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Abstract. The excitation functions for the reactions 127I(~,2n)129Cs, 127I(ct,4r/)127Cs, 133Cs(o~,2n)
135La and 133Cs(~,4n)133La have been measured up to ~50MeV or-particle energy, using the
stacked foil activation technique. Measured excitation functions are compared with pre-equilibrium
geometry dependent hybrid model calculations. It has been found that theoretical calculations
using an initial exciton number no = 4 (2p + 2n + Oh) give good agreement with experimental
excitation functions.
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1. Introduction
Nuclear reactions induced by intermediate energy ~-particles have been a point of
interest during the last decade. The highly excited nuclear system, produced by
projectile bombardment decays first by emitting a number of fast nucleons or clusters
of nucleons at the pre-equilibrium (PE) stage and later on by evaporating low energy
nucleons at the equilibrium (EQ) stage. The high energy tail observed in the experimental excitation functions may be explained through the PE emission process. Many
semiclassical models [1-5] have been proposed to explain the features of the experimental excitation functions. Among these, the geometry dependent hybrid (GDH)
model proposed by Blann [4] has been found to give a satisfactory reproduction of the
experimental data. Efforts have been made to develop a fully quantum mechanical
(QM) picture of PE reaction in the framework of multistep theories [6-10]. However,
on account of the complexity involved in computation, the theoretical calculations for
four nucleon systems like ~-particle have not been found to give satisfactory results.
The work presented here is a part of the programme of precise measurement of
excitation functions for ~-induced reactions, currently under way [11-19]. We report
on the measurement of excitation functions for the alpha induced reactions on 1271and
~33Cs. These reactions are important from the point of view of CsI detector design.
2. Experimental details
Excitation functions for the reactions lz7I(~,2n)129Cs, 127I(ot,4n)127Cs, 133Cs(~,2n)
135La and 133Cs(~' 4n)x 33La up to ,~ 50 MeV have been measured using stacked foil
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activation technique and Ge(Li) gamma-ray spectroscopy. The experiment was performed at the Variable Energy Cyclotron Centre (VECC), Calcutta. Spectroscopically
pure (SPECPURE) cesium iodide sample was used as the target material. The purity of
the material was better than 99.9%. Targets were made by vacuum evaporation of
about 1 mg/cm 2 thick cesium iodide on an aluminium backing of thickness
6.75 mg/cm 2, placed over the masking plate. In the masking plate there were thirteen
open squares of size 12 mm x 12 mm. Since, CsI is a hygroscopic compound, a thin AI
layer of thickness 200 lag/cm 2 was further deposited by vacuum evaporation onto the
upper surface of the prepared CsI target, so that the moisture may not affect the target
surface. These targets were cut into pieces and glued on aluminium frames of size
30 mm x 30 mm having a circular hole of diameter 10 mm in the centre. Samples for
irradiation were taken in the form of a stack of these targets. Aluminium foil of various
thicknesses were used as energy degraders and were sandwiched between the target
foils whereever required so as to get the desired s-particle energy incident on each foil.
The energy of incident s-particle on each foil in the stack was calculated from the
energy degradation of incident c~-particle beam using the stopping power tables of
Northcliffe and Schilling [20]. The stack consisting of thirteen such targets was
irradiated with a 50 MeV s-particle beam. By using a tantalum collimator placed in
front of the stack the diameter of the beam spot was adjusted to 8 mm. The stack was
screwed at the centre of the flange and was electrically insulated from the beam line.
During irradiation the stack was cooled by a specially designed assembly through
which low conductivity water (LCW) circulated. The stack was exposed to the
unanalyzed external beam from the 224cm variable energy cyclotron of VECC,
Calcutta. The collimated s-particle beam of ,~ 100 nA falling on the target stack was
monitored by charge collection using a Faraday cup, kept behind the target stack and
coupled to an ORTEC current integrator. In many experiments the incident alpha
beam flux has also been independently obtained using the standard reactions
27Al(ct,4p 5n)22Na and 27A1(~,4p 3n)24Na for which the cross-section are said to be
very well known [21]. However, in the present measurements the average incident
0t-beam flux was obtained from the total charge collected in the Faraday cup. After
irradiation the induced gamma activities in individual foils were recorded with the help
ofa pre-calibrated high resolution 100 cm 3 0 R T E C Ge(Li) detector (FWHM 2 keV at
1.33 MeV) coupled to a CANBERRA-88 multichannel analyzer. The dead time for
counting was kept less then 10% by adjusting the sample detector separation in these
measurements. Several spectra were recorded at suitable time intervals to enable the
identification of the half-lives of various residual nuclei. Various gamma-rays from
a calibrated 152Eu source (half-life 13"33 years) were used for the efficiency and the
energy calibration of the counting unit. The expression used for computing the
experimentally measured cross-sections is taken from ref. [22]. The reaction crosssection a(E) at a given energy E, was calculated using the expression

