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SPALLATION REACTIONS OF PLUTONIUM-240 WITH HELIUM
IONS AND PLUTONIUM-242 WITH DEUTERONS

Donsald 1., Eads

Radiation Laboratory and Department of Chemistry
Unilversity of California, Berkeley, California

January 1959

ABSTRACT

Radiochemical studies were made of thequzuO(a,xn) products
produced by.bombarding.Puzuo'with 22- fo 46-Mev helium ions. Excitation
functions are given for the (c,2n) szhz, (a,3n) szhl’ and (a,hﬂ}szuo
reactions, The PuZhO(a,xn) reaétions are compared to those of the other
plutonium isotopes with regard to their dependence on the fission
parameter ZZ/A and their agreement with theoretical excitation functions.
The latter were calculated by employing a modified Jackson-type calculation

—13'cm

with a nuclear temperature of 1.50 Mev and an R, of 1.5 x 10
The Pu(@,4n) reactions were used to evaluate the ratio of Fn/l"t
for the curium isotopes.
The ,Puzl‘z(d,Zn

chemical methods using 11- to 24-Mev deuterons, and the excitation

)Amzl'Lz’21L2m reactions were investigated by radio-

functions are given,
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I. INTRODUCTION

In the field of nuclear reacﬁions, spallation-fission competition
has attracted considerable aa.ttention.l"6 Fission, the splitting of a heavy
nucleus into two or more medium-weight fragments, usually accompanied by
the emission of neutrons, accounts for sbout 90% of the reactions in the
heavy-element region;(Z > 90). Spallation, the emission of a various
 number of .nucleons or light nuclei (e.g.,.ldz, lts, or 2Héh), is divided
.into compound-nucleus and direct-interaction reactions,

Bohr's original compound-nucleus theory7 asserts that the nuclear
reaction consisﬁs of two stages:

1. The formation of the compound system C, .
A+ a= C;é
(where A énd‘a are the tafget nucleus and projectile respectively, and
C¥ is the excited compound nucleus),
2. The disintegration of the compound system into the products of
the.feaction
C*=B+b
(where B and bvare.thé product nucleus and emitted particle or particles
respectively). o | |

Bohr assumed that

1. The‘éompound nucleus hasva lifetime that is long (about lO—l6i3
second) compared with the time for a proton to cross the nucleus (about
10722 second.).

2. The products of the reaction are independent of ﬁhe manner in
which the compound nucleus is formed; the mode of disintegration of the

compound system 1s dependent only upon its energy.

-~
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. Tﬁe pfedictions of thisltheory have 5een.§érified by comparing
the excitationvfunctions of isotopes:bombardedeith different projectiles
to form the same compound nucleus with the same excitation energy.8-lo
At.bombaraing energles below approximately 50 Mev, nuclear
reactions are often of the compound-nucleus type. The compound system
dissipates its excitation energy by the evaporation of nucleons, At
energies above 50 Mev, Serber suggested that the incident particle might
interact with nucleons in the struck nucleus in the same way as it inter-
acts with free, unbound nucleons.ll The -direct interactions, occurring

within the nucleus, knock out one or more nucleons, often leaving little

.of the energy of the ihcoming‘particle within the nucleus as excitation

energy. Pickup and stfipping reactions are other types of direct inter-

actions. The direct-interaction mechanism is responsible for the large
cross sections for charged-particle emission at lower energies.h’lz’l3
This paper is composed of two parts: (a) The comparison of the

Puzuo(a,xn) reactioné with those of the other plutonium isotopes with

respect to the dependence of the cross sections on the fission parameter

ZZ/A; the neutron emission ratios, Pn/rt’ of the curiun nuclei involved
in the reactions; and agreement with theoretical excitation functions;

(b) The determination of the excitation function for the production of

Am2u2m 242 (

formed in the Py d,2n) reaction and, for several bombarding

energies, the yield of the Am242 isomer.
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II. METHODS AND APPARATUS

