle spectra
peaks, BErrors due to counting statisticé were usually small except at
.Gery large angles, The errors listed. for the Be9 bombardments are
relative errors estimaﬁed from resolutioh f energy-spectra peaks and

counting statistics,

4, Proton Energy Selection

The deuteron cross sections obtained do not account for even
half of the observed,(a,pn) radiochemically determined cross sections at
these bombardment’ energies, It is ceftainly to be expected that reactions
involving the emission of a proton and neutron would contribute to this
reaction. It is .not clear in this case, however, Jjust what range of
proton energies toassociate with the (a,bn) 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 excitéd, would on the aversge
lead to multiparticle evaporation., A prompt particle;, leaving the nﬁcleus
- excited to less than the biﬁding‘energy of two nucleons, might be expected
to contriﬁuﬁe considerably to the (Q,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 particle, Emission of the proton

as a promph h10h=eppwﬂr particle, leaving the rucleus Just sufficiently

PR o
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Fig. 8-a. Anguler distribution of deuterons associated
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Be9(a,d)B 1 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 ry =
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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 possibility of the simultaneous émission
"of a neutron and é‘proton of medium energy.

The assumption was made that, from the entire energy spectrum,
only those protons contributed to the (a,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 enerfy corresponded to leaving the residual nucleus excited tb
an energy that was the sum of the binding énergy 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 ILe Couteur's empirical formula

T ={10.5 E
el

where T is 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
%},pn - o, p2n The acceptsble energy range for protdns was taken as
Ea +VQR,pn >_Ep > Ea + gx,pZn'- 2T, An error of 1 Mgv in the estimated
energy corresponds to about a 5% error in the total integratied cross
section, )

It Has beén assumed in this analysis that only a small contri-
bution to the proton spectra used for the cross—section_calcuiations
résults from processes involving the re-emission of the incident helium
ion after prbton emission, i.e,, the (a,a'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
15 M.gv° The work of IgouY and the work of'MérkleyuB dealing with in-
elastic scattering of helium ions of about 40 MevV show that helium ions
re.,emitted with energies 1n the range of 5 to 15 Mev tend to have

7 .
angular distributions symmetric about 90o 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 noted’ that the (a,a'n) reaction is a fairly
prominent one, and this reaction has a cross section of about 40 to 50 mb
in the bombardment of U238 with helium ions. The (Q,a'p) reaction of
Pu239 has been shown to be < 1 mb.)+9 These facts would suggest that the
(a,0'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. Proton Cross Sections

The angular distributions of protons corresponding to the (o,pn)
reaction, as defined, were obtained from thé 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 Be9e Figure 10 shows some typical proton spectra obtained
for beryllium, aluminum, and bismuth. Figure 11 shows plots of the
variation of the differential cross sections with angle for the productioh
of protons leading to the (a,pn) reaction on aluminum and bismuth., The
other elements studied give similar results, Figure 12 shows the angular
distributions of protons leading to the 1,67- and 3.76-Mev levels of Blz,
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 quite ldwo The estimated limits of

9

error are 10 tO-lS%. Errors listed for Be” are relative errors estimated
from resolution of energy-spectra peaks and counting statistics, The low-
lying levels of B12 lay relatively close together, With the equipment

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)

Isotope

Angle 6!

(lab system) A127 Ni ° - _llo BiZO9 U238 Be9

vgdeg?ees) 41 Mev 48 Mev 41 Mev 48 Mev 41 Mev 48 Mev 41 Mev 48 Mev -4l Mev 48 Mev 48 Mev 48 Mev

1.67 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 4o,k 20.2 20.9 T.1h 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 b 47 <0.05L 0.06510.016
25 11.0 12.1 25.7 25.6 13.7 12.5 5.59 5.27 3.56 3.4 0.06210.01.8 0.026+0.013
30 8.07 10.7 19.0 214 9.43 8.79 4,15 . h.52 2:90 3.02 0.086£0.017 <0.065
35 17.3 T.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 1.88 2.35 0.07020.01Lk 0.131%0.059
50 4.38 4.89 8.38 10.3 3.71 3.33 2.12 2.16 1.20 1.23 0.018£0.007 0.03640.011
.60 2.7k 3.82 6.13 7.02 2.72 2.18 1.42 1.50 1.02 0.88 0.002#0.001  0.033%0.010
70 3.00 4.91 3.79 1.45 1.36 0.92 ' 0.55 0.005+0.003 0.0220. 007
80 1.60 2.26 3.85 2,64 0.93 0.85 0.78 0.59 0.56 0.31 0.006£0.003 0.00540.003
100 1.26 1.29 1.94 1.23 0.50 0,43 0.38 0.30 0.25 0.19 '