o(E)=

A2exp(2t2)
NoOO(Ge)K[1 - e x p ( - 2t 1)] [1 - e x p ( - 2t3) ] '

where K = [1 - e x p ( - lad)]/(~d) is the correction for self absorption of gamma rays in
the sample of thickness d (gm/cm 2) and of absorption coeffÉcient ~t(cm2/gm); A is the
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area under photo peak, 2 is the decay constant of the residual nucleus, t 1, t 2 and t 3 are
respectively the period of irradiation, time lapsed between the stop of irradiation and
the start of counting and the counting period, N Ois the number of target nuclei in the
sample. ~ is the incident or-beam flux, (Ge) is the geometry dependent efficiency of the
detecting unit and 0 the branching ratio for the specific gamma ray.
The activation cross-section for a given reaction has been determined from the
intensities of the various identified gamma rays arising from the same residual nuclei.
The reported value is the weighted average cross-section corresponding to various
identified ~,-rays of sufficient intensity. The spectroscopic data used in the cross-section
measurement are taken from the table of isotopes [23]. The threshold energy for
various reactions involved, half-lives, gamma ray energies and their absolute intensities
are given in table 1. A typical observed gamma ray spectrum of CsI irradiated by
50 MeV or-particles is shown in figure 1. As can be seen from figure 1, various peaks in
the spectrum originate due to various residual nuclei produced through different
reactions. The reactions were identified by the characteristic ),-rays produced by the
residual nuclei. The ~-ray of energy 372 keV (30.8%) is emitted from the residual nuclei
129Cs produced via t27I(ct, 2n) reaction. Further, as seen from the observed spectrum
(figure 1), the 372 keV ~-ray looks like a doublet. The area under photopeak of interest
was obtained using the peak fitting program of the CANBERRA-88 multichannel
analyzer and an uncertainty of about < 10% in the area of photopeak for 372 keV has
Table 1. Reactions, threshold energies, half-lives of residual nuclei, y-ray energies
and branching ratios of gamma-decay.

Threshold
energy

Half
life

(MeV)

T1/2

127I(ct,2n) 129Cs

15"6

1"34d

1271(Gt,4n) 127Cs

33"6

6"25 h

133Cs(ct,2n) 135La
133Cs(~t,4n) *33La

15"6
33"4

19"48h
3"90h

Reaction

Gamma-ray
energy
(MeV)

Absolute
gamma-ray
intensity
(%)

0"177
0.279
0'318
0"372
0"412
0"549
0'589
0-125
0'321
0"412
0"462
1"197
1"307
0"481
0-279
0"302
0"565
0-618
0'622
0'846

