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Alpha  par t ic les  produced  by  the  in te rac t ion  of  14.1MeV  neut rons  wi th
ëìCa  have been studied by using counter telescope technique.

T h e  w e l l  r e s o l v e d  g r o u p s  o f  t h e  a l p h a  p a r t i c l e s  l e a d i n g  t o  37Ar*=0,
1.41-1.61 and 2.22-3.52 MeV states were obtained. The strong forward peak in
the angular distributions of these groups suggests a large contribution from
direct reaction process, in contrast with the earlier investigations. The angular
distribution of the ground state was analyzed with the incoherent combination
of direct reaction process using DWBA method, and compound nucleus process
by Hauser-Feshbach theory. The cross section of the ground state transition
was found to be 1.7f0.2 mb, in which the contribution due to compound nucleus
process was less than 1274.

For  the  unreso lved  groups  of  the  a lpha  par t ic les ,  cor responding  to  the
highly excited states of 37Ar the  angula r  d i s t r ibu t ion  i s  approximate ly  sym-
metrical with respect to 90î,  and is agreeable with the prediction of compound
nucleus process. From the analysis of these groups, the level density parameter,
nuclear temperature and spin cut-off parameter are evaluated.

1. INTRODUCTION

7r
HE (n, a) reaction induced by 14.1 MeV neutrons for medium weight nuclei

has been investigated for many elements.ì-ë1 Most of these reactions have

been found to proceed principally through compound nucleus process. However,

several recent results(z-4)  on the angular distributions leading to low-lying states,

have shown obvious peak in the forward direction as expected fi-om the, direct

interaction process. In view of the scarce and inconsistent experimental results,

we decide to measure the energy and angular distributions of the alpha particles

from the 40Ca(n, a) 3íAr  reaction.
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2. EXPERIMENTAL PROCEDURE

The calcium target of natural isotopic constitution used in this work was of
2.0 cm diameter and 2.04 mg/cm’ thickness evaporated on a 2.0 mg/cm’ thick gold

foil. For the measurement of the background a gold foil of the same stopping
power was used. The abundance of ìCa  in natural calcium is 97%. However,
*OCa has the highest Q-value for (rt, cz) reaction of all natural isotopes of calcium,
thus, the contribution from the other isotopes present in the Ca target could be
neglected.

A 150  keV beam of deuterons was used to produce an average flux of 2 X 10’
neutrons/set (into 4~) via the T(d, n) ëHe reaction. The neutrons were monitored
by counting the associated alpha particles from the T(d, n) ëHe reaction with a
CsI (Tl) scintillation counter.

The alpha particles emitted from the calcium target were detected by a

. Al&-E  counter telescope(5)  shown in Fig. 1. The counter telescope consists of
three proportional counters (A, B and C) and a surface barrier detector (D)
just thick enough to stop the most energetic alpha particles. To reduce the
background, the walls of the telescope are lined with 0.1 mm thick tantalum.
The counters are filled to a pressure of 10 cmHg with a mixture of 95% Ar and
5% CHI. The anode wires are of 0.1 mm diam. tungsten and are covered at the
ends with gold sleeves to limit the sensitive volume.

The counter (A) is placed in front of the Ca target. Its role is to reject
the tripple coincidence due to charged particles from the silicon detector proceed-
ing backward through B and C counters and due to particles from the front wall
of the telescope chamber. This counter is in anti-coincidence with the other
three counters. The counter B reduces the background and helps to collimate
the emitted particles. The counter C is used to determine the energy loss AE
of a particle which passed through it. The surface barrier detector D measures
the residual energy of the same particle. The telescope and the target-holder
are placed in a cylindrical stainless steel chamber. The chamber is set on a
turn-table in whose axis the target-holder is mounted and is placed with the
target-holder at 10 cm distance from the neutron source in a direction at 90” to
the deuteron beam.

The construction of the target-holder allows to choose any sample among
three targets and a Z41Am--a  source without destroying the vacuum. The mean
value of angles 0 between the direction of the incident neutron on the Ca target
and that of emitted a1ph.a  particle, was calculated with Newton-Cotes method.(6)

(5) M. Rrendk M. MGrike, G. Staudt and G. Steidle, Nucl. Instr. and hleth. 81, 141 (1970); S. Shirato

( 6 )
a n d  N. Koori, Nucl. Instr.  and Meth. 57, 325  (1967).
C. C. Wung,  M. S. Thesis, T alwan University, (unpublished 1971).
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A: Ant i-coincidence
proportional counter

8: dE/dX proportional
C: dE/dX proportional counter
D: Solid state detector
T: Tarqet room

counter
ë7

1

to pump cooling

Fig. 1. Construction of counter telescope.

