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Excitation functions for the reactions ®Ga(a,xn)> *As, ®Gala,p3n)®Ge, Gala,2p4n)*Ga,
"Ga(a,xn)®"*As, 2'Sbl(a,xn)'>~*I, 2!Sb(a,p3n)'*'Te, and '3Sb(a,xn)'?’~*I were obtained from
the measurements of the residual activity of stacked foils from threshold to 65 MeV. The excitation
functions for the production of *As, "?As, "'As, ¥Ge, and ’Ga from a-induced reactions on Ga and
1267 1241 1231 1211 and !>'Te from a-induced reactions on Sb are presented. The experimental data
are compared with calculations considering equilibrium as well as preequilibrium reaction mecha-
nisms according to the hybrid model of Blann. The high-energy part of the excitation functions are
dominated by the preequilibrium reaction mechanism. Calculations were done using the a priori
calculational method of Blann. From the reactions "'Gal(a, 3n)"2As and '23Sb(a, 31)'%1, an initial ex-
citon number ny,=4 (n, =2, n, =2, n, =0) with the mean-free-path multiplier parameter k set to 2
has been deduced for both the targets. However, there are a few exceptions. The theory overesti-
mates the cross section for the ®Ga(a,2p4n)®’Ga reaction whereas it underestimates the cross sec-
tion for the '2'Sb(a,p3n)'2'Te reaction and the high-energy tail of '*'Sb(a,2n)'>I excitation func-
tion. For the (a,2p4n) reactions on Ga the discrepancy between theory and experiment may be at-
tributed partly to a breakup of the a particle and partly to much more complex reaction mecha-
nisms, whereas for the '2'Sb(a,p3n)!?'Te reaction two different reaction mechanisms may be attri-
buted. The large discrepancy between theory and experiment for the reaction '2'Sb(a,2n)'*’I at the
high-energy tail of the excitation function may be attributed to emission of more than one preequili-
brium nucleon which the theory cannot account for at present. Barring these reactions we have
found that the overall agreement between theory and experiment is reasonably good, taking the lim-
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itations of the theory into account.

I. INTRODUCTION

Nuclear reactions induced by medium energy projec-
tiles (=~10-50 MeV/nucleon) are interesting in view of
preequilibrium and equilibrium deexcitation processes.
The highly excited (=~40-200 MeV) nuclear system pro-
duced by the projectile bombardment decays first by
emitting a number of fast nucleons at the preequilibrium
stage and later on by evaporating low-energy nucleons
(mostly neutrons in medium and heavy nuclei) at the
equilibrium stage. The preequilibrium process has been
investigated by several authors.!”® Excitation functions
for equilibrium and preequilibrium reactions have been
studied in (a,xn) and (a,pxn) reactions.””!! Theoretical
calculations for the preequilibrium process have been car-
ried out in terms of exciton models.’ Several mod-
els! 7412717 have been proposed to explain the emission
of energetic light particles by the equilibration process
(preequilibrium emission) from the nuclear system excited
at medium energies. Predictions from these models as to
excitation functions and the energy spectra of the emitted
particles compared well with the existing experimental
data. This has prompted a continued interest in these
models as tools both to predict cross sections for a num-
ber of practical purposes and to test the adequacy of the
underlying physics. There are many data on inclusive en-
ergy spectra of light ejectiles® but the complimentary in-
formation on residual nucleus excitation functions is far
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from abundant. Regarding alpha-induced reactions, the
integral cross-section data exist only for a few target nu-
clei. The present work on alpha-induced reactions on the
target nuclei ®Ga, 7'Ga, '2'Sb, and '2Sb is intended to
supply mostly new data in the alpha energy range from
10.0 to 65.0 MeV.

This paper continues a series of reports on gross
features of the interactions of intermediate energy light
projectile with medium mass nuclei. The experiments
have been performed at the Variable Energy Cyclotron
Centre (VECC), Calcutta. In this paper several
excitation functions for the reactions ®Gal(a,xn)’>~*As,
®Gala,p3n)*Ge, “Gala,2p4n)*'Ga, "'Gala,xn)> " *As,
21gb(a, xn)'? 771, 218b(a, p3n)'?!Te, and
1238b(ar,xn )2’ "*1 measured by using the stacked foil
technique are being presented. The excitation functions
of the radioactive products observed in reactions contain
some information about the mechanism of the interaction
of the a particles with Ga and Sb isotopes. In this work
calculations in the framework of the equilibrium statisti-
cal model and preequilibrium model were performed and
the results are compared with experimental excitation
functions. Various reaction mechanisms are indicated as
contributing to the production of the radioactive nuclei.

II. EXPERIMENTAL PROCEDURE

Excitation functions for alpha-induced reaction on
Ga, "'Ga, 12!ISb, and 2Sb were determined using the
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absolute yields of characteristic ¥ rays pertaining to the
decay of each radioactive residual nuclide as usually done
in the stacked foil technique (the details are presented
below). The targets were obtained by vacuum evapora-
tion of the gallium nitrate for Ga and antimony trioxide
for Sb targets on 23.4 um thick Al backings (30 mm in di-
ameter) placed over the masking plate. In the masking
plate there were 16 open circles of 20 mm diameter. In
one evaporation 16 targets were prepared. The thickness
of the targets obtained after the evaporation was about
=1.0 mg/cm? for gallium and =2.0 mg/cm? for an-
timony. The stacks were formed by placing alternatively
23.4 um aluminium foils (for alpha energies between 30.0
and 65.0 MeV) or 4.34 um aluminium foils (for alpha en-
ergies less than 30.0 MeV) as degraders of alpha energy
over the targets. Then the stacks were irradiated in a
chamber (as shown in Fig. 1) specially constructed for
this purpose having the facility to irradiate four stacks
one after another. The beam spot on the targets was lim-
ited to 5.0 mm in diameter by using a 10.0 cm long
aluminium collimator in front of the targets. Each stack
consists of about 15-20 targets. The stacks were exposed
to the unanalysed external beam from the 224 cm vari-
able energy cyclotron in Calcutta. The beam current on
the targets was kept below 200 nA. The total a-particle
beam was collected and measured using a calibrated Or-
tec Current Integrator. In addition, from 23.4 pum thick
aluminium target backings and 23.4 or 4.34 um thick de-
graders, the absolute cross sections for the reaction
TTAl(a,4p 5n)??Na and 27Al(a,4p 3n)*Na were also ob-
tained from threshold to 65.0 MeV. However, the cross
section for the production of 2?Na and **Na from Al are
very well known.'® By comparison of 2Na and 2*Na pro-
duction cross section from previous measurements and
our measurements thus provides high reliability to the
absolute cross-section measurements. The unanalysed
beam energy resolution was ~0.2 MeV. The accuracy in
absolute energy is expected to be =2.0 MeV. However,
for the excitation functions the energies are recalibrated
with respect to thresholds of %Ga(a,2n)"'As and
121Sb(a, 4n)'?'I reactions, i.e., to —15.15 MeV (c.m.) and
—33.19 MeV, respectively.