A. Plutonium-240 with Helium Ions

1. Target Assembly

The recoil technique used in the determination of the Puzuo
14

(a,xn) cross sections is similar to that described by Harvey et al.
A 2-mil gold foil, on which the plutonium'was electroplated, was mounted
so that the beam of helium ions passed through the foil before striking
the plutonium target material. The target should be thin,uéb as to
reduce to a minimum the scattering and absorption of the reaction pro-
ducts by the target ﬁateriai; .A O;l-mil giidiﬂaii'Was placed about

0.8 cm behind the target; in the evacuated‘éhambér, to catch the recoil-
ing prodﬁcts.r The recoll block,.including collimator, degrading foils,
target, and catcher foil, 1s illustrated in Fig. 1. The same .eguipment

was also used, and described by Vandenbosch}lo '

The unknown Puzno(a,xn) cross sections were determined by
2k 246 15
using the Cm™" (&,2n)Cf reaction,

monitor, The recoil efficiencies of all the reaction products were

of known cross section, as a
assumed to be the same.

2. Target Preparation

The target was prepared by the elecfrodeposition of 20 micro~

grams of plutonium (87.17% PuZhQ, 12.20% Pu239, and 0,583% PuZLLl by

weight) and 0.2 microgram of sz per cm2 from a O.h,M,ammonium oxalate
- solution onto a 2-mil gold foil. A current of 100 ma per cn® at less

" than 4 volts resulted in better than 80% yields. After the plating the
plutonium hydroxide is carefully flemed to convert it to the oxide. The
electrodeposition method used was developed by Hufford.and,Scottl6 and

modified by Glass.17

3. Helium-Ion Beam
The target was mounted in the recoil block and bombarded with

helium ions from the Crocker Laboratory 60-inch cyclotron. The beam of

ions has a maximum range of 226 to 232 mg/cm2 of aluminum,ls or an energy
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Fig. 1. Recoil-target assembly used in measuring the

240

Pu” " (a,xn) cross sections.
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of 48 + 0.5 Mev. The range-energy curves of Aron et al.l9 were used to
determine the thickness of -aluminum required to degrade the beam to the
desired energy. Absorbers were weighed and the surface area measured to
determine their thickness, with vernier calipers used as a chéck.

The beam intensity, known <o 0.5%, was never allowed to exceed
6 microsmperes, to prevent excessive heating of the target. The target
foil was cooled by a Jet of helium gas. A Faraday cﬁp, located behind
the recoil catcher, was used to determine the quantity of helium ions
that passed through the target. A collimator inéured that all the beam
.registefed passed thfough the target.

.. Chemical Procedures
Dissolution of the gold recoil catchers. The O.1l-mil gold

recoil catcher was dissolved in'12 N HCl with Jjust enough HNO3 added to
complete the dissolution. The plutonium, which was knobked_out of the
target and caught on the catcher foil, is oxidized to the IV state.

Curium and californium. The resulting solution was evaporated

.to dryness. The residue was dissolved in two drops of 12 N HC1 (+ 0.1 N
HNO3) and passed fhrough a column of Dowex 1 anion resin 3 mm in diameter
and 5 cm long. 12 N HC1 (+ 0.1 N HNO3) was used to elute the isotopes

of curium and californium from those of plutonium and gold which remained
on the column. The curium-californium fraction was evaporated to dryness,
transferred to a plating cell with 5 N NH, C1 (pH of 4.8), and electro-
deposited on a 2-mil platinum foil for_glpha counting, Yields of better
than 90% could be obtained by using l.ampgpér em’ at 4 volts.

Plutonium.. The plutonium wes desorbed by eluting with 12 N HC1

made O.1 N in HI to reduce the piutonium.

5. Counting Instruments

Gross alpha counters. Gross alpha counting of samples was done

in an argon-filled ionization chamber with an accompanying scaling circuis.
This instrument has a counting efficiency of 52%. A low solid-angle
counter was used for very active samples of more than 10~ dpm. The count-

ing efficiency of this instrument was standardized regularly.