120 0.86 0.79 1.60 0.31 ' 0.06

150 1.22 0.14 0.20

Total

Ccross

section

(mb ) 34,2 40.8 8L.h4 76.3 30.5 28.9 15.8 15.7 10.8 10.1

-6n_
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corresponding to transitions to these levels; cohsequently the 4if-
ferential cross sections obtained are only approximate, and their
absolute magnitude may be considerably in error, They were obtained
primarily to compare with a Butler-theory calculation,

If the (a,pn) reaction on a uranium target proceeds by the
evaporation of & neutron after prémpt pfoton emission, fission occurs
in competition with the neutron evaporation. The (a,pn)‘cross sec-
tions calculated from the scattering-chamber data are therefore too
large. One may estimate a correction to the scaxteriﬂg data by de-
creasing the calculated cross sections in the ratio of the neutron-
emission width to neutron-emission-plus-fission Width;'Fn/(Tn + Pf),
of the nucleus undergoing competition, i.e., szhl. The value of
r /(T  +T;) for szhl can be estimated from curves by Vandenbosch

and Hulzenga,” 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 observatign.ﬁas increased, .
and disappeared from the observable energy range at an angle of
about 450, The enérgy 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 hydrbgen nuclei, The.full Width at half maximum of this
peak was 8 to 12%, which is slightly slightly larger than for a péak
correspoﬁding to a group of particies of discrete'energy.v'lf 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 enérgy of the emerging
particle due to the momentum distribution of the nucleons in a nucleus,
Certain investigation551’52’53 indicate that the momentum distribﬁtion
should produce a proton pesk whose full width at half maximum would be
10 to 20 Mev, rather than the 2 to 3 Mev observed. This observed peak
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is attributed to the interaction of the bombarding helium ions with
hydrogenous material on the surfaces of the targéts (possibly a thin
0il film), This phénomenon has also been obéervéd'by others.5L The

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

‘A, Angular Distributions, Energy Spectra, and Cross Sections
Expected from Statistical-Model and Optical-Model Interactions

Deuterons and protons produced in reactions‘proceeding via
formation.of a compound nucleus and statistical decay should exhiblt
certain characteristic features in their energy and angular distribu=~
tions, In low nuclear excitation in the light elements,;in.which the
level densities.are low, it is possible to obtain groups of particles
of discrete energles corresponding to decay involving_separatevlevelsd55’56

In medium and heavy elements, at energies corresponding to
excitation of the nucleus to its continuum, the energy spectrum to be
expected from the statistical decay of compound nuclei has been given
by Weiéskopf,,57 With the introcduction of the idea of nuclear temper-
ature and entropy, the equation giving the energy spectra to be ex-
pected can be written in its simplest form

ij)wzemﬂo(MEem(ﬁﬂ)d&

where PJ (E) dE = the probability per unit time for the emission of
) " the particle J with energy between E and E + dE,
c (B) = ¢ross sectlion for the,captﬁre of the particle j
by the target nucleus,
B = energy of emiltted particle,
T =

‘nuclear temperature,

If the variation of ¢ (E) with.E is neglected, one obtains the
familiar Maxwellian distribution in the energy of the emitted particles,
with the mest prebable energy occurring at E = T, If the particles are
charged, the probability for emission is quite energy~sénsitive; low
values of E mean that the probability for penetration of the barrier 1s
low and o (E) distorts the Maxwellian distribution by shifting the
maximum to higher energies,,57 The most probsble 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

58

-and further developed by Hauser and
53

has been examined by Wolfenstein
Feshback,59
that certain simplifications can be made, the angular part of the

If all the assumptions of statistical decay are met; 50
calculated differential cross section can be expressed as a function
of cos2 ©; © is the angle of the emitted particle relative to the
incident particle, It appeafs that the angular distribution of the
product particles need not be isotropic, but must be symmetric about
a plane at 900. 4