In all of the irradiations the beam energy was degraded
in the stacks at least by 20.0 MeV. The applicability of
the stacked foil method due to the loss of beam intensity
and contaminating background due to secondary reac-
tions from the beam as it travels through a large amount
of material is discussed below. The decrease in beam in-
tensity 81, as a function of the transversed foil thickness
x (cm) is given by the expression

I, =I)[1.0— exp(—Nox)],

assuming a constant reaction cross section o. The quan-
tity N (atoms/cm?) in the case of an element of atomic
weight A and density p g/cm® is given by N =(p/ A)N,.
For a compound of molecular weight M and density p,
the quantity N is given as a summation of the N, of atoms
of the ith kind per cm?, ie.,

V=3N,=3(pNo/M), ,
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FIG. 1. Target chamber.

where v; is the number of atoms of the kind *“/” in a mol-
ecule of the compound and N, is the Avogadro number
(0.6022 X 10%* atoms/mol). For o =2 barns the maximum
beam loss at the end of a high-z stack is always <0.3%
and9 llloence can be neglected as shown in Ismail and Diva-
tia.”

In reactions with the stack material the incoming beam
will release a large amount of low-energy (E <10 MeV)
neutrons and protons which can further react with the
targets in stacks and disturb the yield mainly through
(n,p) (n,a), (p,n), and (p,a) reactions. However, it was
found by Ernst et al.!' that the perturbative yields are
mostly negligible.

The mean beam energy in each foil of a stacked foil as-
sembly can be calculated from the energy degradation of
the initial beam energy according to the given stopping
power values for the different materials. We have used
the stopping powers from the tabulated values of Willi-
amson et al.”® However, the tabulated values are in
steps of 2.0 MeV up to 50.0 MeV and then in steps of 5.0
MeV thereafter. Therefore, interpolation is required at
every foil of the stack. To improve the accuracy of inter-
polation the stopping powers are fitted by a nonlinear
least-squares method to a function of the form

Y=3A4,X" "'+ 3B exp(—L,X) . (1)

The fit improves the overall accuracy of the stopping-
power interpolation. The average thickness of the de-
grader and backing foils was determined by weighing.
Each foil was punched out into a circular shape having
30.0 mm in diameter. The target thickness was deter-
mined by weighing the backing before and after the
evaporation.

The y rays emitted by the activated foils were detected
with a 114 cm?® Ge(Li) detector (efficiency 30%) available
at our centre (VECC). In most of the cases the y rays,
used in yield determination and listed in Tables I and II,
stand out very prominently in the spectra and did not
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TABLE 1. Half-lives, ¥ energies, branching ratios of the ¥ decays, and Q values for a-induced reac-

tions on Ga and Al.

E, I, (%) Q values
Nuclide Half-lives (keV) (abs) Reaction (keV)
"As 17.78 d 596.0 60.2 ""Ga(a,n)As —4926.9
2As 26.01 h 834.0 80.2 ""Gal(a,3n)?As —23702.7
“Gala,n)?As —6740.9
As 612 h 174.9 83.7 ""Ga(a,4n)"'As —32109.0
“Gala,2n)"'As —15147.3
“Ge 39.05 h 574.0 11.74 “Gal(a,p3n)*Ge —31303.7
1106.0 27.3
“Ga 783 h 93.3 38.0 “Gala,2p4n)*'Ga —46882.7
184.6 23.7
300.2 19.0
2Na 14.96 h 1368.6 1.0 Y Al(a,4p3n)**Na —59722.6
2Na 2.602 yr 1275.5 0.999 Y Al(a,4p5n)**Na —79100.3

pose any identification problem [as shown in Figs. 2(a)
and 2(b)]. The y-ray spectra from the Ge(Li) spectrome-
ters were stored in 4096 channels of memory of a Canber-
ra multichannel analyzer and were recorded on magnetic
tapes. The ND-560 computer was used to analyze the y-
ray spectra stored on magnetic tapes. The program
EXPANL] was written to select the required peaks from
the y-ray spectra stored on magnetic tapes and prepare a
File EXP2DT. Another program EXPANL2 was written to
analyse the peaks stored in File EXP2DT as a combination
of distorted Gaussians plus background terms

Y=3 ax'7!

i=14
+ (4, /V2m0) exp{ —0.5[(X — X, ) /0 ]*}
X {1.0+0.1P1[(X —X,) /0 ]*
+0.001P2[(X —X;)/01?} , 2

where Y is the channel count and X is the channel num-
ber. The sum extends over the number of peaks to be
fitted simultaneously. Its first term is pure Gaussian of
area A, centroid X and full width at half maximum
(FWHM) 2.360. It is multiplied by a polynomial with
terms to the 4th and 12th power whose coefficients are
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P1 and P2. The program EXPANL?2 is a modified version
of the program written by J. Kern.? A detailed descrip-
tion of the properties of the above function was presented
by J. Kern in Ref. 21. The above function fits the y-ray
spectra very well [as shown in Figs. 2(c) and 2(d)}; the in-
tegration of the analytical function as well as experimen-
tal peak was used for yield determination. The y-ray
yield was determined by integrating the experimental
peak points and substracting the calculated background
from it, also shown in Figs. 2(c) and 2(d).

The efficiency calibrations of the detector were made
with a standard !*2Eu radioactive source available at our
centre. The efficiency of the detector was interpolated to
the required energy value from the measured efficiency
curve. However, to improve the interpolation, the
efficiency curve was similarly fitted by a nonlinear least-
squares method to a function of the form given in Eq. (1).
The fit improves the accuracy of interpolation consider-
ably. The fit as shown in Fig 3 between experimental
data and fitted function (solid line) is reasonably good.

The nuclear data necessary for the evaluation of the
cross sections are presented in Tables I and II. The half-
lives of the radioactive atoms are taken from the chart of
nuclides; the y-ray energies and branching ratios are tak-
en from the table of isotopes.?? In Tables I and II only
those y rays are listed which were chosen for the calcula-

TABLE II. Half-lives, ¥ energies, branching ratios of the ¥ decays, and Q-values for a-induced reac-

tions on Sb.
E, I, (%) Q values
Nuclide Half-lives (keV) (abs) Reaction (keV)
1261 13.0d 388.6 0.35 1238b(a, n)'2°1 —6957.4
1241 415d 602.7 0.615 1238b(a, 3n)'2*1 —23044.0
1218b(a, n)'?41 —7869.0
1231 13.02 h 159.0 0.829 1238b(a, 4n)'2°1 —311445
121Sb(a, 2n)1 2’1 —15369.5
121y 2.12 h 212.2 0.84 218b(a,4n)12'1 —33186.3
12lTe 16.78 d 573.0 0.803 1218b(a, p3n)"2' Te —30127.0
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FIG. 2. (a) and (b) the y-ray spectrum for a-induced reaction on Ga taken at E,=20.0 MeV and on Sb, respectively. (c) The 834.0
keV peak fitted to the function of Eq. (2). Symbols + =experimental points, solid line is the fitted curve, and dot-dashed
curve=calculated background. (d) Same as (c) but for a double peak.



