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Abstract

The fragment emission-angle dependence of the nuclear temperature and free nucleon
density has been measured for the first time in 8-GeV and 12-GeV proton-induced

target multi-fragmentation reactions on various targets. The isotope-yield ratios
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have been used to extract the temperature and free-nucleon density. “U-Shape”
angular distributions have been observed for both of them. This fact suggests that
the temperature and density distributions in the emission source of intermediate mass
fragments (IMFs) should not be uniform. The existence of nonuniformity could be

the origin of the reported sideward-yield enhancement of the IMF production.
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Over the last few decades a considerable number of studies have been made on extracting
nuclear temperatures from experimental data of intermediate and relativistic energy heavy-
ion collisions.! The main purpose of those temperature measurements is to search for a signal
of a nuclear liquid-gas phase transition. Temperature measurements using the isotope-yield
ratios have recently been brought to light by determining the “caloric curve” for nuclear
matter.? One advantage of this method is its experimental simplicity. The isotope temper-
ature, as a probe for the chemical freeze-out temperature, can be obtained only by forming
isotope-yield ratios.® We can also determine the free-proton and free-neutron densities at
the same time. Recently, we have observed sideward-peaked angular distributions for IMF
production in intcractions between the 12-GeV proton and heavy nuclei,! which implies that
the entire fragment emission source might not be thermally equilibrated. It would be there-
fore extremely important to investigate the emission angle dependence of the temperature
and nucleon densities, which have been considered to be isotropic in past studies, in order to
understand the excitation mechanism in the multi-fragmentation reaction. In this paper we
report on results from the first measurements of angular distributions for the temperature
and free-nucleon densities in GeV-energy light-projectile induced multi-fragmentation reac-
tions. We observed anisotropic angular distributions for them, suggesting that the emission
source of IMFs is not fully equilibrated at the chemical freeze out, and that the fragment
density in the source would also be nonuniform. This nonuniform fragment density could
be the origin of the sideward peaked angular distributions for IMF production.

The cxperiments were performed at the High Energy Accelerator Research Organization
Proton Synchrotron (KEK-PS) with 8-GeV and 12-GeV primary proton beams. Three
targets (Au, Sm, and Ag) and four targets (Au, Tm, Sm, and Ag) of about 600 pg/cm?
thickness were used in 8-GeV and 12-GeV p + A reactions, respectively. IMFs of 3 < Z < 30
emitted from the target were detected by Bragg Curve Counters (BCCs), which determined
their charge numbers (Bragg peaks), kinetic energies, and ranges.® There were 37 BCCs
surrounding the foil targets. Their total acceptance was about 20% of 4r. Each BCC had

almost the same solid angle. 12 BCCs were located within the horizontal plane containing
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the target. They covered an angular range of 30° to 150° at a step of 20° in the laboratory
system for measuring the angular distributions and in-plane correlations. In order to collect
information about the out-of-plane correlations and any IMF-multiplicity, a large conical-
shape BCC array, consisting of 25 independent BCC channels, was located above the targets.
Using the Bragg-peak information, IMFs could be individually identified with a charge
separation of about 90. The excellent Bragg-peak resolution even split light fragments
according to their mass difference.

In our experiment, ®"*°Li and "*'Be fragments were clearly scparated in a Range
vs. Energy plot, as shown in Fig. 1(a). The energy spectra of lithium and beryllium
isotopes were obtained for inclusive, IMF-multiplicity=2 and =3 events (hereafter, we use
abbreviations Inc., M2, and M3 for those events). Here, “IMF-multiplicity” denotes a raw
hit-number of IMFs in the BCC array. In order to obtain continuous functions for the IMF
differential cross sections, a moving-source model has been adopted to fit the energy spectra.
Cousidering the existence of a sideward yield enhancement,? a sideward-deformation factor

was introduced phenomenologically into the usual single moving source model, as follows:

