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Abstract. Nuclear temperatures were determined from yields of isotopes with 1 < Z < 14 accompanying
the spontaneous and neutron-induced fission of heavy elements. The mean temperature derived from the
corresponding temperature distributions amounts to 1.10 & 0.15 MeV.

PACS. 25.40.-h Nucleon-induced reactions — 25.85.-w Fission reactions

1 Introduction

The isotope thermometry which utilizes the double
isotope-yield ratios [1] has been intensively studied in
heavy-ion reactions. This approach provides results which
are in agreement with other methods as far as the ex-
citation energy of the emitting nuclei is restricted to
~ 3-5AMeV [2,3]. Moreover, in ref. [4] it was demon-
strated that the isotope thermometry gives also reasonable
results in the case of proton-induced reactions p + Xe [5].
Although all isotopic pair combinations should give the
same temperature, the extracted values fluctuate obvi-
ously from one to another choice of isotopes. Recently,
we observed this behaviour in 1 GeV proton-nucleus reac-
tions with various target nuclei from Be to U [6]. Other-
wise, it was found that a fixed pair combination of iso-
topes delivers almost the same temperature, independent
of the chosen target nucleus. But another isotope combina-
tion provided by the same target gives usually a different
temperature. The reason of these fluctuations has been
studied in several papers, e.g. [7,8]. Meanwhile, it is es-
tablished that they arise from contributions of sequential
decays of particle instable states in neighbour isotopes to
the yield of a given isotope. A simple empirical method to
correct for these fluctuations was proposed in [4]. As ex-
plained in the next section, the selection of isotopic pairs
with differences (B) of their binding energies larger than
10 MeV minimizes the fluctuations considerably, but it
decreases correspondingly the number of available isotope
combinations. The temperatures derived from the remain-
ing isotope combinations are assumed to be rather close
to the intrinsic temperature of the emitting source. It was
shown in ref. [6] that a selected double ratio of isotope
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yields delivers the same temperature for various projectile-
target combinations. In dependence on the target mass,
the corresponding temperatures show a similar stable be-
haviour like those selected with B > 10 MeV. This allows
an application of such yield ratios for relative tempera-
ture measurements making a comparison between various
projectile-target combinations.

If a sufficient large number of isotope thermometers is
considered, one may expect that small fluctuations from
sequential decays of different origin are partly canceled
out. Therefore, we propose to use the whole ensemble of
available isotope combinations to obtain Temperature Dis-
tribution (TD). Then the average of the distribution and
its variance are supposed to be related to the intrinsic tem-
perature and its dispersion, respectively. In the following,
some selected data sets supply proof of these ideas and
demonstrate the use of temperature distributions.

On the other side, one may ask for a class of frag-
ment production reactions where distortions from sequen-
tial decays become a minimum. Such conditions should be
realized if fragments are produced at very low excitation
energies. Fission of heavy nuclei is a candidate of such a
process. For the first time, we applied the isotope ther-
mometry to yields of Ternary Charged Particles (TCP)
accompanying the spontaneous and neutron-induced fis-
sion.

2 Application of isotope thermometry to
ternary charged particles in fission

First we recall briefly the basic relations [1,4] to obtain
the apparent isotopic temperature defined as

B
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Fig. 1. Extraction of T.pp distributions on the base of TCPs
accompanying neutron-induced fission of 2*2Am [20]. Left pan-
els, top: Tapp versus difference B of the binding energies, bot-
tom: Tapp versus the relative errors ATupp /Tapp. Right panels:
projections onto the axes ATupp/Tapp and Tapp. The shadowed
part of the top histogram corresponds to the shadowed his-
togram of the bottom temperature distribution. Details are
described in the text.

The quantities in the denominator have the following
meaning. Dy includes the spin degeneration factors and
the mass numbers of the considered isotopes. R = R;/Rs
is the double ratio and the single ratios Ry and Ry are
given by the isotope yields (Y)

Ry =Y(A;,Z) ] Y(Ai + AA, Zi + AZ),
Ry =Y(A;,Z;) | Y(A; + AA, Z; + AZ). 2)

Equation (1) assumes that the isotopes with mass A;, A;
and nuclear charge Z;,Z; are produced in their ground
states and sequential decay corrections to the yields are
negligible. The numerator B is determined by the differ-
ences of the binding energies Fy,

B=FEyw(Ai,Z;) — By(A; + AA, Z; + AZ)
—Ew(Aj,Z;) + Ew(A; + AA Z; + AZ). (3)

We term each combination of (R, Ds, B) in eq. (1) a ther-
mometer which allows to find the isotope temperature re-
lated to the fragment formation.