The cross section for the production of charged particles should
show a strong z dependence, In order»torbe emltted 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 i1s 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 (PC/F ) should decrease

total
rather rapidly with z, Figure 13 is a plot of FC/F calculated for

total
proton and deuteron emission from nuclei excited to 40 Mev as a function
of A, The calculatidén was made for the most stable even-even nuclei of
a given A, using the equations given by Dostrofsky and co-workers6o Here

l—‘to‘c,al
protons, deuterons, tritons, and alpha particles. These widths can shift

is the .sum of the calculated widths for emission of neutronms,

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

9,10

statistical theory, Inelastically scattered protons, neutrons, and
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heliun lons show rather broad peaks in their energy spectra,9’6l

Direct interactions seem to shdw this charactgristic flat high-energy
distribution of product particles. This‘leads‘to a higher average
emissioh 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
fransfers df énergy to the emitted particles,

’ The optical components always tend to give angular dlistri-
butions peaked in the forwarddirection,62’63’6lP especially at high
energies, Since only a few target nucleons at most are involved in

8 direct reaction, the forward momentum of the incident particle
causes forward peeking of the reaction products, Forward asymmetric
peaking about 90O is taken .as evidence for a direct-ihteraction
process.9 For reactions of helium ions with nuclei in which particles
of discrete energies are emitted ~-- corresponding to interactions
involving separate levels -- Butler's theory has been quite successful

in predicting. the variation of differential cross sections for these

7,11,65,66 "
9

- Considerable experimental data” have shown *that direct-

particles with center-of-mass angle,

interactlion processes generally yield charged particles with energies
E 2 Coulomb barrier, and do not exhibit the strong Z dependence of
compound-nucleus reactions, Thus; a yleld of charged particles sub-
stantially in excess of that predicted by the statistical model is

evidence for direct-interaction processes,

B, Butler's Theory

62,67

Butler's theory was originally derived for deuteron

stripping reactions; however, it was soén shown7’h5’6h’68 that the
angular distributions from other types of surface réactions>should”be
very similar and be similarly'dependent on spin and parity changes
between the initial and final nuclear states. v

A simple form of Butler's theory can be written as

B = AR Ly @z)l®, -
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Where n 9 is the differential CTOss . cection per unit solid angle; A is
taken as a constant for a given reaction energy (it involves level
H_widths, factors of the wave functions involved and assorted constants),
F is called a form factor and is a decreasing function with increasing
'angle, J(z) (g r ) is a spherical Bessel function of order 4, where:

4 is the relative change in angular momentum between the initial and
final nuclei; g is the absolute value of “the vector difference between
the vector wave numbers of the bombarding particle (Ea) and.final light
product particle (k )3 after correction for the finite masses . of the
initial and finel nuclei (M;,M.), q is glven by |Kj - e
radius of interaction, The A and r, are usually teken as adjustable

I; r0 is the

parsmeters; ro has the property of shifting the peeks 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

- v
lfi + T, + "]min SEK T+ T 41

where 3; and.j} are the spins of the initial target nucleus and final
residual nucleus, respectively; I is the vector sum of incident and
escaping particles. Parity must be conserved in the choice of Z; When
several values are allowed, the lowest £ is taken as contributing the
most to the reaction, '

" The form factor is made up of the internal wave function of
the incoming perticle and the wave function of the incoming particle
expressed as a plane wave, It is a decreasing function with'increasing
momentum change between the incoming and outgoing particles; i.e., with
increasing angle, It represents the fact that the incident particle
valways prefers to split in such a way that the direction of the outgoing
particle is as close as possible to the direction of motion of the

1ncident particle,
- The approx1mations used in the derivation of Butler s ex-

45

pression have been discussed elsewhere
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C. Angular Distribution From
(
Be9(0t,d)Bll and. Be)(a,p)Blz'Reactions

Butler®s theory has predicted; with failr success, the angular

66;;69770 and tritonsll produced in helium-ion

distribution of protons
bombardment of some light elements. It would be of interest to make a
trial et fitting the angular distributions of deuterons from the (o,d)
reaction on Be9, in addition to the protons from the (a,;p) reaction,

The angular distributions of the deuterons leading to the
ground and first excited states of Bll and of the protons leading to
the 1.76=Mev and 3,76-Mev states of Blz, 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 requires a knowledge of the wave function of helium. Hunting
and Wall have shown that the approximaie form factor given by Butler
does not appear to contribute encugh to forward peaking of the reaction
products in helium-ion interactions.66 They find that a factor of the
form

exp [ - (k, -%)/Q°% 1, |
where sz is an adjustable parameter, gives a better fit to the data,
This factor gives more emphasis to forward pesking than Butler's factor,

