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Correlations between coincident light particle (Z£2) and
heavy fragment (Z23) were measured for '*N induced
reactions on silver at E/A = 35 MeV/nucleon. Most relative
energy spectra of p-shell nuclei exhibit several distinct
structures which correspond to the location of excited
states with J22. The measured relative populations deviate
significantly from simple thermal model predictions. This
finding strongly suggests the breakdown of the assumption
of local thermal equilibrium at freezeout.

1. Introduction

When energetic hadronic-projectiles collide with relatively heavy-mass
target nuclei, low energy intermediate mass fragments (Z>2) are emitted.
This process is called nuclear fragmentation and anticipated to provide
information concerning a highly excited nuclear system. In order to
describe the fragmentation reaction several models have been proposed. Most
of them, like the liquid-gas phase transition model, are based upon the
assumption that the source of fragments can be approximated by a static,
spatially homogeneous, and therm?}ly equilibrated subsystem at a specific
excitation energy and density. To apply such models one must be able to
extract unique and consistent temperature from experimental data. Several
attempts have been made to obtain temperature informatégn from slope
analysgf)of kinetic energy spectra of the emitted par&}g}es. Collective
motion and/or the temporal evolution of the source, however, make the
extraction of temperatures from the inclusive spectra rather unreliable.

Measurements of the relative populations of nuclear states, which are
less sensitive to those problems, provide direct information about the
internal excitation of emitted fragments and can be used to extract an
"emission temperature", T, i.e. the temperature at freezeout, f@gMSime when
the fragments leave the thermally equilibrated subsystem. In the
simplest example, the ratio of populations, Ni/Nj' of two narrow states of a
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certain fragment is given approximately by
Ni/Nj: (2Ji+1)/(2JJ+1) exp(-AE/T), (1)

where AE= E -E, and J. and E. are the spin and excitation energy of the i-th
state of thé fgagmentf respéctively. If the sequential decay of higher
lying states and much heavier particle unstable nuclei does not affect the
populations N. and N the emission temperature T can be determined from the
relative populat1oJ of only two states in a given fragment. The influence
of secondary processes such as sequential decay can be minimized by
maximizing the energy difference AE between the excited states. Emission
temperature has been measuifd1goyu31dely separated excited states in light
“He, ®Li, and ®Be nuclei. These measurements revealed that the
relative populatlons of states have an amazingly small dependence on
projectile energy; i.e., emission temperature was f?H?d to be T = 4-5 MeV
over the incident beam energy range of E/A = 35-94 MeV. From measurements
involving only two states, however, one cannot determine consistency of this
approach. For a detailed test of this thermal assumption, the relative
populations of many (>>2) states of a given fragment should be examined,
requiring the study of heavier fragments which have many well resolved
excited states.

In order to investigate the validity of the "local thermal equilibrium"
assumption, we have developed a high resolution position sensitive heavy
fragment hodoscope which enabledus to measure the populations of particle
unstable g;ates in p-shell nuclei emitted in the medium energy heavy-ion
reactlons. In this report we present the first results obtained by using
the new hodoscope.

2. Experimental Procedure

The experiment was performed by using 35 MeV/nucleon '“N beam from the
K500 cyclotron at the National Superconducting Cyclotron Laboratory of
Michigan State University. A natural silver target of about 0.5 mg/cm?
thickness was used for the measurement. The size of the beam spot on target
was maintained within 3x3 mm?. Light particles (Zs2) and heavy fragments
(223) were detected with a close-packed tetragonal array of 13 AE-AE-E
telescopes. Nine of these telescopes were used to detect light particles
and consisted individually of a 200 um silicon surface barrier detector
followed by a 5 mm Si(Li) detector, and a 10 cm-thick thin window NaI(T1)
detector. The other four telescopes were used to detect heavy fragments
and consisted of a 75 pum silicon surface barrier detector followed by a 100
um silicon surface barrier detector and a 5 mm Si(Li) detector. The energy
resolution of these telescopes was about 150 keV. For each telescope
position information was provided by a X-Y single resistive wire gas
proportional counter positioned just in front of the telescope. Using this
hodoscope we achieved an angular resolution of better than 0.2°. The solid
angles of individual LP- and HF-telescopes were approximately 4.5 msr and
5.7 msr, respectively. The center of the hodoscope was set at laboratory
angle of 38.4° which is significantly larger than the grazing angle (~6°).
The angular separation between nearest neighbour telescopes was A46=8.0°; the
one between farthest neighbour was 32.0°. The absolute normalization of the
cross sections is accurate within 8%.