MEASUREMENT AND ANALYSIS OF THE EXCITATION . ..

o (c)
- Q"‘
™
0
o. -
o
o G}
(o
)
St
o =
w
—
z -
o ]
o L
(O]
1539.0 1543.6 1548. 2 1552.8 1557 .4 1562.0
CHANNEL NUMBER
(d)
)
o
o
@
™
o
o
w
[ -
P4
=
o)
(U
: . . T T T
1999.0 2006.8 2014.6 2022.4 2030.2 2038.0

CHANNEL NUMBER

FIG. 2. (Continued).

91



92 M. ISMAIL 41
2500.0
2000.0+
-nA B
9 1500.0
> -
> L
'g) 1000.0-
Z -
w -
14 "
& 5000}
Y .
-
0.0 i | WS W N N W N TR R N R | [ W B SR S |
0.0 300.0 600.0 900.0 1200.0 1500.0

Yy ENERGY (keV)

FIG. 3. Nonlinear least-squares fitted efficiency curve (solid line) as a function of y-ray energy for the Ge(Li) y-ray detector along

with experimental points (@ symbols).

tion of the cross sections. Also included in Tables I and
II are reaction Q values which, however, exclude cluster
emission. Thus in the case of a emission 28.3 MeV will
have to be added to the listed Q values. Q values were
calculated by using the atomic mass table of Wapstra and
Audi.?

A. Cross-section determination

The number of observed decays y(t) is related to the
total number of decays z(¢) during the measuring time ¢
by

z(t)=y(t)/[e(E, )] (abs)],

where &(E) is the detector efficiency and 1, (abs) is the ab-
solute y-ray abundance (yield) per decay. The corre-
sponding reaction yield N, is given for simple decays
(simple decays correspond to direct production of radio
isotopes by the nuclear reactions and we have used only
such decays in all the measurements reported here) by

No=z(t)exp(Aty)/{[1— exp(—At)]
X[1—exp(—At)]/At;} ,

where A=1In2/T, ,, is the decay constant and ¢, and ¢,
are the length of the irradiation time and the time be-
tween the end of the irradiation and the beginning of the
measurement, respectively. In the cases where
T,,, >>t,,t the above relation becomes

Ny=z(t)exp(At,) /At ,
where N is related to the cross section o by the relation
No=0(N ,6x)I ,

where N, is the number of atoms/cm? of the target ma-
terial, 6x is the thickness of the foil (in cm), and I is the
total number of alpha beam particles used for the irradia-
tion (integrated).

III. EXPERIMENTAL RESULTS
A. Experimental error

In Tables III, IV, V, and VI the experimental cross sec-
tions for the reaction ®Ga(a,xnyp), "'Gala,xn)”> *As,
1218b(a, xnyp), and '2Sb(a,xn)'¥’ ~*I are presented, re-
spectively, along with absolute errors. The absolute error
consistest of uncertainties due to target-foil thickness
(£1%), the beam current integration (+1%), the detector
efficiency (£5%), and the analysis of the y-ray spectra
(statistical uncertainty), generally (<2%). The uncer-
tainties caused by the large size of the irradiation area
and the nonuniformities of the target contribute about
5% to the average error of the cross section. However,
the above-mentioned average error values do not include
the uncertainties of the nuclear data used in the analysis.
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B. Integral excitation function
for a-induced reaction on °Ga

In Table III and Figs. 4—7 our experimental results for
the production of "'As, 7?As, %°Ge, and *’Ga radionu-
clides via a-induced reaction on ®Ga are summarized.
The uncertainty given for the energy values includes
those of target thickness and beam energy resolution
(0.2 MeV) only. Since the radionuclides "'As and "?As

could also be produced via (a,4n) and (a,3n) reactions on
"lGa, respectively, in the overlapping region these cross
sections are taken as proportional to their theoretical
values based on the hybrid model of Blann.2* These
points are marked with symbol(,) in Tables III and IV.
The cross sections are in millibarns and the uncertainties
are <8%. Since no data exist in the literature for a-
induced reactions on %Ga, therefore, no comparison
could be made with other measurements.

TABLE III. Experimental cross section for the a-induced reaction on ®Ga.

“Gala,n)?As “Ga(a,2n)"'As ®Gal(a,2p4n)*’'Ga Gala,p3n)®Ge

E (MeV) (mb) (mb) (mb) (mb)
10.101+0.25 47.5+3.8
12.36+0.25 368.7+29.5
14.42+0.25 647.41+51.8
16.33+0.25 763.8+61.1 16.0+1.3
18.06+0.24 787.0+63.0 146.8+11.7
19.76+0.24 535.5+42.8 346.7+27.7
21.33+0.23 327.0£26.2 531.3+42.5
22.85+0.23 205.6+16.4 677.91+54.2
24.28+0.23 133.2+10.7 798.4+63.9
25.68+0.23 100.9+8.1 924.3+73.9
27.01+0.23 98.8+7.9 845.8+67.7
28.30+0.22 73.8+£5.9 « 795.21+63.6
29.56+0.22 77.8+6.2 « 802.91+64.2
31.50+0.22 41.9+3.4 655.7+52.5
33.441+0.22 519.8+41.6
34.54+0.22 12.4%+1.0
35.33+0.22 362.21+29.0
35.52+0.22 363.91+29.1
36.461+0.22 29.0+2.3
37.12+0.21 264.61+21.1
37.3740.21 251.2+20.1
38.31+0.21 53.0+4.2
39.16%+0.21 204.4+16.4
40.09+0.21 71.0£5.7
40.90+0.21 173.4+13.9
41.82+0.21 96.9+7.8
42.59+0.21 142.5t11.4
43.50+0.21 110.5+8.8 34.3+2.48
44.23+0.21 140.1+11.2,
45.13+0.21 119.0+9.5 57.1+5.0
45.8210.21 110.81+8.9¢
46.71£0.21 121.9+9.5 79.417.5
47.3710.21 91.217.3¢
48.251+0.21 125.9+10.1 149.5+11.7
48.88+0.21 74.015.9«
49.76+0.21 128.41+10.3 206.3+17.0
51.23%+0.21 116.9+9.4 232.0+18.2
52.6710.21 103.4+8.3 265.7+22.15
54.08+0.21 98.6+7.9 328.0£25.5
55.46+0.21 326.61+25.8
56.811+0.21 84.61+6.8 363.0+29.7
58.14+0.21 85.7+6.9 355.61+28.7
59.44+0.21 81.0+6.5 354.7+28.7
60.71+0.20 77.5+6.2 380.6t30.7
61.96+0.20 80.9+6.5 377.6129.9
63.20+0.20 66.1£5.2 356.5+27.5
64.421+0.20 75.4+6.0 348.3+26.7
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FIG. 4. The total residual production cross section in mb for the reaction ®Ga(a,n)’?As (B symbols) is plotted as a function of a-
particle bombarding energy. Solid line is the hybrid model calculation with n, =4 (n, =2, n,=2, and n, =0) and k =1.0. The dotted
line is with kK =2.0. The dashed line is with n,=3 (n, =2, n,=1, and n, =0) and k =1.0, normalized to experimental values at the
maximum cross-section point with normalization constant N =0.93 for all the curves.
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FIG. 5. The total residual production cross section in mb for the reaction Ga(a,2n)"' As (B symbols) is plotted as a function of
a-particle bombarding energy. Dashed line is the hybrid model calculation with n,=4 (n,=2, n,=2, and n,=0); kK =1.0 and
N =1.119, solid line is with kK =1.5 and N =1.127 and dotted line with k =2.0and N =1.134.
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FIG. 6. The total residual production cross section in mb for the reaction **Ga(a,2p4n)*’Ga (B symbols) is plotted as a function of
a-particle bombarding energy. Dashed line is the hybrid model calculation with n,=4 (n,=2, n,=2, and n,=0); kK =1.0 and
N =0.383, solid line is with k =1.5 and N =0.427 and dotted line with kK =2.0 and N =0.468.