The best fit of the experimental data seems to be obtained by
using an Iinteraction radius of b7 x 10 -13 centimeter, This value is
slightly larger than the 4,3 x 10~ 13 cm contact distance obteined from
the sum of the radius of Be9

= 1,5 x 10 -13 A.l/3 cm, and the radius taken for the helium ion,
1.2 x 1073 ¢

The £ values chosen for the spherical Bessel functions were. 2
and O for the ground-state (J = 3/2=) and first-excited-state (J = 1/2~)
transitions to Bll, and O and 1 for the 1,67-Mev-state (J = 1-, 2-) and
the 3,76-Mev-state (J = 2+) transitions to Bl2° The ground-state spin -
of Be9 was taken as 3/2~, All the spins were teken from the compilatidn

; as calculated from the expression

by Ajzenberg and Lauritsen,
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After consideration of the detalls of the reaction, an £ value
of 2 was taken for the reaction of Beg(a,d)Bll ground-state transition,
rather thén the allowed‘Z.value of 0, If one .considers the incoming
helium ions, spintb+, bresking up and producing,a,deuteron, spin 1+,
as an outgoing particle, then the proton and neutron that enter the
nucleus very likely have their spins of 1/2+ aligned to give a resultant
spin of 1+, (This assumes no spin flip,)

A consideration of the shell-model structure of Be9 shows that,
to lead to a ground~-state transition, both the proton and neutron must
go into a p3 2 state, Each must have one unit of orbital angular momen-
tum added onto the intrinsic spins of l/z.to give a resultant J value
of 3/2; J =4+ 8, As their intrinsic spins are alignéd parallel, then
their angﬁlarnmomentum 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 O, the very small value
of ro = 3,2 %X lOm13 cm must be used; the data are fitted well with an
4 of 2 and the much more reasonable radius of b7 x 10&13.0111n

Butler has pointed ocut that, as the helium ion cannot be
considered loosely bound, some of the nuclear gpproximations are not
*sral:i.d,,h5 ‘Also, for the doubly charged helium ion, the Coulemb effects
are :ather 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 seems to be a general failing of the
T1

theory; factors leading to thils have been discussed elsewhere,

D. Energy Spectra and Angular Distributidns of Protons

and Deuterons Involving 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.thé nuclear excitation
and the atomic number increase, the density of nuclear levels increases

and the avérage level spacing decreases., Using apparstus 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 spéctra 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-
actions. Except at angles greater than 900, 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 (@;d) and (a,pn) reactions, as defined, show very strong
forward peaking with little contribution to the integrated cross sections
from angles greater than 900, This forward peaking is associated with
particles of the entire observed energy spectrum and is not limited to
Jjust 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 statisticsl-model calculations. Even though
they represent only 10 to 20% 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 (@,d) reactions are as large
as or larger than one would predict for the tdtal'proton and deuteron
evaporation probebilities for nuclei excited to 40 Mev, Figure 13 is
a comparison of calculated relative widths for proton and deuteron emis-
sion from nuclei excited to 40 Mev with the experimentally determined
relative widths for emission of protons and deuterons corresponding to
Jjust the (a@,pn) and (0,d) reaction. The experimental relative widths
were teken as the ratio of the experimental cross section to the geometric
cross section, Uc/qtgtal; the observed widths for the emission of protons
and deuterons range 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),
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The three pieces of information obtained -=- 1.e., the energy
distributions, the angular distributions, and the total cross sections
==~ point to the conclusion that the processes yielding protons and
deuterons assoclated with the (a,pn) and (a,d).reactions of nuclei with
helium ions, in the energy range 40 to 48 Mev, are related to optical-

medel interactions and have little to do with compound -nucleus formation,

‘E. -Discussion oijadiochemically Determined Cross Sections and

- Comparisen With Scattering-Chamber Cross Sections

~ The radiochemical excitation functions for the (aﬂpn) reaction
exhibit several distinguishing features. In the region of N160, 61,
and Fesh, é large meximum of several hundred millibarns oceurs in the
excitation functions ‘at a helium~-ion bombarding energy of about 30 Mev,
As the helium-lon energy is increased, the magnitude of the cross sec-
tion decreases rapidly at first, but then appears to "tail cut” and
decrease more slowly with energy.