In Fig. 2 is shown a block diagram of the electronics, in which a AE-E

particle identification system using an X-Y oscilloscope is employed. The tripple
coincidence pulse intensifies the oscilloscope cathode-ray beam (Z-axis) when the
X(E) and the Y(AE) pulse are at their maximum, resulting in generation of a
bright spot on the oscilloscope screen. After long time run, the spots thus
generated would form hyperbolic traces depending on the type and energy of the
particle. By masking other parts than a-hyperbola and viewing it with a photo-
multiplier, a gate pulse is generated and used to open a pulse height analyzer.
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Fig. 2. Schematic diagram of the counter telescope.
TSCA-t iming  s ingle  channel  ana lyzer ;  PA-preampl i f ie r ;  A-ampl i f ie r ;
DG-de lay  genera tor .

The energy resolution of the system at alpha particle energy 12 MeV is about
450 keV,  which may be mainly attributed to the target thickness. The background
in the telescope at alpha particle energy below 6 MeV was considerably higher
and made higher excited state transitions difficult to measure. This background
was mainly due to low energy particles traveling backwards from the surface
barrier detector.

3. METHODS OF ANALYSIS

3-l. DWBA analysis

The DI contribution including knock-on and pick-up modes were performed
by using the computer code INS-DWB,4-3.ì)  The calculation was programed
for NTU  CDC-3150 computer and was divided into several overlay links using
disk storage for arrays. The form of potential used is

U(r) = UC (+I - v-b-)  - iWg(r)  + vs.,. (?-I , (1)

where UC(y) is the Coulomb potential of a uniformly charged sphere of radius
lo=rc  Aíj3  and f(r), a Woods-Saxon form factor is

f(r) = [I + exp (ë-  +RA1í3)]-’
aR

for all particles. (2)

The absorption potential form factors with surface or a volume form used are
_ _ _ _
(7) T. Une, T. Yamazaki,  S.  Yamaji  and Yoshida, INS-PT-10  (1965).
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The spin-orbit potential is of the form

123

for nucleons, (3)

for a -particle. (4)

K.O.(r)  = 2 (&)’ IL. -+ $ {[I + exp (ë-  zzAîë)]}.
II

(5)

Since detailed alpha and neutron elastic-scattering data at the relevant energies
are not available for the present reaction, the alpha particle potential is obtained

by averaging the parameters obtained by Gaul et aZ.@)  and Wallace et aZ.(ë)  for

the scattering of alpha particles. on 36Ar at 15-25 MeV,  and for the neutron
potential, the parameters are deduced from the results of Hodgson.(ì)  A single

set of optical parameters is used and listed in Table I.

Table I. Optical-model parameters used in DWBA analysis

Channel

12 t ëìCa

a  I- 3ri\r

In the DWBA calculation, the harmonic oscillator bound state wave are

assumed. The number of nodes (N) in the radial parts and orbital angular

momentum quantum number (I) for the initial and final bound states are shown

in Table II. The harmonic oscillator parameter is determined by the common

rule v=O.96 A-ì3  fm-ë.(*I)

Table II. Bound state quantum number for the
40Ca(n, LYE)  37Ar  reaction

Knock-on
ìëCa  : (s6.4r  + ëHe) Es

37Ar  : caBAr + n) Id
.-

Pick-up
%a : (S7Ar  +  3He)

ëHe  : cSHe i- n)

3d

IS
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( 9 ) W. J. Wallace, K. R. Knuth and R. H. Davis, Phys. Rev. C2, 1738 (1970).
(10) P. E. Hodgson. Direct rateractions  and Nuclear Reaction Mechanism (Gordon and Breach, Science

Publishers, Inc. New York, 1963) P. 103.
(11) B.H. Wildenthal, E.C. Halbert,  J.B. McGrory  and T.T. S. Kuo, Phys. Rev. C4, 1266 (1971).
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3-2. Compound nucleus analysis

The compound nucleus calculation was based on the Hauser-Feshbach for-
malism as described in ref.(ì) The differential cross section was given by

$8) = 1 x (-)ìë-s. Tz(a)  l T,.(aí)

4K2(2i + 1) (21+ 1) a~;;ì* G (JI

x z(lJlJ;  sL) l Z(l'Jl'J;  s'L)  l PL(COS  0) , (6)

where _J is the spin of the compound nucleus, I and i are the spins of the target
and the projectile nucleus respectively, CL and aí label the incoming and outgoing
pair of particles and their states of excitation, s is the channel spin and R is the
wave number for the incident particle. The quantities TI(CL)  are the quantum
mechanical penetrabilities for incoming and outgoing particles of angular
momentum 1. The 2 is the coupling coefficient defined in ref.(ì)  and PL(cos 0)

. is Legendre polynomial of order L. The primed quantities listed above denote
the exit channel and the summation includes only terms of like parity.