-0~

Differential pulse-height analyzer. The alpha particles from

the reaction products were analyzed on a 48-channel alpha-pulse analyzer.zo

. Energy calibration was made by means of samples of known alpha-emitting

substances and a pulse simulator,

6. Calculation of Cross Sections

The cross section o for a nuclear reaction is defined by the

equation | |
o = N/nlt,

where N is the number of product nuclei formed during the bombardment,
n the number of target nuclei per cm?, and It the number of incident
particles passing through the target (I being the beam intensity and t
the duration of the bombardment), ’

The cross sections for the Pu

to the known Cm>*(at,2n)cee*

240(

a,xn) reactions were related

cross section at the same energy by the

expression
o Pu240(a,xn) A oy 244-xn) 5 s o (Bbbxn) , 2hk
, = b X ,
o cm2 (o, 2n) A o2 29 ce2H0 n pusto

where A is the activity of the product nuclei (assuming none has decayed),
tl/2 is the half life of the product nuclei, and all other terms maintain

their meaning. The half lives and alpha decay energies were taken from a

table of isotopes.21 a |

if the product has a short half life, then A must be expresses
as
A= (d/m) £, £, .f3 s

where (d7m) is the average rate of decay of the product measured with the
pulse analyzer, fl the correction for product dgcay during the bombardment,
f, the correction for product decay from the end of the bombardment to the

2

beginning of the pulse analysis, and f, the correction for product decay

3

during the pulse analysis. The fi and f3 corrections are of the same
form, .
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., 0.693 |
Y12 1-e7M

where t is the length of the bombardment for fl or length of pulse analysis

for f3, and tl/z and A are the half life and decay constant respectively
for the product. nuclel under consideration. " The fzeCOrrection is given by
-AAat
f2 = e (at) s

where At is the time interval between the end of the bombardment and the

‘beginning of the pulse analysisvahd is positive.

B. Plutenium-242 with .Deuterons

1. Target Assembly
The microtarget assembly used in this investigation is illus=-

trated in Fig. 2. Each target was covered with a 0,1-mil gold foil to
catch any product nuclel recolling in a. direction backward with respect '
to the beam., Two targets and aluminum energy-degradlng‘foils were mounted

in the target assembly,

2. Target Preparation
The Puz)+2 targets were prepared by the electrodeposition of
2 to 10 micrograms of plutonium (99.84% Puznz, 0.15% Puzuo, and 0.01%

238 by weight) per cm2 from a 5 N NHhCl solution, having a pH of 4.8,

onto a 2-mil gold foil. A current of 1 amp per cm2 at less than L volts

resulted in better than 80% yields.

-3.' Deuteron Beam

The mounted targets were bombarded w1th deuterons accelerated by
the Crocker Leboratory 60-inch cyclotron. The deuteron beam had a maximum
range of 457 to 468 mg/cm of aluminum,%s corresponding to a maximum energy

of 24 Mev, 19
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ZN-1412

Fig. 2. Microtarget assembly used in measuring the
Puzhz(

d,Zn) cross sections. A, microtarget slot;
B, microtarget; C, collimator; D, foil holder;
and E, degrading foil.
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4, Chemical Procedures
242

Dissolwtion of target. The Pu target and gold cover foll were

dissolved in aqua regia and Am 2kl yield tracer added.

Plutonium, The gold was extracted by agitation of its solution

with an equal volume of -ethyl acetate.22 The organic layer was removed

and washed twice with an equal volume.of 6 N HCI. The aqueous phase and

‘the two washes: were combined and evaporated to dryness. The residue was

.dissolved in 12 N HCl (+0.1 N HNO ) and passed through a column of Dowex 1

anion resin 3 mm in diameter and 5 cm long., The plutonium, which was
oxidized to the IV state in the aqua regia, was adsorbed, and the curium-
americium fraction was eluted along with the rare earths and other fission
products. 'The plutonium was desorbed with 12 N HC1 made O.1 N in HI.

Americium and curium, Americium and curium were separated from

the fission products by coprecipitation With_LaF3; 0.4 mg of lanthanum
carrier was added .to the americium-curium fraction, and the resulting
solution made 4 N in HF, The precipitate was washed with water contalning
a trace of HF and dissolved in 12 N HC1 contalnlng a trace of boric acid,
NH lLOH was then added to precipitate the hydroxides, which were dissolved
with alcoholic HC1 (80% HC1 and 20% ethanol saturated with HCl gas). This
solution was passed through a Dowex-50 cation resin eluting with alcoholic
H-Clg,"23 The rare earths were adsorbed while the americium end curium
isotopes passed through. The solution containing americium and curium was
evaporated to dryness, The residue was dissolved and transferred to an |
electroplating cell with 5 N NH)Cl having a pH of 4,8 A current of 1 amp
per cm2 and a potential of 4 volts were applied to the cell.

