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Coincidence measurements of fission fragments and light-charged particles have been
performed for the reactions of “Ar+"Ag, *Bj at E/A = 25 MeV using 4 PPAC and 11
sets of AE — E telescopes. Angular correlations of fission fragments are plotted as a
function of the folding angle between the two detected fission fragments. The linear
momentum transfer distributions are derived by measured angular correlation. The
backward spectra of light particles detected in coincidence with fission fragments having
different average (LMT) are analyzed with a Maxwell distribution. After some
corrections the initial temperature of the hot nuclei is determined from the energy
spectra. The excitation energies corresponding to the different average (LMT) are
obtained considering the reaction Q values and pre-equilibration emission. In the central
collision of the “Ar+"Ag, *Bi reactions, excitation energies are measured to be about
4.2 MeV/u, 2.4 MeV/u and temperatures about 6.1 MeV, 5.5 MeV, respectively. In a
semi-central collision, the measured excitation energies and temperatures are about 3.5
MeV/u, 1.9 MeV/u, and 5.8 MeV, 4.8 MeV, respectively.
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1. INTRODUCTION

An important area of heavy ion reaction studies is the exploration of the hot nuclei property and
extreme conditions of its formation. A number of theoretical descriptions have been developed to
describe properties of hot nuclei.

The possibility that nuclear phase transitions and nuclear disassembly might occur at high
excitation energies has also been proposed. However, with increased excitation, energy experiments
have suffered from the difficulties of experimentally isolating the hot nuclei and of determining the
excitation energy and temperature of the de-exciting system.

In this experiment an angular correlation measurement and a correlation between the correlated
fission fragments and light-charged particles were adopted. From analyses of these experimental data,
the momentum transfer was derived by the angular correlations obtained between the fission products.
The apparent temperature of the hot nuclei was inferred from the correlated light-charged particle
spectra corresponding to different bins of LMT.

2. EXPERIMENT

The experiment was performed at HIRFL in Lanzhou. The spot of 25 MeV/u “*Ar beam on target
was 6 X 6 mm’® and the beam current was held at about 50 nA, the ™Ag, *®Bi targets were about 1
mg/cm? thin. The experimental setup was shown in Fig. 1. The fragment detector PPAC1 was placed
at 37° to the beam direction and relative fragment detectors PPAC2, PPAC3 were placed at —75°,
—115° for the *®Bi target and at —40°, —60° for the ™Ag target. 11 sets of AE — E telescopes were
placed around from 10° to 155°. Each set of telescope consists of two silicon AE detectors (50 um +
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Fig. 1
Experimental setup.
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Fig. 2
Angular correlation distributions of fission fragments.
(a) PAr+"Ag; (b) ““Ar+**Bj.

400 pm) and a CsI(T1) scintillator with a photodiode readout E detector, which can be used for particle
identification with high mass and energy resolutions. Three sets of Nal were used to measure 7 rays.
The energy and time calibration of Si and the gas detector system were performed using the
The' « source, a precision pulse-height generator, and a time calibrator. The energy calibration of the
CsI(T1) was done in separate runs, using two Si detectors in front of each CsI(T1) detector. The energy
deposited in the CsI(Tl) was determined from the observed AE, + AE, and standard range energy
curves. The overall uncertainty of the energy calibrations was about 8% for the CsI(T1) detector.

3. EXPERIMENTAL RESULTS
3.1. Angular correlations of fission fragment and linear momentum transfer

The angular correlations as a function of the folding angle 8, between the two fragments detected
for the 25 MeV/u “Ar+™Ag, Bj reactions are shown in Fig. 2. For the *”Bi target, the most
probable folding angles of the central collision and the peripheral collisions are located around 115°
and 155°, respectively. For the "'Ag target, the most probable folding angle central collision is located
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Fig. 3
The linear momentum transfer LMT distributions.
(@) PAr+™'Ag; (b) “Ar+2Bi.
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around 76° and no event was found which came from peripheral coilision. The linear momentum
transfer distributions were derived by measured angular correlations and shown in Fig. 3. The primary
composite nuclei velocities were obtained by fragment kinematics

v,u,sin(0, + 0,)

U, = — _ .
" using, + v,sing, 0y

In this experiment, the fragment velocities cannot be determined well because counts coming from Nal
are too small. We assume that most of fragments are coming from symmetric fissions and velocities
of two fragments in the center of mass are equal about 1.2 cm/ns. Thus, the velocity of the compound
nuclei is given as follows:

vlc
an =
. sin’0, _ 4sinf,cos B, @
sin’(6, + 0,) sin(6, + 6))
and the linear momentum transfer is
LMT A Ve
A4, (0,— ) ©)

where 4, and 4, are the projectile and target mass, and v, is the projectile velocity. In Fig. 3, the LMT
distribution shows a gaussian shape. The probable linear momentum transfer {LMT) for "'Ag and *Bi
targets are 0.76 and 0.8, respectively. Viola’s [1] linear momentum transfer systematic gives
dza N 1/2
A0~ 2y E~ B! xexpl - (E- B)/ T],. “)

For 25 MeV/u “Ar beam, the calculated value by Eq.(4) is 0.813; it agrees with the experimental
results of *Bi target and is larger than that of "*Ag target. For "™Ag target the LMT distribution shows
a central collision component and no peripheral component is found. However, the latter phenomenon
needs further experimental confirmation.