3 Experimental Results and Discussion

Yields of particle unstable nuclei are shown in Fig. 1 for the decays
'“N¥ » p + '°C and '°B¥ » a + °Li, as a function of the relative energy
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between light and heavy decay products. Background yield coming from
uncorrelated coincident particles which do not arise from the decays of
particle Hgftable '“N¥ or '°B¥ nuclei has been already subtracted for these
spectra. In these p-'3C and a-°Li relative energy spectra several
distinct structures are observed. These structures correspond to the
particle unstable excited states with J22; consistent with the spin
degeneracy factors in eq. (1), the excited states with J=0 are not strongly
populated.
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Fig. 1. The relative energy spectra for the particle unstable decays
"“N* » p + '3C and '°B¥ » aq + °Li measured in '*N induced reactions on
Ag at E/A=35 MeV/nucleon. The curves are explained in text.

The measured yield, Y(E*), for particle unbound nuclei at a measured
excitation energy E¥ can be related to the decay spectrum, dn(E)/dE, of the
particle unbound nucleus in its rest frame by the equation

d“(E) dE, (2)

Y(E*)=|e(E*,E)
where €(E¥,E) is the efficiency of the hodoscope for the detection of the
particle unbound nucleus with actual excitation energy E. The efficiency
function is affected by multiple scattering and energy loss in the target,
resolution and geometry of the detector elements of hodoscope, the size of
the beam spot on the target, the laboratory energy spectra and angular
distributions of the particle unstable primary fragment, and any angular
anisotropies in decay distribution of the primary fragment in its rest
frame. This efficiency function was calculated using the actual conditions
which prevailed during the experiment. The laboratory energy spectrum and
angular distribution for such primary particle unstable nucleus was assumed
to be the same as that measured for the same nucleus at its particle stable
states. The decay distribution of the primary fragment in its rest frame
was assumed to be isotropic.

Assuming the excitation energy spectrum dn(E)/dE for thermally emitted
nuclei is given by

(2J,+1) Iy/en T
dn(E) C91
G5 = exp(-E/T) [[(E £ > F2/4 T, ] (3)
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where I'  ./I', and T, denote the compiled branching ratio for the decay into
channel ¢’ &nd'the compiled total width, respectively, the experimental yield
Y(E*) can be calculated via eq. (2). Calculations for the emission
temperature T = 5 MeV are indicated by the solid curves in Fig. 1. Here we
include 26 and 10 known particle unstable excited states in '*N and '°B,
respectively. Spectroscopic information is obtained from Ref. 16.
Consistent with previous observations, the general trend of the spectrum for
the decay of particle unbound '“N is well reproduced with a temperature of
4-5 MeV. 1t should be noted that the line shape of resonances is well
reproduced by the calculation without adjusting the intrinsic resonance
widths. Discrepancies between the calculated and measured '“N decay spectra
around E¥ = 9.1 and 9.3 MeV can be attributed to the decay of the 12.922 MeV
4* excited state in '“N into the p + '3C(3.854 MeV) and p + '3*C(3.685 MeV)
channels, which we did not include into our calculations because the
relevant decay branching ratios to these channels are not well known. In
contrast, the decay spectrum for '°B¥ » a + °Li shows a significant
deviation from the theoretical prediction at an excitation energy of apgut 6
MeV. This structure corresponds to the unresolved excitation of the 2, E¥*
- 5.92 MeV; U*, E* = 6.03 MeV and 37, E* = 6.13 MeV excited states of '°B.
This discrepancy cannot be removed by choosing another positive value of
emission temperature. Similar discrepancies have also been observed in the
p-'°B and p-''C relative energy spectra.