Americium and curium separation. In order to determine the Am2 +2

242m

yield, the target was stored until all the 16-hour Am

The americium-curium fraction from the alcoholic HCl column was then evapo-=

isomer had decayed.

rated to dryness. The residue was dissolved in 50N of 0.4 M alpha-hydroxy-
isobutyric acid (But.) with a pH of 4,38 and transferred to a column of

‘Dowex =50 cation resin, The resin had a settling rate of 0.5 t0.1.0 cm per

minute, The tube, which contained the activity, was washed with two 30M

portions-of the 0.4 M But, solution and transferred to the resin, washing
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down the sides of the column. Trichloro-ethylene (boiling point 8700)
was condensed in a Jacket surrounding the column to maintain a temper-
ature of 87°C. "

The actinide elements were eluted with the O.4 M But. with a
flow rate of one drop per minute. A drop size'of gbout 13 A was obtaihed
with a small-bore platinum-tipped column, Any detectable amount of the
,szhz’ produced .in the decay of the AmZth’ was removed by passing the
americium fraction through a column a second time. Detailed operational
procedures for this column are given in Reference 23, Two milliliters of
HNO3 was added to the americium solution, and the mixture was evaporated
to dryness. The residue was dissolved in 5 N NH)C1 with a pH of 4.8 and
the americium electrodeposited in the same way as described in the

preceding section.

5. Calculation of the .Cross Sections

In this experiment the cross section was determined as a function

k. 242

of the daughter activity sz 2 formed from the decay of the Am produced
242

in the nuclear reaction. If Ng is the nurber of Am nuclei and Ng'the

number of'szlL2 nuclei at the end of the bombardment, the activity of the

szhz

is
an 4 AN : )
2 _ 12 0 ALt At 0 Aot
-—3% = >‘2N2 = Kohe Nl (e_l -e "27) +N2 xze 27, (1)

where t is the time since the end of the bombardment and the A's are the

corresponding decay constants,

The number of Am2h2,nuclei Ni at the end of the bombardment is

_ t At
o _ .1{2 1l-e™1
Ny = n, @ It ( 5 x _—_0-6.93 ] 5 (2)

242

where n__ is the number of Pu target nuclei per cmz, Itb.(current times

Pu

bombardment time) the number of projectiles that pass through the
42

target) 0 the cross section for the production of Am2 in units of aresa,

and the content of the bracket, the fraction of the product which does not
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decay dﬁiing the bombardment, The term (nPu o Itb) is the number of -
product nuclei formed in the nuclear reaction, assuming none decayed

duriﬁg the bombardment, The number of szhz daughtér nuclei Ng at the
end of the ﬁombardment (assuming none decayed) is equal to the number

of atoms of the Amzh(2 product that decay during the bombardment:

N, = np oIt -Nj =n, 0TIt (1 - f ) y (3)

after - substituting Eq. (2) for'Ng

The daughter activity at time t after the bombardment can then
be expressed, after substituting Eqs. (2) and (3) into Eq. (1), as
dN A

- 51?2.: Ay Bpy O Tty [ sz (£) (e™% - e™2%) 4 (1-£) eszt], (4)

where £ = () ;p/t,) % (1 - e” 0)/0.693.

Solving for ¢ in Eq. (h), one obtains

-dN N, o
2 t A, t At
G=TJT }\ZNPU. [X—:}\n—(f) (e ™17 - )+(lf)e ] . (5)
- 2 1 _
Corrections that have been neglected in this experiment are:
The decay during the h-hour bombardment of the daughter Cmth (tl/2

of 162 4). ,
2h2 ‘ 242

The transmutation of the product: Am and daughter Cm by the
projectiles. .