do = N(0*)VEex (E) !
dEdQ T erp EEET] [
o — g% 2
N(#") = No+ NJGIP[—%]» (1)
o5

Here, the variables with an asterisk represent those in the rest frame of the moving source.
The moving source velocity 8 was also treated as a fitting parameter. E is the laboratory
kinetic energy, 8 is the emission angle of fragments, T is the temperature parameter, and
E; and 6E, are the coulomb-barrier parameters: 0} and o} are the peak angle and width of
the additional Gaussian deformation factor representing the sideward peaked enhancement;
Ny and Nj are the normalization constants corresponding to the isotropic component and
the deformed sideward peaking component.

The obtained continuous differential cross sections for the lithium and beryllium isotopes
are shown in Fig. 1(b) for the 8 GeV p+Au reaction as an example. They are almost inde-

pendent of the IMF-multiplicity, with the exception of those for ®Li and "Li. From this figure
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it is obvious that there are significant shape differences among the angular distributions of
isotopes. Stable isotopes show the “usual” sideward peaked enhancements, while unstable
isotopes show rather “unusual” forward-peaked angular distributions. A sideward region of
the emission source might, therefore, have a relatively low freeze-out temperature, because
unstable fragment production should require a higher temperature environment than that
for stable fragments. In other words, if the temperature distribution of the hot source is
uniform, the angular distributions of the isotope yields must have the same shapes, as long
as all fragments are produced in the same moving source. Although fitted results of 3 for
the lithium and beryllium isotopes are distributed from 0.002 to 0.006, the influence on
the shape of the angular distribution should be negligible because of their very small val-
ucs. Similar differential cross sections were also observed for the other targets and 12-GeV
proton-induced reactions.

Assuming that the fragment density p(4, Z) for the emitted fragment with mass and
charge nummber A and Z at the freeze-out is proportional to the experimental yield Y{4,Z2),a
single isotope yield ratio between two fragments, R = Y (4, Z,)/Y (A4,, Z,), can be expressed
as follows:3

3

AN AB
R = (?)”*5szpiFaea:pT. (2)

Here, p,r and p,p are the free-proton and -neutron densities in a mixed ideal gas of
free nucleon and fragments with an equilibrium temperature of T, respectively. The in-
dices n and § are defined as § = Z, — 2, and € = (A, ~ Z)) — (A — Za); A, o
and AB are the thermal nucleon wavelength, A\ = h/v2rmT, the statistical weight
factor, @ = (A)/A2)¥*w(Ay, Z1)/w(A2, Z,), and the binding energy difference, AB =
B(A1, Z)) — B(A,, Z,), respectively. Here, m and w(4, Z) denote the mass of a nucleon
and the internal partition function of the fragment (4, Z), respectively.

Three unknown quantities (T, p,r and p,r) can be extracted from three independent
experimental single ratios. Since the fragment density can be expressed using T’ ppr and

par from four experimental isotope yields, we can also deduce T, Ppr, pnr and the ratio
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between p(A, Z) and Y (4, Z). The calculation is much more simple, however, using three
independent single ratios.

Using 21 single ratios among the seven isotopes, there are 1284 possible combinations of
three single ratios to extract the temperature and nucleon densities at the same time. From
them we could obtain 230 independent temperatures. T can be written as

T=Y aABln I (Rifes)™

1=1,3 1=1,3
Bmulti
=——, 3
ln(Rmulu/a) ( )

where a; = &;n — & for (4, j, k) =cyclic order of (1,2,3), B = 2im1,3 GAB;, Ry =
[lizis R, and o = [];, 30{". The subscript i represents a variable with i related to the

t-th single ratio. The free nucleon densities (ppor and p,r) can be expressed as

2 R, R . AB& — ABE 1

= (NG (226 FAS) SN En s
por = 35107 (a]) ezp( 7 )l , (4)

= 2 E n; RJ -1 ABjni - ABinj ﬁ‘
Prp = A3 (al) (0{1) EIP( T )] . (5)