In order to make a quantitative discussion of this discrepancy we have
fitted the experimental decay spectra for '°B¥ » g + °Li and '°B* » p + °Be
by adjusting the population probability of the i-th state n, in the equation

(2J.+1) T'./2n r
i i c

1
G By [(E-E.)z + r2/h ° T, J. (1)
1 1 1 1

dn(E)
dE

=9

Since we could not individually resolve all states in the relative energy
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Fig. 2. The relative energy spectra for the particle unstable decays
'°B¥ » SLi + a and » °Be + p measured in '*N induced reactions on Ag at
E/A= 35 MeV/nucleon. The curves are results of fitting explained in
text.

spectra we have grouped unresolved excited states into several groups.
Group 1, 2, 3, 4, 5, 6, and 7 correspond to the 4.774, (5.110, 5.164,
5.180), (5.920, 6.025, 6.127), 6.561, (7.430, 7.467, 7.479, 7.561), (7.67,
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7.819, 8.07), and (8.889, 8.895) MeV excited states of '°B, respectively.
Within each group we have assumed that the population probabilities are
identical. Results of fitting are shown in Fig. 2 together with
experimental relative energy spectra. Good overall agreement with the
experimental spectra is obtained. Figure 3 shows resultant population
probabilities for each group of excited states as a function of excitation
energy. Here the spin-degeneracy-factor weighted sum of the population
probabilities for the particle stable states was normalized to one. The
error bars reflected primarily the systematic errors of background
subtraction. If local thermal equilibrium is achieved and secondary
processes such as sequential decay are small the population probabilities n,
should fall off exponentially as a
function of excitation energy, i.e.,

n, « exp(-E,/T). Since the data _ %0 F T [Errr I ATt T
points in Fig. 3 are plotted ina 4 0.050
logarithmic scale one would expect g
that they drop down along a straight ;g-
line. As can be seen in the figure, %
however, the data points deviate "3,‘
significantly from this trend. L 0010 ¢

It is important to know whether © [
sequential feeding from heavier & 0.005
particle unstable nuclei can account s
for these deviations. We have é
performed detailed calculations in
which the excited states of fragments 0001 L bown b Lol
AS20 are populated thermalll)hand 4 5 6 7 8 9
allowed to decay statistically or E* (*°B) (MeV)
if possible according to the available
information concerning the branching Fig. 3. Measured population
ratios of those excited states. The probability n, for '°B as a
results of calculations for emission function of excitation energy.
temperature T=2, 4, 6 and 8 MeV are The curves are explained in
superimposed on the experimental data text.

in Fig. 3. Clearly none of these

calculations can reproduce the measured population. Inclusion in the
calculation of high-lying continuum states up to E¥ = 5xA MeV does not
improve this situation. This suggests that sequential feeding from heavier
particle unstable nuclei is not responsible for the observed discrepancy.

We also examined the angular distributions for the a-decay of the
particle unbound states in the center of mass frame of the excited '°B.
These decays were originally assumed to be isotropic. In fact a-decay of
the states in group 1 and 2 occurs preferably in the reaction plane
determined by the primary fragment and the beam axis. These anisotropies in
the decay distributions change the detection efficiency about 10-15 %, but
the magnitude of the change is too small to account the discrepancy between
the experimental and theoretical populations. The existence of the
anisotropy itself causes some difficulties for present thermal models for
complex particle emission. Further works are clearly needed to solve these
puzzles.

4,  Summary

We investigated the relative population of particle unbound fragmentation
products (7SAS16) for '*N induced reactions on silver at E/A = 35 MeV.
Experimental relative energy spectra indicated that most p-shell nuclei are
frequently emitted at their particle unstable excited states with J22. The
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populations of these states differ significantly from simple thermal model
predictions. Although the origin of this discrepancy is presently not
completely understood, these results suggest that local thermal equilibrium
is not achieved at freezeout.
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