Here, the described method is exploited to ex-
tract temperatures from yields of TCPs which accom-
pany the fission process. Most of the data are avail-
able for thermal-neutron—induced fission of heavy nu-
clei: 229Th(n, f) [9], 233U(n,f) [10,11], 23°U(n, ) [12-14],
B9pu(n, ) [15,16], 2 Pu(n,f) [17], *?Am(n,f) [16,18-
20] and 245Cm(n,f) [20,21]. Yields of TCP measured in
the case of spontaneous fission of 2°2Cf were taken from
refs. [22-24]. The data listed above allow one to deter-
mine the temperatures using yields of isotopes within
1 < Z < 14. We note that the meaning of TCP in the
context of fission is related to ejectiles from hydrogen to
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Fig. 2. Two-dimensional plots of temperatures Thpp versus
the difference B of the binding energies (left panels). Dis-
tributions of the isotope temperatures (right panels). Top:
light isotopes from proton-uranium interactions [6]. Bottom:
TCPs from neutron-induced fission of 2*°Pu [16]. The solid
histograms are obtained without cut in the relative error dis-
tribution. The influence of cuts is shown by the shadowed
histograms: cut at ATapp/Tapp < 0.17 for p + 238U, cut at
ATopp/Tapp < 0.13 for 2*Pu(n, f).

silicon. The corresponding temperature is supposed to re-
member the stage of TCP emission during the fission dy-
namics.

Figure 1 shows by means of illustrative plots how we
get a temperature distribution using the measured TCP
yields for 242Am(n,f) [20]. Just as in ref. [4] the temper-
atures are displayed as a function of the difference B of
the binding energies. Every point on the scatter plot T.p,
versus B represents an individual thermometer. The error
of T,pp is calculated from the given experimental uncer-
tainties of the isotope yields. One can see that some points
are scattered away from the region where the bulk of ther-
mometers is located. As a rule, such points have the largest
errors (see also the following fig. 2). In fig. 1, this obser-
vation is sufficiently confirmed by the plot T,,, versus
AT,y /Tapp- In the following, values T, with large rela-
tive errors can be removed by a simple cut set in the pro-
jection of the temperatures onto the axis AT,p,/Tapp (see
fig. 1, right panels, top). After this selection, the temper-
ature distribution represented by the shadowed histogram
is generated (right panels, bottom). The mean value (Typp)
of this distribution was found to be insensitive to the cho-
sen cut. Therefore, it is possible to apply the cut in the rel-
ative errors to remove unphysical negative temperatures
(fig. 1, left panels, bottom).

In order to compare properly temperature distribu-
tions obtained for TCP accompanying low-energy fission
with those for the fragmentation process we used the data
related to isotope yields (1 < Z < 5) measured in proton-
nucleus interactions at 1 GeV. A survey of available data is
given in ref. [6]. Temperature distributions for the case of
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Fig. 3. The same as in fig. 2 for proton-induced re-
action p 4+ ' Xe [5] (top panels); neutron-induced fission
of #*5Cm [21] (bottom). Shadowed histograms: cut at
ATapp/Tapp < 0.10.

comparable target masses, namely 1 GeV proton-238U col-
lisions and thermal-neutron-induced fission of 239Pu, are
shown in fig. 2. The projections of the plots T}, versus B
on the temperature axis are quite different for these two
selected reactions. Beside the different mean values of the
temperature distribution also the shape is much broader
for the high-energy proton collisions compared with the
corresponding one obtained from TCPs which accompany
the fission of 239Pu [16]. This behaviour is not trivial since
a recent theoretical investigation of temperature distribu-
tions for the multifragmentation scenario [25] predicts that
the variance o2 should be independent of the excitation
energy. Here, we found that the extracted temperature
distributions have different widths if the charged particles
originate from fragmentation or from ternary fission. The
reason of this difference cannot be the statistical errors of
the isotope yields because they are similar in both data
sets. This finding suggests that the widths of the tempera-
ture distributions are related to temperature fluctuations
caused by completely different physical processes. We sug-
gest that the higher average temperature and the larger
variance of the temperature distribution in the case of
1GeV p + U collisions is due to the production of excited
isotopes from a hot source. On the other side, the corre-
sponding fission temperatures which peak at an average
of T'~ 1 MeV hint to TCP production at low excitation
energy. At the same time, a significant decrease of the
fluctuations is observed.

We demonstrate the influence of the incidence energy
on the temperature distribution by an additional example.
Figure 3 shows a scatter plot of temperatures obtained
from the isotopic yields in p + Xe collisions [5]. These
data were obtained within the wide range of proton ener-
gies from 80 GeV to 350 GeV resulting in a broad tem-
perature distribution. The exclusion of temperatures with
large relative errors from this data set does not change this
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Fig. 4. Summary temperature distribution obtained from
TCP in low-energy neutron-induced fission of heavy nuclei
from 22°Th to 2**Cm. Only TCP with Z > 3 were selected
(see text). Open bar histogram: no cut in ATy, /Tapp. Hatched
histogram: cut at AT.pp/Tapp = 0.10. Black histogram: cut at
ATopp /Tapp = 0.05.

behaviour. Now we contrast this temperature distribution
with the corresponding one obtained from yields of TCPs
from the thermal-neutron-induced fission of 2**Cm [21].
The latter distribution is substantially narrower and peaks
at T'~ 1.1 MeV.