Using Eq. (3), 230 independent temperatures at 34° in the laboratory system have been
calculated without any yield correction. In the calculation we took only the ground-state con-
tribution into w(A, Z). As can be seen in Fig. 2, the obtained temperatures are distributed
over a wide range between —10MeV < T < 30MeV. If we select a large value of the quantity
6B =Y, a,-AB,-]/\/—Z—;z?, the fluctuation of the temperature distribution becomes narrow,
as has been pointed out.” One origin of the fluctuation could be the influence of sequential
decay to the isotopes of interest. In order to correct such an effect, we introduce a correc-
tion factor, k(A4, Z), for each isotope yield by the relationship Yo(4,2) =Y (A, Z)/k(A, Z),
where Y;(A4, Z) is the original isotope yield before the sequential decay. If we know exact
values of k(A, Z) and calculate the temperatures using corrected yields Yy, the fluctuation
should be significantly reduced.

We took a phenomenological approach to evaluate k(A, Z), which could narrow the

temperature distribution. Since the fluctuation arising from the sequential decay should




also appear for other reactions, we studied not only our inclusive results at 34°, but also
inclusive data from FNAL(80 — 350GeV/c p + Xe at 34°)* and MSU (35MeV/nucleon
N + Ag at 38°)° experiments. In the MSU experiment, an emission temperature of 4.040.5
MeV was extracted from the relative populations of the excited states. By adjusting seven
k(A, Z) factors, which were set to be common for all reactions, we attempted to minimize
any variance around the most probable temperature T, for each reaction. The temperatures
were calculated from all combinations with 6B > 5 MeV. Since the emission temperature
was known for the MSU experiment, we set that the T, for the MSU experiment must be
around 4.0 0.4 MeV. The resultant k(A, Z) factors are summarized in Table 1. Ty and the
standard deviation of the temperature distribution (RMS) for each reaction obtained for
6B >5 MecV are also listed in Table 2.

Strictly speaking, the correction factor k(A, Z) would not be common for all reactions,
because of the different freeze-out temperatures in different reactions. The k(A, Z) strongly
depends on the excited-state populations, which may be affected by the freeze-out tempera-
ture. Therefore, we must be cautious to apply these common k(A4, Z) values to significantly
high-temperature reactions. It should be noted, however, that the remaining fluctuation
after introducing a common k(4, Z) could not be removed, ever using individual k(4, Z)
for each reaction. Considering the fact that some reaction shows a very sharp temperature
distribution after a correction, the large remaining fluctuation for the other reactions must
be caused by some kind of systematic error. We will use the RM S as a systematic error on
the absolute value of the temperature extracted from the experimental data.

The obtained Ty at 34° tends to increase as the target mass decreases. We can naively
understand this tendency by relating the total energy deposition per target mass to the
energy density in the emission source. Since the total energy deposition would be propor-
tional to the path length of the projectile-proton in the target nucleus, this value per target
mass might be roughly inversely proportional to Atzﬁgep Therefore, the lighter is the tar-
get nucleus we expect an emission source with the higher energy density. Ty also seems to

decrease as the proton energy increases from 8 GeV to 12 GeV. This might be due to the
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energy dependence of the nuclear stopping power,' but more theoretical studies are needed
to achieve a quantitative understanding on both trends.

In order to obtain temperatures and nucleon densities as a function of the emission angle
without any complication, we selected only one combination of three single ratios, namely
Yo(*Li)/Yo("Li), Yo("Be)/ Yo (" Li), and Y, (*°Be)/Y,(*Li). This combination has the largest
08 of 12.1 MeV and provides a temperature similar to Ty at 34°. The multi-ratio R,y in
Eq. (3) can be written as