The small cross section of sbout 20 mb, the small number of these
nuclei available, and the length of the bombardment make these corrections
negligible, The decay that occurs during sample counting was neglected in
the determination of the AmZAZm because the counting rate of szhz permitted

a very short counting time compared to the half life Involved.
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ITII. RESULTS

- P

uzho(aixn) Cross Sections
. ) 250 242
_ The cross sections for the reactions Pu (a,2n) Cm~ 7,
(,3n) szhl, and (o,ln) szuo, determined by comparing the relative

yields of sznz, szhl, and szuo'respectiVely with the yield of the

cmzhh (

o,2n) Cf246 reaction, are given in Table I and illustrated in
240 (a,xn) cross sections were corrected for the pro-

239 (

Fig. 3. The Pu

duction of the same products fram the Pu a,xn) reactions.,,l

Sources of Error

2hh (

The cross sections of the Cm a,Zn) monitor reaction were
known to 15%.15 The uncertainty in the target thickness was 10%. This
was determined by alpha-counting equal sections of the target through
a hole in an absorber. The calculated errors of the counting instru-
ments were verified throughout the experiment and did not vary

more .than 1 or 2%, The error introduced by any difference in the re-
coil efficiehcyvor range between the szu6 and the products being
measured was estimated to be small. The error involved in the de-
termination of the target area is not encountered in the recoil
technique. The total calculated error for these excitation functions

was + 18%,

Puzuz(d,2n) Cross Sections
The cross sections for the Pu

in Table II and illustrated in Fig. 4.

242 (

d,2n) reactions are given

Sources of Error

Errors encountered in this experiment included: yield deter-

mination, lO%},cqunting statistics, 4 to 15%; and inherent errors in the
detectors, 1 to 2%.  The total error for the production of Am2h2m was
estimated as * 20%. »

The largest error in the determination of the cross sections

for the prbduction of Am242 with a half life of 100 years was due to the

low counting rate of the daughter Cm2h2‘and to background difficulties,

The estimated total error for these cross sections was * L0%.
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Table I .
Pu’zno(a',xn) cross sections in millibarns

(Mev) (a22n)cm2”2 | gqjsn)CmZAl (o, bn Ym0
23.2 .'3.1 | | |
24.0 s
26.5 - 18.8 0.72
28.0 ',ul.l (40.9)
29;6 o 19.1 o 2.6 0.0013
30.6 2.7 3.6 0.012
3k.o o 13.1 : 6.5 : 0.24
36.2 12.4 ‘ : , - 0.22
37.4 ; | 14.3 ' ,. 6.5 - ' 0.35
39.0 10.0 - 5.0 | 0.55
40.4 _‘ (611 _ 5.3 0.77

W5 o 6.1 ' 3.3 ~1.20 -
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Fig. 3. Excitation functions for the Puzuo(a,Zn)CmZAZ,

(a,3n)Cm2nl, and (a,hn)CmZho reactions.
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~Table .IT

Puzuz(d,én) cross sections>(in millibarns)

B | _2hom ' 2Lz
(Mev) . (d,2n)Am 3 ;(dZZn)Am-
12.0 | e 30
13.9 25.1 — 5
1h.k ;o
15.0 -+ . 12.2
16.4 _ - - 12.0
19.0 11.1
22.2 | ' 13.1

23.3 . 16.0
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Fig. 4, The excitation function for the Pu® “(d,2n)Am

reaction and two cross sections (0) for the

Pu2)+2(<1,Zn)!-\mzu2 reaction.,
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IV, DISCUSSION

A. A Model for Competition Between Neutron

- 'Evaporation and Fission in the Heaviest Elements

Jackson has developed a schematic model for (p,xn) reactions
in heavy nuclei considering both the direct interaction and cpmpound-
nucleus processes.zu The Mbnté Carlo method25 was used to evapuate the
relative probabilities of the prompt processes. After the emission of
the prompt nucleons, the residual nucleus loses one or more nucleons by
evaporation, losing energy until the excitation energy is below the
binding energy of the next nucleon. No Monte Carlo calculations have
been made for incident helium ions; therefore;‘the contribution of
direct—inﬁeraction processes has been ignored in this work.

Jackson's assumptlons are _

(a)"@he emission probabilities for‘charged particles are vefy small
compared with.the emission probsbility for neutrons, beceause of the
high Coulomb barrier in heavy nuclei. .