A difficulty in evaluating Eq. (6) is the occurence of the term G(J), because
it involves all open exit channels in which the compound nucleus can decay.
This term can be calculated, however, according to the method of Towleíì)  and
Renclic,(ì)

In Eq. (7)) b refers to all possible outgoing particles with energy E and s, I
defined as in Eq. (6). The first term describes the discrete levels of known
excitation energy I3, spin and parity. The integration in the second term includes
the levels of the continuous region and the unknown excitation energy or quantum
numbers. The spin distribution function S(j, I) is of the form(15)

S(J, I) = exp (- us-) _ exp (_ U +io+ 1)’  ) , (8)

Using a Fermi-gas formula modified for pairing effects, the density of levels of
all spins is given by(16)

W(E) = [W2/12 l 21í2  (I/V) 1í2
 l (E + t - P) ë1

l exp [2aîì(E  - P)ìë], (9)

(12) W. Hauser and H. Feshbach, Phys. Rev. 87, 366 (1952); H. Feshbach, Nz4clear Spzctroscopy,  part B.
ed. by F. Ajzenberg-Selove (Academic Press, New York, 1960) P. 661.

(13) J. M. Blatt and L.C. Biedenharn, Rev. hlod.  Phys. 24, 258 (1952).
(14) J. H. Towle and R. 0. Owens, Nuclear Physics AlOO,  257 (1967).
(15) D. Rend%,  B. AntolkoviE, G. Pa%, M. Turk and P. Tomas, Nuclear Physics All?,  113 (1968).
(16) A. A. Katsanos, R. W. Shaw,  Jr., and R. Vandenbosh, Phys. Rev. Cl, 594 (1976).
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where a is the level density parameter, P is the pairing energy correction,(ì)  t
is the thermodynamic temperature given by

E -  P=atí-  t, (10)

and Z is the nuclear moment of inertia. The spin cut-off parameter u in Eq. (8)
can be related to the moment of inertia and the temperature t by

0ë=Zt,ëhí. (11)

The Fermi-gas model predicts that the moment of inertia is that of a rigid
body, which for an infinite square we11(ë8)  is

I, = $ MRí, (12)

where M is the mass of the nucleus and R=1.2 x A1í3  is the nuclear radius.
The transmission coefficient was extracted from a modified version of the

computer code INS-DWBA-l.(ëg) The optical potential is of the same form as
Eq. (1) and the parameters are listed in Table III. All energetically possible
n, p and a exit channels were considered. The Zth particle with projectile spin
j are given by Tl, j and the average transmission coefficient(ì)  is defined for
neutrons and protons by

TJ = iz:ë,  Tcl,j=l+l,z)  +  21 : 1 T(r.j=I-112)  .

For a-particles, it follows that Tt=Tl,j.

Table III. Optical-model parameters used in compound nucleus calculation

(13)

n i- %a 48.0
-0.3E 1.25 0.65 3.0Eí!z 1.25 0.95 22.0

-0.3E 135
I

p +. ëìK 58.0-0.3E 1.25 / 0.65 3.OEí!* 1 1.25 0.95 22.0-0.3E 1.25
I

a t 37Ar ; 180.5 1.70 i 0.59 26.6 1 1.70 I I0.30 0.0 1 1.70

4. RESULTS AND DISCUSSION

An example of the energy spectrum of the emitted a-particles measured at

8=14.9”  is shown in Fig. 3, where the background has been subtracted. Three
sharp peaks are observed. The first peak corresponding to the ground state is

(17) A. G. W. Cameron, Can. J. Phys. 36, 1040 (19%).

(18) C. Bloch,  Phys. Rev. 93, 1094 (1954).
(19) M. Kawai et al., INS-PT-8 (1965).
(20) D. G. Swanson and N. T. Porile, Phys. Rev. Cl, 14 (1970).

.
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Excitation energy of ìëk,  I.+FJ.

14 13 12 11 10 9 8 7 6 5 4 3 2 1 0

Ií I

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16

E&Lb.  ,b!ev.