500.0

4000 -
300.0

2000+

CROSS SECTION (mb)
LI

0.0b—1
400 45.0 50.0 550 60.0 65.0

ENERGY (Me V)

FIG. 7. The total residual production cross section in mb for the reaction ®Gal(a,p3n)*Ge (l symbols) is plotted as a function of
a-particle bombarding energy. Dashed line is the hybrid model calculation with n,=4 (n,=2, n,=2, and n,=0); k =1.0 and
N =0.755, solid line is with kK =1.5 and N =0.798 and dotted line with Kk =2.0 and N =0.833.
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C. Integral excitation function
for a-induced reaction on 'Ga

In Table IV and Figs. 8—10 our experimental results
for the production of 'As, "?As, and "*As radionuclides
via a-induced reactions on ’'Ga are summarized. The
uncertainty in energy values includes those of target
thickness and beam energy resolution (0.2 MeV) only as
mentioned in Sec. III A. The cross sections are in milli-
barns and uncertainties are <8%.

D. Integral excitation function
for a-induced reaction on '2!Sb

In Table V and Figs. 11-14 our experimental results
for the production of 124y 1237 1211 and 2!Te radionu-
clides via a-induced reactions on '*!Sb are summarized.
The uncertainty given for the energy values includes

those of target thickness and beam energy resolution
(0.2 MeV) only. Since the radionuclides '?*I and %I
could also be produced via (a,3n) and (a,4n) reactions on
1238b, respectively, in the overlapping region these cross
sections are taken as proportional to their theoretical
values based on the hybrid model of Blann.2* These
points are marked with symbol (4) in Tables V and VI.
The cross sections are in millibarns and the uncertainties
are <8%. Only a few experimental data on a-induced
reactions on '?!Sb exist in the literature. In 1982 A. Col-
boreanu et al?®> measured the !?!Sb(a,n)'?*I and
1218b(@,2n)!31 cross sections in the energy range
11.5-27.0 MeV. For the 2!Sb(a,2n)'?I reaction the
agreement between the present work and their measure-
ment is reasonably good in the overlapping region as
shown in Fig. 15, but for the (a,n) reaction (not shown)
the difference is appreciable. Since no data exist in the
literature for a-induced reactions on '2*Sb, therefore, no
comparison could be made with other measurements.

TABLE IV. Experimental cross section for the a-induced reaction on "'Ga.

"Ga(a,n)*As

""Gal(a,3n)?As Ga(a,4n)"' As

E, (MeV) (mb) (mb) (mb)
10.10+£0.25 56.8+4.5

12.36+0.25 435.5+34.8

14.42+0.25 722.7+57.8

16.33+0.25 559.1+44.7

18.06+0.24 365.5+29.2

19.76+0.24 190.1+15.2

21.33+0.12 111.2+8.9

22.85+0.11 72.4+5.8

24.28+0.23 58.9+4.7

25.68+0.23 60.5+4.8

27.01+0.23 42.9+3.4

28.141+0.22 195.7£15.6 «

30.361+0.22 408.21+32.6 «

32.54+0.22 570.8+38.9

34.54+0.22 721.-154.3

36.40+0.22 837.1+67.5

38.31+0.21 882.61+69.9

40.09+0.21 942.2+75.1

41.8210.21 975.4+78.0 177.8+14.0 &
43.50+0.21 819.2+65.9 280.0£22.0 &
45.131£0.21 767.5+60.1 305.3+25.1
46.71+0.21 684.3+52.9 318.1+26.4
48.25+0.21 620.2+49.8 381.6+31.5
49.7610.21 534.8+47.1 457.2+37.4
51.23+0.21 441.9+36.1 427.11+34.6
52.67+0.21 393.8+32.1 423.7+32.7
54.08+0.21 347.7+27.6 457.0+37.0
55.46+0.21 298.6+25.0 406.0t32.4
56.81+0.21 273.5+22.4 413.91+32.1
58.141+0.21 235.8+17.5 407.2+32.3
59.4410.21 228.6+18.1 376.7+29.1
60.71+£0.20 208.41+15.2 378.2+35.5
61.96+0.20 208.9+16.1 378.21+30.2
63.20+0.20 186.1+14.2 353.5+29.5
64.42+0.20 184.61+14.1 353.2+28.6




41 MEASUREMENT AND ANALYSIS OF THE EXCITATION . .. 97

1000.0

800.0 |-

600.0 -

400.0 |-

CROSS SECTION ( mb)
1

2000

0.0b—1 1 1 T T S S
0.0 7.0 14.0 21.0 28.0 35.0

ENERGY (MeV)

FIG. 8. The total residual production cross section in mb for the reaction "'Ga(a,n)’*As (H symbols) is plotted as a function of a-
particle bombarding energy. Dashed line is the hybrid model calculation with n,=4 (n,=2, n,=2, and n,=0); k=1.0 and
N =1.05, solid line is with kK =2.0 and N =1.05 and dotted line is with n,=3 (n, =2, n,=1, and n, =0); k =1.0 and n =1.05.
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FIG. 9. The total residual production cross section in mb for the reaction "'Gala,3n)"?As (H symbols) is plotted as a function of
a-particle bombarding energy. Dashed line is the hybrid model calculation with n,=6 (n,=4, n,=2, and n,=0); k =1.0 and
N =1.017, solid line is the hybrid model calculation with n,=4 (n, =2, n,=2, and n, =0); k =1.0 and N =1.071, dotted line is with
k =1.5and N =1.128 and dot-dashed line with k =2.0 and N =1.159.
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FIG. 10. The total residual production cross section in mb for the reaction 'Ga(a,4n)"?As (B symbols) is plotted as a function of
a-particle bombarding energy. Dashed line is the hybrid model calculation with n,=4 (n,=2, n,=2, and n,=0); k =1.0 and

N =1.25, solid line is with k =1.5 and N =1.353 and dotted line with k =2.0 and N =1.430.

TABLE V. Experimental cross section for the a-induced reaction on '2'Sb.