(b) At excitations of the order of 15 Mev or higher the probability
of emiséipn of a neutron with’energy e.is approximately propoftional to
€ exp (-e/T), where T is the nuclear temperature. .

(¢)  The nuclear temperature is assumed to be.independent of the ex-
ciation, energy. ' s |

| The probability that a hucleus with excitaéion enefgy E* will

emlt exactly x neutrons is given by
P (B%,x) = I (a,2%-3) -1 (a,;,2x-1), L (6)
where I (z,n) is Eearson’s incomplete gamma function:

FI (z,n) = (l/n!)\/\Z xng-xdx,‘ _ | (7)
o )

Oy is the energy, in units of T, above the threshold for the emission of

- X neutrons,

A, = (E* - z Bi)/T,' | ' o "(8)
l .

14
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X .
where Bi is the sum of the binding enefgies of the x emitted neutrons
and alliof the other terms maintain their meaning. Then Ax+l is the
energy above the threshold for the emission of x+l1 neutrons,

x+1 .
= ¥ = . N .
e - - ) B/ | | (9)
x+1 1 ‘
where Ej’Bi is the sum of the binding energies of the X emitted neutrons
plus 1 that of the next neutron.

Vandenbosch et al.s_have,modified the Jackson method to account
for the fission contribution when the excitation energy of & nucleus is
above the fission threshold.but below the neutron binding energy of the
last neutron emitted in the reaction. Thus‘Ai is substituted for Ax+l’

in Eq. (6) for P (E¥,x),
_ . <

f Y Y . .
= K - - )
A, = (E }: B, - E.)/T, (10)
l ) .
. 26 .
: where.Eth is the fission threshold. o '
To account for the fission competition at each stage of neutron
evaporation, neutron-emission branching ratios are introduced into the
equation. The cross section for an (d,xn) reaction is then given by the

equation’

o {Q,xn) = o, (Ea)v_Gnl an‘eo- G, P (E%,x) T (E*), (11)

where o, is the cross section for forming the.compouhd nucleus at the
bombarding helium-ion energy'(several sources are availsble for the cc

29

function; 21 27 Weisskopf's values> were used in these calculations).
The term P GE*,X) is the probability for the.occurrence of the reaction,
T (E*) the probability that the emitted particle will penetrate the
potential barrier (T =1 for neutrons), and the G, terms the neutron
emission branching ratios of the nuclei involved in reaching the final
product,

We have G, = Fn/Z Ty (12)

where Fn is the neutron level width and © Fi is the sum of all the level
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wldths of the possible de-excitation modes, Because the probability of
charged—partiéle emission is negligible in .the heavy-element region, we

have

l, = P.n, +Te

where Ff is the fission level Width.

B. Evaluation of the Neutron-Emission Branching Ratios

Gn.for the Curium Isotopes

Vandenboschloband co—workerss’ 26 have devised a method for
calculating individual Pn/Pf values. The assumptions on which their
method is based are ,

(a) T /F is independent of the excitation .energy for excitation
'.energles well above the neutron—emlss1on threshold 1,30

(p) -Fn/rf fo§7even-even.nuclei is twice as great as fn/Ff for
even-odd nuclei,

(c) Aside from even-even and even-odd effects, there is a general
trend for T' /F to vary with mass number:.

v(i)' 1Fn increases with decreasing neutron-binding energy.
(i) T, decreases with decreasinngZ/A or increasing A,

>

Using these assumptions;.Vandenbosch‘et al.” derived a formula

for calculating the individual Fn/Ff values for the Eﬁh‘neutron leaving

the compound nucleus,

n - 1.93a Gn

. L)X ~
/ . . f x. (163) ] l‘Gn

where a equals N 2 for even-even nuclides and-l/JEifor even-@dd nuclides,
The mean neutron-emission branching ratio is defined by the
expression

L L o (a,in) pk
= = o.\&,4n) px
Gy Gnl Gn2 Gn3'Gnh 1200 mb :
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Vandenboschlq did not use o, in the calculation of éﬁ for the (a,bn)
reaction, which is assumed to be wholly a compound-nucleus reaction,
He used 1200 mb as the cross section for the (a,ln) reaction at its
peak if fission were not competing., This is an estimated value obtained
from the (a,4n) excitation functions of the lead isotopes.,'31
The neutron-emission branching ratio for a particular curium
"isotope is then (f /r ) .
Gnv ) 14+ ?F jF )
: n'" f
where I"n/Ff is the_éorresponding ratio of the neutron-level width to

\

the fission-level width for the isotope under consideration.