80

As one proceeds to slightly heafier nuclides, such as Se
and Pdllo, the observed magnitudes of the (a,pn) cross sections show a
drastic reduction (factor of ~10) @ver‘that‘in.thé nickel region., The
cross section decreases more slowly (factor of ~3) with Z as one proceeds
from Pdllo to the région of Pu238é For Pdllo and the hegvier elements
studied, the excitation functions tend te show a brosd meximum at a
constant helium=-ion energy of sbout 40 Mev, ’

As others have pointed.Out,5’6

_ the (a,pn) cross sections are
as large as the corresponding (a,Zn)-cross éections in the heavy-element
region where fissioh also can be induced wlth helium ions of the energies
used here; (o,2n) cross sections are much larger in nonfissioning heavy
elements such as lead énd‘bismuth672’73 Also, only a small decrease in
the mégnitude.of the,(a,pn) cross section cccurs as bne proceeds from the
nonfission region ==~ iﬁeb,,leaa‘and bismuth =- to the fission region; a
large decrease is observed in the magnitude of the (;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
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-

Comparison of cross sections for (a,pn) reactions obtained from radiochemical
and scattering-chamber data from bombardment of various isotopes with 4l-Mev and 48-Mev helium ions
Isotope
Ni60 PdllO Bi209 U238
41 Mev 48 Mev 4. Mev 48 Mev 41 Mev 48 Mev 41 Mev 48 Mev
Scattering-chamber cross section (mb)
1
N
a,d 5.57 7.49 5.57 6.84 2.18 2.93 3.hk2 6.18 ED
a,pn 81.4 76.3 30.5 28.9 15.8 15.7 10.8 10.1
6.168 5. 762
a,d + a,pn  87.0:13.1  83.8+12.4  36.15.%F  35.7#5.3  18.0#3.2  18.6:3.1  9.58t1.86°  11.9:2.14%
Radiochemically determined cross section (mb)
465450 ———— 42.6%8.5 38.4+7.7 l.Sb C m———— 6.811.0b 5.0-.tl.0b
Qa,pn_ Qa,Zn 8.6 6.6 h.6 5.1

a s
Corrected for fission.

ineld of long-lived isomer only.
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the (a,pn) reactlon obtained by radiochemical methods with those obtained
from the scattering-chember data. |

The large maximum cccurring in the (appn) excitation function
for Ni6o cannot be accounted for by the direct mechanisms considered
here. The (x,d) and (a,pn) cross sections obtained from scattering-
chamber data remaln apprcximately constant or increase as the helium-
ion energy is increased from 40 to 48 Mev. The high~energy "tail" to
the radiochemical cross sections is partly explained by the direct-
interaction processes considered here, The (d,ﬁn) reaction of Ni60 has
been interpreted as proceeding by compound-nucleus formation and decaybl
The large cross sectlon for the evapdration of protons from the compound-
nucleus has been attributed to the low binding energy of protoné relative
to neutrons, and to poésible large level-density differences between

3, Tl

residual nuclei resulting from proton and neutron evaporation.

54 62

Similar conditions exist in the bombardments of Fe” and Ni™ ", as shown
in Fig., 1k, | .
0dd-0dd nuclides have a greater level denisty and even-even
nuclides a lesser density than odd-even nuclides. Weisskon and Ewing
have proposed that the even-even nuclideg will in genefal have a leveil
density 1/2 that of en even-odd and 1/ that of an odd-odd nuclide,’”
However, experimental data obtained for nuclidés in the region of nickel
suggest that the difference in level density between even-even and.odda
0dd nuclides in-this region may be as much as a factor of 10 or more.hz
As‘the probability of evaporation of a particle is directly prgportional
‘ 3

to the level density of the residual nucleus,;” proton emission could be
_favored-over neutron emission when protdn emission leads to a much greater
level denisty than neutron emission, |

The observed maximum cross sections for the (o,pn) and (@,2n)

5k 60 62

reactions of Fe” ', Ni™", and Ni™~ occur at a helium-ion bombarding energy

of about 32 Mev and are as follows:

Nuclide . QJ,pn q1’2n
(mb) (mb)