2ISb(a, n)'?*1

218b(a, 2n)'?1

121Sb(a4n)'?'1

2ISb(a, p3n)!?'Te

E (MeV) (mb) (mb) (mb) (mb)
57.32+0.20 666.56+53.33 494.97+39.58
55.91+0.20 932.62+74.6 702.921+56.23
54.50+0.20 1388.93+111.1 1005.17+80.42
53.10+0.20 1574.74+125.98 1135.00£90.80
51.65+0.20 1579.141+126.33 1131.82+90.54
50.20+0.20 1575.48+125.96 1076.13186.09
48.70+0.20 1523.32+121.9 989.10£79.13
47.201+0.20 1229.76+98.4 855.611+68.45
45.60+0.20 1155.53+92.4 725.33+58.02
44.151+0.20 141.07+11.29 «
44.01+0.27 665.50153.24 449.661+35.98
42.421+0.21 166.26113.30 «
42.281+0.20 497.82182.0 318.85+25.51
40.60+0.33 180.441+14.44 209.24+16.74 134.78+10.78
38.70+0.20 239.46118.45 « 64.621+5.17 45.88+3.67
36.70+0.25 361.18+28.89 10.511+0.84
34.40+0.30 514.01+41.12
33.241+0.30 687.181+54.97
31.80+0.24 924.22+73.94
30.50+0.21 4.31+0.34 « 897.63+71.33
29.00+0.26 8.20+0.66 « 1265.741+101.26
27.51%£0.30 9.94+0.80 « 1389.27+111.14
25.90+0.35 20.35£1.63 « 1213.94+97.11
24.20+0.27 64.771+5.18 1145.44191.64
22.50+0.31 115.79+9.26 1010.39+80.83
20.58+0.35 210.391+16.83 733.24158.66
18.501+0.41 352.73+28.16 371.62+29.73
16.4010.28 309.99+24.72 40.2613.22
14.1010.47 99.23+7.94 1.46+0.11
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FIG. 11. The total residual production cross section in mb for the reaction '2'Sb(a,n)'?*I (Bl symbols) is plotted as a function of a-
particle bombarding energy. Solid line is the hybrid model calculation with n,=4 (n, =2, n, =2, and n, =0); k =1.0, dot-dashed line
with k =1.5, and dotted line with k =2.0. The dashed line is with n,=3 (n,=2, n,=1, and n, =0) and k =1.0, normalized to ex-
perimental values at the maximum cross-section point with normalization constant N =0.71 for all the curves.
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FIG. 12. The total residual production cross section in mb for the reaction '2'Sb(c,2n)'2’I (Bl symbols) is plotted as a function of
a-particle bombarding energy. Solid line is the hybrid model calculation with n,=4 (n,=2, n,=2, and n,=0); k =1.0 and
N =1.114 solid line is with k =1.5 and N =1.120 and dotted line with kK =2.0 and N =1.126.
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FIG. 13. The total residual production cross section in mb for the reaction '*'Sb(a,4rn)'*'I (Ml symbols) is plotted as a function of
a-particle bombarding energy. Solid line is the hybrid model calculation with n,=4 (n,=2, n,=2, and n,=0); kK =1.0 and
N =1.523, solid line is with k =1.5 and N =1.628 and dotted line with Xk =2.0 and N =1.728.
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FIG. 14. The total residual production cross section in mb for the reaction '*'Sb(a,p3n)'?!Te (M symbols) is plotted as a function
of a-particle bombarding energy. Solid line is the hybrid model calculation with n,=4 (n,=2, n,=2, and n,=0); kK =1.0 and
N =3.920, solid line is with k =1.5 and N =3.640 and dotted line with k =2.0 and N =3.440.
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FIG. 15. The total residual production cross section in mb for the reaction '2!'Sb(c,2n)'2’I [ symbols, our measurements; @ sym-
bols, the measurements by Colboreanu et al. (Ref. 17)] is plotted as a function of a-particle bombarding energy.

TABLE VI. Experimental cross section for the a-induced reaction on '2*Sb.

lZSSb(a,n)IZGI

1238b(a, 3n) 121

lZ}Sb(a, 4n )1231

E, (MeV) (mb) (mb) (mb)
57.32+0.20 65.12+5.18 475.51+38.04
55.91+0.20 91.40+7.28 710.38+56.83
54.50+0.20 131.71+10.49 1101.70+88.14
53.10+0.20 130.63+10.40 1315.491£105.24
51.65+0.20 160.87+12.80 1401.70t112.14
50.20+0.02 195.55+15.57 1484.12+118.73
48.701+0.20 255.79+20.40 1510.37+120.83
47.20+0.20 315.75+25.12 1414.55+113.16
45.60+0.20 520.041+41.36 1409.75+112.78
44.15+0.20 703.36+56.08

44.01+0.27 1053.46+84.28
42.28+0.20 820.03165.28 967.55+£77.40
40.601+0.33 949.86+75.99 675.261+54.02
38.70+0.20 1131.53190.08 353.681+28.29 «
36.70+0.25 1299.021+103.44 83.841+6.70 «
34.40£0.30 1199.63+95.59 2.58+0.21 «
33.21+0.30 1088.50+86.80

31.80£0.24 911.88+72.72

30.50+0.21 23.23+1.86 659.90+£52.64

29.00+0.26 26.06+2.08 448.88135.84 «

27.51+0.30 27.38%2.19 221.241+17.65 «

25.90%+0.35 38.54+3.08 48.0713.84 «

24.20+0.27 56.15+4.49

22.50+0.31 83.87+6.71

20.58+0.35 142.97+11.44

18.50+0.41 216.61+17.33

16.40+0.28 160.36+12.83

14.10+£0.47 11.69+0.94
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E. Integral excitation function
for a-induced reaction on '23Sb

In Table VI and Figs. 16—18 our experimental results
for the production of '?6I, I, and %I radionuclides via
a-induced reactions on '2’Sb are summarized. The un-
certainty in energy values includes those of target thick-
ness and beam energy resolution (+0.2 MeV) only as
mentioned in Sec. III A. The cross sections are in milli-
barns and uncertainties are <8%. Since no data exists in
the literature for a-induced reactions on '2Sb, therefore,
no comparison could be made with other measurements.

F. Cross-section for a-induced reaction on 2’Al

Since  the  reaction Y Al(a,4p3n)**Na  and
Y All@,4p5n)**Na had been studied extensively in the
past,'®2® we have checked the quality of our absolute
cross-section values by measuring the cross section for
these reactions by way of target backing and energy de-
grader foils in the stacks. A comparison of the produc-
tion cross sections for 2*Na and *’Na with other au-
thors'®26 shows the agreement with other work is reason-
ably good. Our measurements are summarized in Table
VII and Fig. 19. The threshold of the above-mentioned

reactions without cluster emission is very high (see Table
I); therefore, the nuclides 2?Na and ?*Na are produced
only by cluster emission in the energy range over which
present measurements have been made. The Alice code
of Blann?* does not consider cluster emission for hybrid
model calculation; no theoretical calculation was, there-
fore, done for these two reactions.