3.2. Temperature and excitation energies of the primary residues

The energy distribution of emitted light particles in the source rest frame is given by [2]

d’o N :
=——(E- B —~(E-B.)/T],
aoiE - anre &~ B xexpl —(E= B) /T 5)
for a surface emission and
(LMT) = 1.273 - 0.092VE/ 4 . (6)

for a volume emission. Here T is the source temperature and B, is the minimum coulomb energy of
particle. N is normalization factor, E is the particle energy in the emission frame. The pre-equilibrium
light particles are emitted mainly in the forward direction and equilibrium light particles are emitted
isotropically, so the temperature obtained from backward light particle energy spectra is the temperature
after system equilibration.
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Table 1
LMT, excitation energies, and temperatures.
Target | LMT Window | E'/u(MeV) | Particle g T, (MeV) T (MeV)
0.50 — 0.75 3.5 o 95° 532 +£0.36 | 5.81 +0.39
0.75 - 1.00 3.5 o 115° | 5.29 +0.48 | 5.78 + 0.52
0.75 - 1.00 4.2 o 95° 5.59 £ 0.55 | 6.10 + 0.60
Ag 0 - 0.33 4,2 o 115° | 551 £047 | 6.02 +0.51
0.33 - 0.66 2.1 p 95° 4.13 + 0.39 4.51 + 0.43
0.66 — 1.00 3.0 P 95° 5.00 £0.31 | 548 +£0.34
0.50 — 0.75 4.02 p 95° 529 £0.23 | 5.78 + 0.25
Bi | 040-075 1.88 o 155° | 434 £027 | 4.77 £ 0.29
0.75 — 1.00 2.40 o 155° | 4.96 +0.28 | 5.46 +0.30

The backward spectra of light particle detected in coincidence with fission fragment having
different average (LMT) are analyzed with a Maxwell distribution. Initial temperatures of the hot nuclei
are determined from the energy spectra. The emission process is sequential evaporation, with
equilibrium re-established after each emission, light particles could by emitted at various excitation
energies during the de-excitation cascade and the observed temperatures T,,, would be weighted
averages over the entire cascade. Nearly all light particles coming from the correlated fission
fragments have been assumed. The light particle spectra of laboratory system were transformed into
the center of mass system. The initial temperature is given by (T},} = (T, — nT)/(r, — r,), where
T, and T, represent the apparent temperatures of excitation energies E, and E,, respectively. r, and r,
arecorresponding multiplicities. The initial temperatures, apparent temperatures and excitation energy
in this work are shown in Table 1.

In the cluster transfer frame, the excitation energy of the residual system is given by:

m,

- Ey ,
E mp+ml/ZLMT7E'“"+Q+ rod o)

where m,, m,, E;;, and Q are the mass of the projectile, target, the incident eﬁergy, and the reaction
O value, respectively. E,, is the rotational energies of the residue nuclei. Assuming transferred nuclear
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Fig. 4
Initial temperatures and excitation energies.

A:N+Sm; ©:S+Ag; O: O+Ag; O: Ar+Au; @: Ar+Ag(a); B: Ar+Ag(p); ¢: Ar+Bi(a).
- +~+—: Bondorf 4 = 100 [3], - Gross Xe (4 = 13) [14].
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number m, = (LMT) X m, and the residual nuclear number m, = m, + m neglecting some
corrections of reaction Q value and rotational energies E,, the excitation energies uncertainty is less
than 8%.

4. DISCUSSION

The excitation energies and initial temperatures derived in this work are plotted in Fig. 4 with
data of the “N+19Sm reactions at 19 and 35 MeV/u [5] and 30 MeV/u 0O, *S on "Ag [6], 25
MeViu “Ar+Au [7].

In the range of excitation energies below 1 MeV/u, the level density parameter a, which is
defined by the low-energy Fermi gas approximation as E* = aT?, is approximately equal to 4/8. In
the excitation energy range between 1 and 3 MeV/u, a decreases to 4/13. Above 3 MeV/u a value
tends to increase again. Our experimental results approached 4/8. Initial temperatures are lower
because of lower statistics of light particle spectra and fewer bins of LMT which result in a stronger
average effect of excitation energies. On the other hand, only most of the excitation energies are
transferred into thermal excitation energies and pre-equilibrium light particles carry away part of
excitation energies so that experimental results have some uncertainties.
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