0'27
1"33
2"46
30-80
22-50
3-42
0"61
15'60
1"24
58'00
4-20
0"17
0-15
1"54
1"90
1"24
0"51
0"80
0"49
0-48
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Figure 1. A typical gamma-ray spectrum of CsI irradiated by ~ 50 MeV ~t-particle

beam.
been obtained. As seen from table 1, the ~-ray of 412.0 keV is produced via two different
reactions i.e., 127I(0t,2n)129Cs and 127I(0t,4n)127Cs. Therefore, in the observed 7-ray
spectrum beyond 33.6 MeV incident energy of alpha-particles (threshold for (0t,2n)
reaction), the intensity of 412.0 keV ~-ray will have a contribution due to both these
reaction channels. However, below 33.6 MeV the contribution will be due to 127I(~, 2n)
z29Cs reaction only. In the present calculations the ~-ray of 412.0 keV is used for the
measurement of cross-section of(or, 2n) reactions in 1271up to ,~ 33 MeV only. As can be
seen from table 1, the ~-ray of 549 keV (3.42%) and 589 keV (0.61%) are emitted from
the residual nucleus 129 Cs produced in the 127I(Ct,2n) reaction. Therefore, the intensity
of 549keV 7-ray should be stronger than the 589keV 7-ray. However, from the
observed spectrum (figure 1) it may be seen that the 589 keV 7-ray appears to be
stronger than 549 keV 7-ray. The main reason for this anomoly may be that some
interfering 7-rays, like E7 ~ 585 keV (0"2%) from the residual nucleus 133La produced
in z33Cs(:t, 4n), may be emitted which may contribute to the intensity of 589 keV 7-rays.
As such the 589keV 7-ray has not been used for computing the cross-section for
27I(:t, 2n)129Cs reaction. The presently measured cross-sections at different energies for
the reactions 127I(~,2n) 129Cs, 127I(~,4n)127Cs, 133Cs(0~2n)135La and 133Cs(~,4n) 133La
are tabulated in tables 2 and 3, alongwith the overall errors, including statistical errors of
counting, expected due to various factors mentioned in § 2.1.
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Measured cross-sections for ~t-induced reaction in 1271.

Table 2.

E~(MeV)
18"06 ±
19"78 ±
21.39 ±
24"26 ±
26"87 ±
30-37 ±
33.63 ±
36"68 ±
39.57 ±
42.36 +
44.99 +
47.50 ±
49.93 ±

0"57
0"56
0"56
0"56
0"55
0.55
0.54
0'54
0"54
0"54
0"53
0'53
0'53

Table 3.

127[(0~,4tl) 127Cs
Cross-section (mb)

136.7 ± 17.6
618'6 __.74-4
1040.6 ___123.9
1165.9 ± 138.5
1214.7 ± 144.2
1346'1 ± 159.2
628'4 ± 75.3
255.2 ± 31"6
187.0 ± 24.6
99'6 ± 18-0
75.9 + 18"5
62.6 ± 19"9
51'6 ± 21.3

105'0 ±
281"9 ±
636"5 ±
839.0 +
821'5 ±

17.7
41'1
92.5
123-8
128'7

Measured cross-sections for or-induced reaction in

E~(MeV)
18.06 _
19.78 _
21.39 +
24.26 +
26.87 ±
30.37 ±
33.63 +
36.68 ±
39.57 ±
42.36 +
44.99 ±
47.50 ±

127I(0~,2n) 129Cs
Cross-section (mb)

0.57
0-56
0.56
0.56
0.55
0.55
0"54
0.54
0.54
0-54
0.53
0.53

133Cs.