IV. COMPARISON WITH
THEORETICAL PREDICTIONS

A rigorous theory of nuclear reaction for which calcu-
lations can be performed to describe mass, angular and
energy distribution data from intermediate energy col-
lisions with complex particles is presently not available.
A simpler compound-nucleus model®” is clearly not appl-
icable above 10 MeV/nucleon owing to large probability
for preequilibrium processes. In the preequilibrium mod-
els, on the other hand, it is difficult to extract kinematic
information.!? An alternative approach is to the intranu-
clear cascade model,'* which has been extended to a-
induced reaction.!’ In considering the interaction of an
energetic projectile with a complex nucleus, Serber!® orig-
inally separated the reaction into two stages. In the first

300

240
L

CROSS SECTION (mb)

ENERGY(MeV)

FIG. 16. The total residual production cross section in mb for the reaction '>’Sb(a,n)'**I (M symbols) is plotted as a function of a-
particle bombarding energy. Solid line is the hybrid model calculation with n, =4 (n, =2, n, =2, and n, =0); k =1.0, dot-dashed line
with k =1.5, and dotted line with k =2.0. The dashed line is with n,=3 (n, =2, n,=1, and n, =0) and k =1.0, normalized to ex-
perimental values at the maximum cross-section point with normalization constant N =0.54 for all the curves.
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FIG. 17. The total residual production cross section in mb for the reaction '*Sb(a,3n)'>*I (Bl symbols) is plotted as a function of
a-particle bombarding energy. The dotted line is the hybrid model calculation with n,=6 (n,=4, n,=2, and n, =0); kK =1.0 and
N =0.856, the dot-dashed line is the hybrid model calculation with ny=5 (n, =3, n, =2, and n, =0); k =1.0 and N =0.868 and solid
line is the hybrid model calculation with ny=4 (n,=2, n,=2, and n, =0); k =1.0 and N =0.885, dashed line is with k =1.5 and
N =0.906 and double dot-dashed line with k =2.0 and N =0.925.
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FIG. 18. The total residual production cross section in mb for the reaction '2’Sb(a,4n)'?’I (H symbols) is plotted as a function of
a-particle bombarding energy. Solid line is the hybrid model calculation with n,=4 (n,=2, n,=2, and n,=0); k =1.0 and
N =1.130, solid line is with k =1.5 and N =1.210 and dotted line with kK =2.0 and N =1.270.
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TABLE VII. Experimental cross section for the a-induced reaction on Al.

27A1(@,4p3n)**Na Y Al(a,4p5n)*Na
E, (MeV) (mb) (mb)
32.5442.00 0.24+0.02
34.54+1.92 0.2740.02
36.46+1.84 0.30+0.02
38.31+1.78 0.36+0.03 4.1+0.3
40.09+1.71 0.5140.04 4.1+0.3
41.82+1.66 0.75+0.06 9.1+0.7
43.50+1.61 1.06+0.09 15.1+1.2
45.13+1.56 1.4840.12 20.1+1.6
46.71+1.52 2.0740.17 26.442.1
48.25+1.48 2.93+0.23 33.1£2.6
49.76+1.45 4.05+0.32 41.8+3.3
51.23+1.41 5.40+0.43 42.8+3.4
52.67+1.38 7.1940.58 46.1+3.7
54.08+1.35 9.09+0.73 44.7+3.6
55.46+1.33 12.33+0.99 39.3+3.1
56.81+1.30 14.81+1.18 37.5+3.0
57.81+0.65 18.29+1.46
58.14+1.28 20.28+1.62 36.3+2.9
59.11+0.64 20.92+1.67
59.44+1.25 23.76+1.90 37.3£3.0
60.41+0.63 24.47+1.96
60.71+1.23 27.10+2.16 33.842.7
61.66+0.61 27.10%2.17
61.96+1.21 29.6242.37 31.2442.5
62.90+0.60 29.73+2.38
63.20+1.20 33.00+2.64 28.6+2.3
64.1240.59 32.1942.58
64.42+1.18 32.7342.61 26.142.1

100.0

o {{H}}
600 {

40.0

CROSS SECTION (mb )

- ¢
200 § l‘#}
. et

e ©®
{ 1

LN

L
00L_1 1 1 of e el aleieje P9
25.0 .0 410 49.0 570 650

ENERGY( Me V)

FIG. 19. The total residual production cross section in mb for the reaction >’Al(a,4p5nn)**Na (B symbols) after having been mul-
tiplied by a factor of 2 and ?’Al(a,4p3n)**Na (@ symbols) are plotted as a function of a-particle bombarding energy.




stage, the incident particle initiates a nucleon-nucleon
cascade in the target nucleus on a time scale comparable
to nuclear transit times. Cascade nucleons, which ac-
quire sufficient energy, then escape from the target, leav-
ing an excited residual nucleus. The second stage in-
volves equilibration of the energy deposited in the residu-
al nucleus and the subsequent statistical deexcitation pro-
cess, which occurs on a much longer time scale. Usually
a nuclear evaporation process is utilized to describe this
process.'®!7 Nuclear reaction models to treat the pree-
quilibrium phase of reactions leading to the formation of
a compound nucleus have been around for many
years.! 1328730 Most of these models are semiclassical
in nature and have been used with considerable success in
describing experimental data pertaining to the equilibra-
tion process, mainly the forward peaked hard component
observed in the continuous spectra of light ejectiles and
the high-energy tails seen in the excitation functions of
activation cross sections. However, most of these models
employ one or both of the two basic concepts: the in-
tranuclear cascade model (INC) of Goldberger!® as men-
tioned before and Griffin’s statistical model of intermedi-
ate structure (SMI’s).> The idea in the INC approach is
to treat equilibration as a series of quasifree scattering
processes of independent nucleons in the nuclear environ-
ment and to follow these processes explicitly in a
geometric fashion. Nucleon-nucleon kinematics and
cross section are employed and emission is assumed to
occur whenever a nucleon follows a trajectory out of the
composite nucleus without undergoing another collision.
Griffin’s idea, on the other hand, was to consider the
equilibration system as a whole, envisioning it to pass
through increasingly complex configurations of single-
particle excitation. It goes on to assume that, at each
stage, all possible configurations are equally likely so that
the occurrence of configurations capable of particle emis-
sion into continuum may be estimated on a statistical
basis. However, the SMIS does not explicitly treat the
competition between particle emission and intranuclear
transition and therefore cannot predict absolute cross
sections. The integral excitation functions of a-induced
reactions have been discussed by several authors! 7611717
considering models of the compound nucleus as well as of
preequilibrium reactions, as mentioned above. They con-
clude that the theory of preequilibrium reactions is help-
ful in explaining the mechanism of a-induced reactions.
In the present work our excitation functions are calculat-
ed on the basis of hybrid model' using the program Over-
laid Alice?* on the IRIS-80 computer at our center. The
calculations were done in 2 MeV steps from 10.0 to 65.0
MeV. The hybrid model for the preequilibrium reaction
was proposed by Blann! which provides in some way a
marriage between the simple SMIS model of Griffin® and
the INC model using the more elaborate master equation
approach due to Harp et al.*’ Since the program and the
theories involved have been discussed by several au-
thors,! "%2* we briefly summarize in the Appendix the
main points of the hybrid model of preequilibrium
theory. For details see Ref. 1.