-

C. Remarks on the Theorétical Calculations and

Some Comparisons of the Pui(ct,xn) Reactions

The two parameters that must be selected to proceed with the
Jackson-type calculations are the nuclear radius RO, as related to >
and the nuclear temperature T. The (a,Zn) reaction occurs in the region
where the slope of the compound-nucleus-formation cross section Uc
versus Ea‘is greatest and“is therefore more sensitive to the selection
of RO. This offers a good method,»in elemgnts in which direct inter-
action is not so prominent, to determine the_appropriate‘Ro for the
calculation of the remaining (a,Xn) excitation functions. Experi-

l’10’32-,in the transuranium elements led to the selection of

ments
1.5 x lO-l3 cm for RO-.

ture is to increase both the value of the pesk cross section and the

The effect of inéreasing the nuclear tempera-

helium-ion energy to which it'corresponds. The best fit was obtained
by_using a nuclear temperature of 1.50 Mev,

' The theoretical Pu(Q,xn) excitation functions calculated by
‘the modified Jackson method are illustrated in Fig. 5. The experimental

2&2’ . and Puzuo are presented

cross sections for Pu238, Pu239, and Pu

for comparison. The modified P(E*,x) reduces the high-energy side of the
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(a,xn) curves, yielding better agreement with experimenttin the heavy-

1

element region. _
The theoretical Pu(a,xn) excitation functions are only quali-

tative because of the assumptions required to make these calculations.

The agreement between the theoretical and experimental cross sections

209(

in the nbnfisSiongregﬁm1is illustrated in Fig. 6; the Bi o,xn) ex-

citation functlons33
1.35 Mev and an. RO

obtained because the direct—lntefaction contrlbutlon ‘is negllglble and

were used as an example. -A nuclear temperature of

of 1.5 x 10” 13 cm were used. Better agreément was

the mean neutron-emission ratio is unlty in each case., The unmodified
Jackson~-type calculation was therefore employed. The neutron-binding
_éﬂérgies and masses of the nuclides encountered in these calculations
were taken from Reference 3k,

The variation of the peak Pu(a Xn) cross sectionsvwith.Zz/A
is illustrated in Fig. 7. Two factors contribute to this variation:

(a) The neutron-binding energy of the compound nuclel -involved in
the reaé%ioh.generally decreases &s A increases, and '

(b) CFissiongcdmpetes less favorably as A increases or ZZ/A decreases,
The net result of these two factorsris a rapid increase in the ratio of
Pn to Ff with increasing A, A summary of the Fn to'Ff ratios and the
corresponding Gn values for the curium isotopes 239 through 246, obtained
from the Pu(a,xn)<peakacrb551éectibna? is given in Table III, The terms
not involved in the réacﬁion"under consideration were extrapolated from
the values obtained by using the method outlined in Section B. The
extrapolated values agree remarkedly well with those obtained from ex-
perimental results. v

The variation with ZZ/A of the product of the G values (ai)
of the curium nuclei involved in reaching the (a,4n) reaction product
is shown in Fig, 7 for comparison. The G values obtained from the
Puz38(a,4n) peak eross section were used 20 evaluate.the Eﬁ value for
the other Pu(a hn) reactions. This eliminated the dependence of the
value on its corresponding Pu(a,l4n) cross section. The slopes of the
(G ) line and the (@,4n) line are the same, within the accuracy of the
calculations, indicating that the value of o, P(E*,x) should be the same
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Fig. 6. Theoretical excitation functions (solid lines)
and experimental cross seetions [ O = o (a,Zn) and

A =0 (a,3n)] for the 1207 (a,xn) reactions,
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from their corresponding Pu(®,xn) peak cross section.