133Cs(at,2n) 135La

133Cs(0t,4n) 133La

Cross-section (mb)

Cross-section (rob)

118.7 + 17.7
545-1 __+70.3
961-3 + 120-0
1098.8 + 126.4
1154.8 ___133.5
500.1 ___57.8
259.3 ___37.1
241.9 ± 34.5
173.9 ± 28.8
107.9 + 25.6
125-9 ± 41.2
98.7 ± 47.9

288.4 ±
457.0 +
1156.6 ±
1684.4 ±

43.8
68.9
167.2
240.7

2.1 Experimentai errors
T h e uncertainties m a y arise in m e a s u r e d cross-sections due to the errors in the
e s t i m a t i o n of target nuclei in the sample, the v a r i a t i o n of the b e a m c u r r e n t which results
in u n c e r t a i n t y of the incident flux, the u n c e r t a i n t y in the d e t e c t o r efficiency d e t e r m i n a tion d u e to the statistical errors of c o u n t i n g of s t a n d a r d source, the u n c e r t a i n t y d u e to
the solid angle effect d u e to n o n - r e p r o d u c i b i l i t y of the identical geometries for the
s t a n d a r d source a n d the i r r a d i a t e d samples, etc. T h e a d d i t i o n a l uncertainties in
m e a s u r e d cross-sections m a y c o m e up d u e to the nuclei recoiling o u t of the sample. I n
s o m e cases w h e r e intensity of activities p r o d u c e d in the i r r a d i a t e d s a m p l e s were large,
the d e a d time o f the d e t e c t o r m a y also i n t r o d u c e u n c e r t a i n t y in the m e a s u r e d
cross-section. T h e low energy n e u t r o n s which are p r o d u c e d when the b e a m traverses
the stack m a t e r i a l m a y also d i s t u r b the yield.
Pramana - J. Phys., Vol. 47, No. 5, November 1996
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Analyses for all the above mentioned factors, expected to introduce errors have been
done. In order to estimate the uncertainty in the number of target nuclei and to check
the thickness and uniformity of the sample, pieces of sample foils were weighed on an
electronic microbalance and the thickness of each piece was calculated. The errors in
the estimation of the number of target nuclei were analyzed in this way and were
estimated to be < 1%. The uncertainty due to flux variation is < 4%. The uncertainty
in the detector efficiency due to the statistical error of counting is estimated to be
< 1.5%. However, the uncertainty due to the solid angle effect, since the irradiated
samples were not point sources, is estimated using the prescription given by Gardner
and Verghese [24] and is found to be < 5%. Therefore, the total uncertainty in the
efficiency is estimated to be < 6"5%. To avoid the uncertainty due to recoiling of the
nuclei out of the sample, the targets were placed perpendicular to the incident
alpha-beam such that CsI deposition faced the incident beam. As such, the recoiling
nuclei are likely to be trapped in A1 backing. Hence, no correction is applied for that. In
order to minimize the errors due to the dead time, particularly for the cases where the
activity in the irradiated samples were large, the sample-detector distance was suitably
adjusted to keep the dead time < 10%. However, the corrections were applied in the
counting rates accordingly. Also, as the beam traverses the stack material, low energy
neutrons may be released, which in turn may disturb the yield. However, Ernst et al
[25] have indicated that such disturbing yields are also negligible.
The overall error due t o all these factors, as mentioned above, is expected to be
< 12%. The errors mentioned in cross-section in tables 2 and 3 are the overall error
including the statistical errors of counting and are generally < 20% except for a few
points. These errors do not include the uncertainty of the nuclear data such as the
branching ratio, decay constant, etc., which are taken from the table of isotopes and the
nuclear data sheets.
3. Results and discussion