The statistical part of the Overlaid Alice can account
for a large variety of reaction types. Besides evaporation
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of neutrons and protons,’! also clusters such as deuteron
and a-particles can be considered. The nuclear masses
were calculated from the Mayers and Swiatecki mass for-
mula,’?* liquid drop masses with pairing for Ga, and
shell corrected masses with pairing for Sb, for obvious
reasons. The inverse cross sections were calculated using
the optical-model subroutine of Overlaid Alice,?* where
the optical-model parameters were those of Becchetti and
Greenlees.’* There are three main points of discussion
when using the hybrid model option of Overlaid Alice:**
(i) the initial exciton configuration, (ii) the intranuclear
transition rate, and (iii) the mean-free-path multiplier pa-
rameter. In most of our calculations we have kept the in-
itial exciton configuration as n,=4, np=2, n,=2 and
changed the mean free multiplier parameter k from 1.0 to
2.0 in steps of 0.5.

In the a priori formulation of the hybrid model, the in-
tranuclear transition rates are calculated either from the
imaginary part of the optical model or from the free
nucleon-nucleon scattering cross section.’® The use of op-
tical potential in calculating intranuclear transition rates
for preequilibrium decay models offer distinct advantages
at least in principle over the nucleon-nucleon scattering
approach. Specifically, the parameters of the optical po-
tential have been determined from the results and trends
of a large body of experimental data. The mean-free-path
values are therefore based on experimental measurements
in nuclear matter as opposed to the extrapolation of free
scattering cross sections to the nuclear environment.
Secondly, the question of possible errors in the nucleon-
nucleon scattering approach due to failure to consider
recoil momentum effects is avoided by using the optical
potential. Becchetti and Greenlees’® have analyzed a
large body of data to find a best set of optical-model pa-
rameters for nucleon induced reactions. But for particle
energies exceeding 55 MeV the optical-model parameters
of Becchetti and Greenlees** are no longer applicable and
thus at higher energies the calculation of the mean free
path for intranuclear transitions are calculated from
nucleon-nucleon scattering cross sections.

The mean-free-path multiplier “k,” which is a kind of
free parameter, was introduced by Blann! to account for
the transparency of nuclear matter in the lower-density
nucleus periphery. Considerably better agreements at the
high-energy portion of the excitation functions are shown
in Figs. 4-18 for the results with “k”=2.0 compared to
k =1.0 which implies a mean-free-path (mfp) multiplier
for nucleon-nucleon scattering which is k =2 times the
values given in Ref. 36. There are several reasons as to
why mfp values larger than those calculated in Ref. 36
may be reasonable. First, it is thought that the preequili-
brium emission results mainly from high-impact parame-
ter, peripheral target projectile interactions. The lower
nuclear density in the nuclear surface should result in a
larger mfp for scattering. Secondly the calculations of
Ref. 36 were based on the free scattering cross section
with only the requirement for scattering within the nu-
cleus, that energy be conserved and that no scattering be
allowed into levels below the Fermi energy. However, if
the nucleus involved in the scattering process has well-
behaved quantum states before and after the transition in
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question, then the final states must be accessible from the
initial states through coupling with the scattering pro-
cess. Clearly a fraction of the total states at a given ener-
gy are accessible within this restriction of angular
momentum conservation and this additional restriction
should result in longer mfp for nucleons in nuclear
matter.

With respect to initial configuration Blann and Mig-
nerey’’ used no=4 (n,=2, n,=2, n,=0) to calculate
¥Cola,p) spectra. Gadioli et al.®® have also discussed
this point in detail and recommended the general applica-
tion of ny=4. With respect to our study the excitation
function for the reaction ’!Gala,3n)?As and
123Sb(a, 3n)'%*T are most appropriate to examine the ini-
tial exciton number for a-induced reactions on Ga and
Sb, respectively. In Figs. 9 and 17 the measured excita-
tion functions are compared with hybrid model results
for different initial exciton configurations (n, =4, 5, and
6) and mfp multiplier parameter k varied from 1.0 to 2.0
in steps of 0.5 for ny=4 (n,=2, n,=2, n,=0)
configuration only. Evidently, an initial exciton ny=4
(n,=2, n,=2, n, =0) configuration which is equivalent
to a breakup of the incoming a particle in the field of the
nucleus and the nucleons occupying excited states above
the Fermi energy gives a better description of the excita-
tion function compared to other configurations for the a-
particle bombarding energies up to 65.0 MeV. Therefore,
we have used mostly n,=4 (n,=2, n,=2, n,=0)
configuration in most of our calculations and varied mfp
multiplying parameter k (which accounts for the tran-
sparency of nuclear matter in the lower-density nuclear
periphery and angular momentum conservation for
nucleon-nucleon scattering in nuclear matter) to fit the
excitation function curves.

Figures 4-7 show the fit for a-induced reaction on
%Ga, Figs. 8—10 show the fit for a-induced reaction on
"'Ga, Figs. 11-14 show the fit for a-induced reaction on
121gh, and Figs. 16—18 show the fit for a-induced reaction
on '23Sb. In general the agreement is reasonably good for
most of the excitation functions for the theoretical calcu-
lation based on the hybrid model as described above for
exciton values n,=4 (n, =2, n,=2, n, =0) and mfp mul-
tiplier parameter kK =2.0 in the range of energies these
measurements are made. The theoretical values shown in
the figures are multiplied by a factor so as to match the
experimental data at the maximum cross-section point.
The multiplying factors are given in figure captions. The
multiplying factors also indicate the quality of fit between
experimental and theoretical values. In general the hy-
brid model fits the excitation functions reasonably well,
taking into account its limitations. Considering the mul-
titudes of uncertainties in preequilibrium calculations
such as (i) range of equilibrium and preequilibrium reac-
tion cross section involved and (ii) in parameters such as
inverse reaction cross sections and level densities, etc.
Blann*® considered that a result which is within a factor
of 2 of the experimental result in absolute cross section
and which generally has the correct spectral shape and
variation of yield with excitation energy is an encourag-
ing result.

However, there are a few exceptions:

(i) The fit shows a large discrepancy between theory
and experiment for the reaction 1218h(@, 2n)I'3 at the
high-energy tail side of the excitation function. This may
be due to taking only one preequilibrium nucleon emis-
sion by the theory. With respect to preequilibrium reac-
tions the program used can only account for the emission
of a single nucleon. On the other hand, effects of pree-
quilibrium emission of multinucleon and of complex par-
ticles were observed for the integral excitation functions®
as well as for particle spectra.>>* However, there are no
attempts published until now for the calculation of in-
tegral excitation functions with consideration of pree-
quilibrium multinucleon and complex particle emission.
So we are restricted to the analysis taking single pree-
quilibrium nucleon emission only, whereas the excitation
function shows clearly the emission of more than one
preequilibrium nucleon.