Fig. 3. Energy spectrum of the alpha particles emitted from the Wa(n, a) $rAr
reaction. Sol id  and  dot ted  curves  represent  the  cont r ibut ions  f rom
t h e  (n, a) and (n, nía)  spec t ra  pred ic ted  by  the  s ta t i s t ica l  theory ,
assuming the constant nuclear temperature formula for the level density
with T=1.32  and T=0.55  MeV respect ive ly .

separated with fair resolution. The second peak corresponds to the 1.41+1.61  MeV

states which are too close to be resolved. The same feature is found in the third

peak. The angular distributions of a-particles leading to various excitation

energies of 3íAr  are shown in Fig. 4. The angular distributions of the first

three a-particle groups (Fig. 4a-c) show a predominant forward peak which

peak is not found appreciably in themight be due to direct process, but such a

earlier work.ì)

For the highly excited states of 37Ar,

Fig. 4d-e are nearly symmetric with 90î,

nucleus mechanism.

the angular distributions shown in

indicating the process of compound

Because of the 14.1 MeV bombaring energy and medium weight target nucleus

used in this study it is not possible to dismiss the effects of compound-nucleus

formation(ì). Therefore, the theoretical calculations were given by the incoherent

sum of the direct contribution and the compound nucleus term

(14)

(21) N. Cindro. Revs. Mod. Phys. 38, 391 (1966).
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Fig. 4. Angular distributions of alpha particles leading to various
excitation energies of S7Akr.

The factor C weighting the compound nucleus contribution is restricted to

positive value between 0 and l.@ë) This is needed since the Hauser-Feshbach

theory does not presently make an adequate provision for the loss of flux due to

direct reaction processes.

The incoherent sums of pick-up+ CN and knock-on+CN are done for the

ground-state transition, as shown in Fig. 5. Both are in good agreement with

the experimental results. The compound nucleus contributions plotted have been

reduced by the C-coefficient of 0.1, which was found by least squares method.

The cross section of the ground state transition is obtained to be 1.750.2 mb.

In the case of doublet (1.41+  1.61 MeV states), it contains too many possible

mechanisms, the superposition as stated above is beyond the scope of the present

paper and thus only the experimental results are shown. The angular distribution

belonging to 2.22-3.52 MeV excitation states also has strong resemblance to the

above shapes.

(22) P. D. Georgopulos, W. A Lochstet and E. Bleuler, Nuclear Physics Al@  625 (1972).
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Angular distribution of the ground state transition with curve from
an incoherent sum of DI and CN calculations, for C=OJ.

Since the compound nucleus mechanism is not playing the predominant role
in these resolved groups, the variations of the level density parameter a and spin
cut-off parameter u are not sensitive enough to affect the shape of the compound
nucleus cross section. However, in order to extract the parameters and nuclear
temperature T, we used the following two approximations of the level density
in Es. (9) of the residual nucleus at excitation energy E: W(E) = exp (E/T)
and W(E) = E-’ exp 2 (GE)  Iî. The function W(E) is related to the number N(E)
of alpha particles emitted at energy E by the statistical model as

N(E) l dE cc UC(E)  l W(E)  l dE , (15)

where Up is the inverse cross section for the formation of a compound nucleus
by alpha particles of energy E, and can be calculated in term of TI(E)  according
to the method stated in Sec. 3. The functions In N(E)/Eu, (E) and In N(E) E2/~uC (E)
show a linear dependence on E and EI", respectively. Except for low alpha
energy, most of the experimental points show a linear dependence as given in
Fig. 6. Due to the Q-value (Q(n, U) =1.75  MeV, Q(n, níu)  =-7.04 MeV) and the
Coulomb barrier effect, the systematic deviation from the line at small alpha

L-  -._-_.--4
~_
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Excitation energy of %, Mev.
14 13 17 11 10 ,9 8 7 6 5 4 3 2 1 0

.
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Fig. 6. Constant-temperature plots for alpha particle spectra. Arrow
corresponds to the maximum energies of alpha particles from
the (n, ní,)  reac t ions .

energies is consisdered  to be attributed to the reaction ëìCa(n,  da) 36Ar. From
the slope of the logarithmic plots, the parameter T = 1.27 rt 0.11 MeV and
a=7.03 k 0.60 MeV-’ for 37Ar and T=0.47  ?I 0.15 MeV for 36Ar are obtained. The
combination of (n, nía) and (n, a) spectrum predicted by the statistical theory
on the basis of the Maxwellian alpha energy distribution are also shown in Fig.
3. To estimate the magnitude of the spin cut-off parameter u, we fitted the
angular distribution for the energy region of 3íAr*  =3.5-5.5 MeV (Fig. 4b),  where
the contribution from (n, nía) and direct interaction might be neglected, by the
formula(23) W( 8) = const  l 1+1/12  (/” l Z2/04)  P (2 cos O), / and I being the mean
square of the compound nucleus spin and the angular momentum of the emitted
particles, respectively. The parameter u is found to be 2.68kO.50  for the residual
nucleus 37Ar.
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