¥o(*Li)°Yo(" Be)*
V(Lo (P Bet ©

Roptri =
Typical angular distributions of the obtained temperatures are given in Fig. 3(a) for the
p+ Au reaction at 8 GeV. The typical statistical errors are also indicated in the figure. Since
we use Eq. (1) as the fragment yields, the angular distributions of the temperature can be
obtained as continuous functions of the emission angle. As can be seen in the figure, the
angular distributions have an anisotropic “U-Shape” for the temperature. There appears to
be a small IMF-multiplicity dependence, implying either that there is a small correlation be-
tween the IMF-multiplicity and the impact parameter, or that the observed phenomena have
a small impact-parameter dependence. The angular distributions of temperatures for the
other two reactions at 8 GeV also show a similar tendency. It should be noted, however, that
at 12 GeV their angular distributions are more like a “J-Shape”, with higher temperatures
at large emission angles and showing a non-negligible IMF-multiplicity dependence.

The absolute value of the obtained temperature was strongly restricted because we
adopted common k(A, Z) factors for all reactions, which could give a temperature for the
MSU data within the constraint Tp = 4.0 & 0.4 MeV. We may not refer to the obtained
k(A,Z) as the factor only for correcting the sequential decay effects, but also some other
unphysical effects. Even though there may not be a real physical foundation, a correction
with the above-mentioned procedure is indispensable to sharpen the temperature distribu-
tions.

Using Eqgs. (4) and (5), we can also estimate the free-nucleon density. The total free-
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nucleon density, defined as p,z = p,r + pnr, is plotted in Fig. 3(b) for the p+ Au reaction at
8 GeV. Again, we find a “U-Shape” angular distribution for the free-nucleon density. These
results are quite natural, assuming thermal and chemical equilibration of a mixed ideal gas
of the fragment and nucleon. In such a case, more nucleons should exist as free nucleons in
a higher temperature environment. This fact implies that the fragment density should be
relatively large at a small free-nucleon density region. To take a simple analogical example,
more liquid water may be formed at low temperature in a thermally equilibrated water
and vapor system than at high temperature. The small free-nucleon density and the low
temperature directly mean a high fragment (composite particle) density. Details concerning
the analysis will be discussed elsewhere.!!

The absolute value of the free-nucleon density is very small compared with the results

of some theoretical calculation'?

and the experimental results measured by the particle-
correlation method,!® while similarly small values were obtained with the Quantum Statisti-
cal Model.’ Recently, Albergo and Tricomi pointed out that a small value of the density may
arise from the ideal-gas approximation, neglecting any residual nuclear interactions.® The
nuclear binding energies used in Eqgs. (4) and (5) should be modified in order to take into
account the effects of surrounding hot nuclear medium. Albergo and Tricomi remedied the
defect of the approximation by replacing B(A, Z) in (2) with B'(A, Z) = B(A4, Z) — B,A*/3,
where B, is a nuclear surface energy parameter which depends only on the density of
the emission source.® Following the same prescription, we could obtain a slightly large
value for the free nucleon density, as shown in Fig. 3(b). The improvement factor,
pur(Bs)/per(Bs = 0), shows a strong temperature dependence. It could be as large as
the order of magnitude for a small T (2-3 MeV), but is quite small for T > 4 MeV. Since an
extracted temperature of around 4 MeV for the present work is strongly constrained by the
results of the particle-correlation experiment at MSU, we cannot expect much improvement
on the small-density estimation.

The ratios between the free-proton and -neutron density, r = p,r/pnr, turned out to be

about 0.15 with a small angular dependence. The free-proton density could be smaller than
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that for neutron, but the ratio r should be much closer to one. Obviously, further theoretical
investigations concerning the free-nucleon densities are desired.