(ii) The experimental excitation function for the reac-
tion ®Gala,2p4n)®’Ga has its maximum at the =50
MeV above which a pronounced plateau is seen. Here
the theory fails completely to reproduce the experimental
data. We guess that the high plateau cross section is pro-
duced by a breakup into a *He nucleus and a single neu-
tron in the field of target nucleus. Such breakup phenom-
ena have already been observed by Wu et al.*! and also by
Budzonowsky et al.* These authers observed consider-
able yields, for instance of *He due to breakup of a parti-
cles. Wu et al.*’ have demonstrated that an adequate
description of the charged particle from the high-energy
a bombardment of ?’Al, *®Ni, *°Zr, 2°°Bi, and 2*’Th the
breakup reaction mechanism is of great importance be-
sides the compound-nucleus evaporation and the pree-
quilibrium emission. These authors* found total yields
of light particles which are by a factor of 2 or 3 larger
than the total reaction cross section for light and medium
weight target elements. Overlaid Alice,?* on the other
hand, does not account for the breakup of the projectile
and preequilibrium emission of complex particles. How-
ever, at the moment it is not possible to decide from the
known data whether the a-particle breakup is in the field
of the nucleus or whether the *He is emitted really during
the first step of the reaction which is ultimately leading to
equilibrium. This point surely will deserve further inves-
tigation.

(iii) The large multiplying factor for '*!Sb(a,p3n)'*'Te
shows that the reaction mechanism is different from the
one assumed for the calculation. We guess *!Te is pro-
duced by two different reactions, (a) '*!Sb(a,p3n)'*'Te
and (b) '2'Sb(a,4n)"*'1 =(B+)="2Te, and what we
measure is the sum of these two reactions. It is difficult
to extract each contribution separately as the half-life of
1211 is very short (2.12 h only).

V. CONCLUSION

A consistent set of 13 excitation functions have been
measured for a-induced reactions on ®°Ga, "'Ga, !2!Sb,
and '2’Sb targets. The reliability of the cross sections
were checked by intercomparison with other measure-
ments of '2!Sb(a,2n)'3I (Ref. 25) and by comparing our
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measurements of a-induced reaction 2’Al with other mea-
surements'® 26 (see Sec. III E). Pronounced preequilibri-
um effects of nucleons have been observed for most of the
reactions. From the reactions ’'Gala,3n)’?As and
1238b(a,3n)!%1 an initial exciton number ny=4 (n,=2,
n, =2, n, =0) with the mean-free-path multiplier param-
eter k set to 2 has been deduced for both the targets. The
comparison of the experimental data with the results of
the hybrid model calculations show a surprisingly good
agreement without any parameter adjustment for indivi-
dual products. Qualitatively, the model is able to repro-
duce the observed shapes reasonably well; quantitatively,
the magnitude of the calculated cross section is, except
for a few cases as mentioned above, within a factor of 2
and often closer than that to the observed cross sections
over the entire energy range. Given the approximation
inherent in the code, especially the limited treatment of
the angular-momentum-dependent effects and neglect of
the contributions from nonfusion processes, the agree-
ment is as good as could be expected. By changing the
values of the parameters it is possible to get a better ac-
count of the observed cross section as a function of the a
energy for a given product nucleus or for a broader range
of product nuclei at a given energy, but always at a no-
ticeable deterioration for other nuclei or other energies.
Overall these comparisons confirm rather quantitatively
that fusion evaporation (preequilibrium plus statistical) is
the dominant mechanism. However, there are a few ex-
ceptions. The theory overestimates the cross section for
the *Gal(a,2p4n)%'Ga reaction whereas it underestimates
the cross section for the me(a,p3n)mTe reaction and
the high-energy tail of '*'Sb(a,2n)'®I excitation func-
tions. For the (a,2p4n) reactions on Ga the discrepancy
between theory and experiment may be attributed part-
ly to breakup of a particle and partly to much more
complex reaction mechanisms, whereas for the
1218b(a, p3n)1?!Te reaction two different reaction mecha-
nisms may be attributed. The large discrepancy between
theory and experiment for the reaction '2!Sb(a,2n)'?’ at
the high-energy tail of the excitation function may be at-
tributed to emission of more than one preequilibrium nu-
cleon which the theory cannot account for at present.
Barring these reactions we have found the overall agree-
ment between theory and experiment is reasonably good,
taking the limitations of the theory into account. After
taking these factors into account, we conclude that the
dominant mechanism for the reaction induced by a parti-
cle in the energy range of these measurements is fusion of
the projectile and the target nuclei followed by decay of
the resulting compound nucleus by preequilibrium and
statistical evaporation.
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APPENDIX

The hybrid model for the preequilibrium reaction was
proposed by Blann' and provides in some way a marriage
between the simple exciton model proposed by Griffin,>
and the more elaborate master equation approach due to
Miller and co-workers.*® Summarizing from Ref. 1, the
main points of the hybrid model will be outlined here. As
in high-energy cascade, it is assumed that the reaction
proceeds through a series of particle-particle or particle-
hole interactions, in which the total particle and hole
numbers characterizing the nuclear state may either in-
crease by two, decrease by two, or remain unchanged. It
is assumed here that the transition in which the particle
and hole (p-h) or exciton (n,) number increases by two
dominates in the early stages of the equilibration process.
As in Griffin’s model, it is assumed also here that the in-
termediate states are characterized by appropriate level-
density formulas and that all levels may be populated
with equal a priori probability (within limitation of ener-
gy conservation and Pauli principle) during the equilibra-
tion process. As in earlier treatment of the exciton mod-
el, the total particle emission probability in a given chan-
nel energy range P, (e)de is given as a sum over the con-
tributions of the intermediate states, although here this
has significance as a statistical bookkeeping operation
rather than an absolute time basis. The sum is taken
from some initial number of excitons n, to the equilibri-
um number n. The hybrid model predicts the probability
of emission of a particle of type v in the channel energy
range € to e +d¢ as

P(e)de=3nP}[N,(e,u)/N,(E)]*gde*
XA (e)/[A (e)+A, ,(e)]}*D, ,

where nP, is the number of particles of type v in an n-
exciton state (where exciton number means the number of
excited particles plus holes). N,(e,u) is the number of
ways n excitons can be arranged such that one exciton if
emitted would have channel energy €, leaving a residual
excitation of u =FE —B, —e distributed between other
n —1 excitons. The quantity N,(E) represents a total
number of combinations of n particles plus holes at exci-
tation energy E. The quantity in the first set of square
brackets represents the fraction of the n-exciton states
having one exciton at energy € with respect to the contin-
uum. The limiting value of the emission probability as
defined by the above equation, integrated over all particle
emission energy for a particular state with nP,, particle, is
not unity but nP,, i.e., the total number of excited parti-
cles.

Also in the above equation the emission rate into the
continuum A,(€) of a particle at excitation ¢ is given by

Ac(e)=owp. /8, V ,

where o, is the inverse cross section and v the velocity of
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the particle having a density of states p in the continuum,
and a single-particle density of state g, in the nucleus; V
is an arbitary volume canceled by the same volume in p,.
The last factor D, represents the fraction of the initial
population surviving deexcitation by particle emission
prior to the n-exciton state under consideration, i.e., the

prior decay depletion factor. The internal excitation rate
A, 1,(€) of an excited particle at energy ¢ + B, above the
Fermi energy has been based on the calculated mean free
path in nuclear matter*® which, however, can be calculat-
ed either from nucleon-nucleon scattering cross sections
or from the imaginary part of the optical potential.®%
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