Presently measured excitation functions for the reactions 1271(a,2n)129Cs and
127I(a,4n)127Cs are shown in figure2 and for reactions 133Cs(a,2n)135La and
133Cs(a,4n) 133La are shown in figure 3 respectively. To the best of our knowledge no
earlier measurement has been done in the above energy region for these reactions. In
these figures dark as well as open circles represent the measured cross section. The
horizontal bars are the a-particle energy spread within the target thickness alongwith
the inherent uncertainty in the a-particle beam and verticle bars represent the overall
uncertainty in the measured cross-sections.
A computer code ALICE/LIVERMORE-82 [26] has been used for calculating the
excitation functions theoretically. This code is capable of performing the theoretical
excitation function calculations up to an energy range of 200 MeV.
The theoretical calculations of the excitation functions has been done within the
framework of Weisskopf-Ewing model [27] for CN calculations while the PE calculations are performed employing geometry dependent hybrid-model of Blann [4]. In the
Weisskopf-Ewing formulation, the conservation of angular momentum is not taken
into account explicitly. However, an approximate treatment of angular momentum
effect is incorporated by using s-wave approximation [[28]. In the G D H model the
406
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intranuclear transition rates may be evaluated both from the imaginary optical
potential parameters of Becchetti and Greenlees [29] and from Pauli corrected
nucleon-nucleon scattering cross-sections [30]. Both the above methods give similar
results [31]. However, optical model parameter set is valid up to 55 MeV projectile
energies. In the present calculations the latter option has been used. The nuclear masses
were calculated from the Myers and Swiatecki Lysekil mass formula [32]. The mean
free_path (MFP) is required to calculate the intranuclear transition rates. As the
calculated M F P for two-body residual interactions may differ from the actual MFP, an
adjustable parameter COST is provided in the code to match the experimental and
theoretical excitation functions. The theoretical calculations were performed using
different values of the parameter COST and a value of 3 best fits the data. The initial
configuration of the initially excited number of particles and holes, also referred to as
initial exciton number no is the starting point in any particle induced nuclear reaction.
As such the initial exciton number no is an important parameter of PE calculations. In
the present calculations the initial exciton configuration n o = 4 (2 protons + 2 neutrons
and no hole) for s-particle is taken.
The level density parameter is also an important parameter in these calculations. In
this code the level density a = (A/PLD) is taken, where A is the mass number and PLD is
the level density parameter. ThOugh, the default option for the PLD is 9, a value of
PLD = 10 (a = A/10) is found to give satisfactory reproduction of the data. With the

1271(c(~2n) 129Cs

127I(o(,,4n)127Cs
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Figure 2. Experimentally measured and theoretically calculated excitation func-

tions for 1271(~,2n) 129Cs and a27I(~,4n) 127Csreactions.
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Figure 3. Experimentally measured and theoretically calculated excitation functions for ~33Cs(~t,2n) ~35La and ~3aCs(~t,4n) 1aaLa reactions.
choice of the appropriate set of these parameters the theoretical calculations have been
performed. In the present calculations the initial exciton number n o --- 4(2p + 2n + Oh)
alongwith the mean free path multiplier equal to 3 and the level density parameter
a = A / I O , have been found to give a satisfactory reproduction of the experimental data.
In figures 2 and 3, the excitation functions are represented by solid curves for the
calculations obtained by the consideration of both the CN and PE contributions while
the broken line is for the CN (Weisskopf-Ewing) calculations. From figures 2 and 3, it
may be observed that experimentally measured excitation functions, particularly the
tail portions, cannot be reproduced by CN calculations only. However, proper
admixture of equilibrium (CN) and PE contributions is needed to explain the excitation
functions satisfactorily. In the present experiment, excitation functions for 127I(~, n)
13°Cs, 1271(0(,3n) 12SCs, 133Cs(0~,n) 136La and 133Cs(0~,3n) 134La reactions could not be
measured due to short half-lives of the product nucleus. However, the residual nuclei
produced in these reactions are also involved in the successive evaporation chain of the
other reactions for which excitation function are measured presently.
4. Conclusions

From the above analysis it may be concluded that 0t-induced excitation functions have
high energy tails, which in general cannot be accounted for by pure equilibrium
408
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reaction mechanism. Proper admixture of equilibrium and PE processes is needed in
theoretical calculations for better reproduction of experimentally measured excitation
functions. It may also be inferred from these figures that for a-particle induced reactions
the choice of initial exciton number n o = 4 with configuration (2 protons, 2 neutrons
and no hole) gives satisfactory reproduction of the experimental data.
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