The anisotropic angular distributions of the temperature and density clearly indicate that
a chemical freeze out is established before the entire remnant reaches thermal equilibrium.
What must be noticed is that a high temperature appears not only at l;ackward angles,
but even at forward angles. We propose the following view as a possible cxplanation for
these findings. The projectile proton drills a hole through the target nucleus and knocks out
some nucleons along its passage. Finally, the remnant may appear toroid-shaped or partial
eclipse-shaped, depending on the impact parameter.!® Since a hot zone along the hole is
surrounded by a cold nuclear medium at the beginning, U-Shape angular distributions of
the temperature and of the free-nucleon density, and a nonuniform “stable” fragment density
in the emission source would appear as a natural consequence. Though a sideward-enhanced
fragment density has been introduced into the calculation for light stable isotopes from the
beginning, because of the assumption p(A4, Z) « Y (A, Z), the shape difference of the angular
distribution among the isotope yields plays an essential role to create an anisotropic angular
distribution of the temperature and density. The resultant U-Shape angular distribution
clearly proves that there should not be uniform temperature and density distributions in
the fragment cmission source. Since the nature of the observed angular distributions for
the IMFs is mainly determined by that for stable isotopes, the nonuniform fragment density
distribution must be the origin of the sideward-yield enhancement of the fragments.

Using the isotope-yield ratio, we cannot directly measure the maximum temperature
produced during the early stage of a nuclear collision when the system is assumed to be in

the complete gas phase. The reported caloric curve? suggests, however, that the temperature

"at the freeze-out timing could still have information at the hottest timing of the collision.

The facts that some of the observed temperatures show non-constant values over 5 MeV,
and that they have some target-mass dependence, could be an indication of the existence
of a hot gas phase in the collision, since there should be a linear relationship between the

temperature and the excitation energy at the gas phase. There is very attractive room for
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further theoretical studies both on the fragmentation dynamics and the collision dynamics.

In summary, we have studied the isotope-yield ratios resulting from 8-GeV and 12-GeV
proton-induced target multi-fragmentation reactions. The freeze-out temperature and free-
nucleon density as a function of the fragment emission angle have been derived from the
isotope-yield ratios. A new procedure has been described for suppressing the fluctuations
in isotope temperatures. “U-Shape” angular distributions have been observed for both the
temperature and the free-nucleon density, suggesting that there are nonuniform temperature
and density distributions in the emission source of IMFs. These nonuniform distributions
could be the origin of the sideward-peaked angular distributions for the heavier IMFs. More
studies are, however, needed to draw any definite conclusion concerning the sideward peaking
phenomena.

This work was supported in part by a Grant-in-Aid for Scientific Research (C)
(No. 06640423 and No. 06640389) of the Japan Ministry of Education, Science, Sports and
Culture (Monbusho). Some of authors (Murata, Mihara, Yasuda) acknowledged the receipt
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Fig. 1. Typical Range vs. Energy scatter plot (left) and angular distributions of the Li and Be

isotopes for the p + Au reaction at 8 GeV (right). Typical errors are also shown.
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Fig. 3.  Angular distributions of temperature (left) and free nucleon density (right) with (B, = 10
MeV) and without (Bs = 0 MeV) the binding- energy variation effect for the 8GeV p+ Au reaction.

Typical statistical errors are shown by error bars.
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TABLES

Table 1. Yield correction factor for each isotope. k(A, Z) was normalized as k(" Be) = 1.

"Li 8Li 9Li "Be Be 19Be

_ Y )

k(A, NV_ o.mm_ O.E_ o.Hm_ o.omw“ 1 7 o.:_ 0.39

Table 2. The most probable temperatures To(MeV') and standard deviations of temperature dis-

tributions RM S(MeV).

8GeVp + A® 12GeVp + Ab FNAL*® MSU¢
Au Sm Ag Au Tm Sm Ag
To 4.1 5.9 5.8 3.6 4.3 5.3 5.0 4.8 3.6
RMS 0.30 0.44 0.20 0.21 0.66 0.29 0.36 0.34 0.26

2bPresent results estimated for 8; 45 = 34°.

°FNAL result (80-350 GeV/c p+ Xe, 0p4p = 34°).8
dMSU result (35 MeV /nucleon N + Ag, 0,45 = 38°).°
T, for MSU was forced to be around 4.0+£0.4 MeV.
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