Table III

Ratios of neutron level width to f1ss1on level width, T /F , and
neutron-emission branching ratios G of the curium 1sotopes 239 to. 2&6

as calculated from the Pu(a,hn) pedk Cross sectlons.a

isotopes of Plutonium
c

‘Ratio 238 - . .239 - 2ko” 2k2
(Fn/rf)9b . 0.071 : 0.073 0.062"/ ~ 0.069
(T /Te)g | 0.186 0190 0.160 0.178

(v /Te)y S 0.121 - - 0.12k . 0.0k . 0.116
), emk o3 oz 0w
(Ty/Te)s - 0.20k - 0.209 0.176 = = 0.19%
(Fn/rf)u - 0.530 ‘ . 0.542 0 457 0.509
(Fn/rf)S' 0.3kk _ 10.353 io.297-v 0.331
(Fn/rf)6_ 3 0.895 - o9 0.772 0.861

‘Gngb o 0.067 0.068 ©0.058 0.06k
G o , -~ 0.157 o 0.160 | 0.138 ~ ~0.151
G | 0.108 0.110 © 0,094 0.10k
G, 0.239 - 0.2 0.213 . 0.232
Chy - 0.169 . 0.173. 0.150 - 0.164
Gy, 0.346 0.352 | 0.31h 0.337

' Gn5 o 0.256 0.261 0.229 0.2k9

G  0.h72 0.478» 0,436 0.463

o(nb) 0.30 ] 0;80 | 1.22° 8.60

peak

The experimental values are underlined; all other valuee were
‘ extrapolated

bThe subscript refers to the isotope of curium'involVed (i.e,‘9 = 239,
0 = 240, 1 = 241, etc.)

“The excitation function is not at its peak, which is estimated to be
1.50 mb.
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for all the plutonium isotqpeé._ A summary of these terms is given in
Table IV. The probability P(E¥,x) for the Pu(q,ln) reaction is

0.662 + 0,008, and g, P(E¥,x) has an average value of 1330 mb, The use
of this value in Eq. (1l) instead of 1200 mb would decrease G, by only
2.5%. o , '
o Fission competition increases as the atomic number Z of the
nucleus under consideration increases, This results in a reduction in

' the cross section for the compound-nucleus (Q,2n) reaction in the heavy-
element region. ‘At-bombarding energies higher than the energy‘cor-
responding to the peak of the (a,Zn)'exéitation curve, the reaction
mechanism becomes prédominantly one in which,dne neutron is knocked out
with a large portion of the excitation energy, and fission competes with
-fonly a one-neutron evaporation step. Therefore the 'events proceeding

by the compound-nucleus mechanism are affected more than those proceeding
by direc£ interaction. This is evident in the increased prominence of
the direct-interaction tail on the (@,2n) reaction in the heavy-element
region. The tail on the Pu(x,2n) reactions is about 25% of the peak »
cross section. ‘This would.indicate thét the direct-interaction and
compound-nucleus processes are ihcreasing to the same extent as A in-

' creases,

D. Pu242

(4,2n) Cross Sections

21‘z(d,zn.)AmzL*Zm excitation function is similar to the

_ The Pu
other Pu(d,2n) eXcitation‘functions.2’3 There is a compound-nucleus
peak followed by a direct-interaction tail. At higher energies the ex-

citation function appears to ihcrease again. This could be the result
of either a decrease in the Am242 yield in favor of the Am242m or a
change in the reaction mechanism. Theories have been developed on the

relative yields of two isomers formed in a nuclear reaction as a function

35-38

No correlation could be made
2h2

of their spin and excitation energy.
in the Puzuz(d,Bn).reaction because the spins of the two isomers of Am
are not known. The change in mechanism could be from (a) a_reaction in
which one neutron was knocked out followed by the evaporation of a second

neutron to (b) a reaction in which both neutrons are knocked out,
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..Table.IV‘

' The probability of Qccurrehce and the product of this

probability_and;the-compdund-nucleus-formation‘crcss

section .at the peak of the‘Pu(dghn) reactions.

'Pu;isotoge'_

238
239
240

2h2

s
1350

1356
1341

127k
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