Fez4 500 | 10

m® . g0 250

Ni62 R Stable product formed,
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Z n64(e-e)

MU -16975

fig, 1. Possible paths of evaporation of protons and

neutrons from coggound nuc ei formed in the bombard-
ment of Fe? , , and Ni 2 with helium ions. Even-
even (e~-e), even-odd (e-o), odd-even (o-e), and odd-
odd (0-0), refer to nuclear type. p and n refer to
proton and neutron evaporation, The binding energies
of protons and neutrons to the correspondlng 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 enefgy,
the present scattering-chamber data do not help much in showlng 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
of Ni6o,.N162, and Fesh appear to be best explained as proceeding by a
compound-nﬁcleus mechanism, | _

For the most part, the radiochemically determined (a,pn) cross
sections obtained for nucleil heavier than nickel can be accounted for by
the scattering-chamber data, The cross sections determined in the
scattering chamber are larger than those determined radiochémically for
B1209 and U238 (the radiochemically determined data represent the yiéld
"of only the long-lived isomers);. they are comparable to the 15 to 20-mb
radiochemical cross sections of Pu238 and Th232; 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-scéttering chamber cross sections
is due to three effects: 7

(2) A gradual decrease with Z in the total cross section for the
productlon of protons and deuterons (about a 25 to 35% decrease 1n going

from Pdllo to the heavy-element region, as estimated from the total energy ’

spectra), \
(b) A decrease in the fraction of the totai 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 (o,d) and (c,pn)
reaction decreases.as Z increases, 1.e., the energy rangés (Qu’dv- %x,dn) '
(%u,pn - q}}pzh) decrease with increasing Z., Table III shows that the

60 to 31209.

binding energles changed by a factor of two in going from N1
(¢c) For the same excitation énergy, 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 Ni6o to less than 1 In U238, decreased
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the fraction of the total energy spectra of protons associated with
only the (a,pn):reacfions. A decrease in the nuclear temperature of
1 Mev decreases the (Q,pn) cross section about 10%.

The (a,d) reaction constitutes only about 10 to 20% 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 (,d) reaction mekes up about one-half the

238

total (a;pn) cross section of U The activation energies for fission

are not very different from the neutron binding energies for many nuclei
76 '

in which fission is induced,
residual nuclei excited to 4 to 6 Mev without inducing fission. The

The (ot,d) direct interaction can leave

cross sectlon for a process involving the prompt emission of & proton
- followed by neutron evaporation is reduced due to competition between
neutron evaporation and fission, In this picture, the (o,d) reaction
is an increasingly larger fraction of the total cross section as I‘n/l"f
for nuclei decreases,

The (a,d) reaction, as defined here, suffers little from fis-
sion competition. For the (a,pn) reaction, as defined here, there is
fission competition at one step, For the (a,2n) reaction there 1s
fission competition at two stages if both neutrons are evaporated. 1In
addition, for nuclei of the same mass but differing in Z by one umnit,
I"n/l"f is from 2 to 10 times as large for the nuclide of the lower Z.50
The total (@,pn) cross sections would not be expected to exhibit as large
a reduction as the (a,Zn) cross sections as one proceeds from nuclei in
which fission is not induced to nuelei in which fission can be induced.
The exact difference in reduction depends on the Fn/Ff of the nuclel

238 . g, 4233

~ 30 (assuming the direct-interaction
233 238)

involved, e.g.,
contributions are the same for as for U
" The broad meximum in the radiochemically determined excitation
functions at a constant helium-ion energy of about 40 Mev for PdllO and
heavier elements are not explained by the scattering chamber data, More

complicated processes than were considered here may be teking place,
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. Conclusions

It has been shown that, except for light elements in the region
of nickel (possibly_also elements of lower Z, as no radlochemical data
. were availsble), the (@,pn) reaction appears to proceed primarily by
direct-interaction processes for incident helium ions of energy greater
than 40 Mev. For the elements studied, the (a,d) reaction can account
for less than half the (@,pn) "radiochemical" ecross 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 (@,pn) cross sections are combined with the (¢,d) cross sections,
their sum agrees fairly well with the radiochemical data for the elements
heavier than nickel,. This simple picture does not explalin 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 it to the angular
distribution of the direct-interaction deuterons from the (o,d) reaction

%

as-well as the protons from 'the (a,p) reaction of Be
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