Whereas the dispersions of the temperature distribu-
tions obtained from fragmentation data vary with the
energy of the incident proton beam, all analysed iso-
tope thermometers of TCP accompanied fission deliver
similar distributions centered at nearly the same mean
value. This property gives us the opportunity to com-
bine isotope temperatures T,,, evaluated for target nu-
clei from 22Th to 24°Cm into one temperature distribu-
tion characterized by (Thpp) = (1.10 £ 0.15) MeV. We
notice that this error results mainly from systematic un-
certainties of the experimental data. Sufficient statistics
allows to select isotope combinations with Z > 3 to avoid
distortions of light-particle yields by decay modes like
®He — “He 4+ n and “He — %He + n, which cannot be dis-
tinguished from the intrinsic yields of the He isotopes.
As shown in fig. 4 this selection leads to a slightly re-
duced average temperature of (T,pp) = 1.00 MeV. In ad-
dition to the above given result for neutron-induced fis-
sion we present in fig. 5 the temperature distribution de-
rived from TCPs associating the spontaneous fission of
252Cf [24], but with the disadvantage of low statistics. Us-
ing the data on neutron decay of ternary particles in the
spontaneous fission of 2°2Cf [26] it becomes possible to
correct the yields of He isotopes for contributions from
the decay modes °He — “He + n and "He — %He + n. As
a result, three times more thermometers can be con-
sidered. It is remarkably that both temperature distri-
butions displayed in fig. 5 deliver the same averages of
(Tapp) = (1.20 £ 0.15) MeV. Although this temperature
is slightly higher than the corresponding one for TCP ac-
companied fission, both results agree within the indicated
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Fig. 5. Temperature distributions derived from TCP yields in
the spontaneous fission of 2>?Cf. Hatched bar histogram: data
from ref. [24]. Open bar histogram: the same data corrected
for the g.s. decay modes of ®He and “He according to the mea-
surements reported in ref. [26].

errors. The found temperature of 1.2 MeV is also consis-
tent with the value of T = (1.1 4 0.2) MeV [27] derived
from the spectrum of neutrons accompanying the ternary
fission of 2°2Cf. In the binary mode of spontaneous fission
of 252Cf [28], a temperature of T' = (0.72 4+ 0.04) MeV
was obtained from fits of the neutron spectrum with a
Maxwell-Boltzmann distribution.

In comparison, the effective temperature estimated for
60 MeV 3He induced fission of actinide elements was found
to be (Teg) = (1.13 £ 0.15) MeV [29]. We conclude from
these agreements that the isotope thermometers provide
reliable temperatures if they are extracted from the yields
of TCPs accompanying fission.

It seems that the above-treated distributions of Thpp,
derived from TCP in fission reactions, are very similar but
a closer look shows that there is a small dependence on
the mass of the fissioning system which will be discussed
in the next section.

3 Target mass dependence of isotope
temperatures in ternary fission and p + A
fragmentation

More insight can be achieved by a detailed comparison
of isotope temperatures evaluated for different reaction
types, namely thermal-neutron—induced ternary fission
and 1GeV proton-induced fragmentation. For that pur-
pose we analysed more than 10 thermometers, which are
available for TCP accompanied fission, in dependence on
the target mass Ap. Data related to fragment produc-
tion provided more than 10? thermometers. All extracted
temperatures show a nearly linear dependence of T}, on
A~ for the processes under consideration. We illustrate
this feature in figs. 6 and 7 by some isotope thermometers
which are identical for both classes of reactions. The choice
of isotopic pairs with AA =1 and AZ = 0 was made to
minimize Coulomb effects upon the yields. However, this
selection is of minor influence because the Coulomb cor-
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Fig. 6. Apparent temperatures as a function of the target mass
Ar. Selected combinations of isotopes with AA = 1, AZ =
0. Open circles in the left panels: p + A fragmentation, full
circles: TCP accompanied fission. Right panels show the latter
temperatures on an expanded mass scale. The solid lines in
the right panels demonstrate the applicability of the obtained
slope parameter c2 to various isotope thermometers.

rection is supposed to have no effect on the temperatures
extracted from double isotope ratios [30]. The other pre-
sented combination of isotopic pairs with AA = AZ =1
allows to remove the influence of the chemical potentials.

A first look on figs. 6 and 7 shows that the tempera-
tures depend smoothly on the target mass for both classes
of interactions. This behaviour is expected in an equi-
librated system if the excitation energy changes weakly
with the mass. But the temperatures T, differ consider-
ably in the two interaction mechanisms with regard to the
absolute value (see also fig. 2). A further difference in the
two data sets becomes apparent if the obtained temper-
atures Thpp are fitted by a linear dependence on Ar. We
excluded fragmentation data of the lightest nuclei from the
fit procedure so that only targets with Zp > 28 (Ni) were
taken into account. The slight decrease of T, obtained
for p+ A fragmentation can be quantified by

(4)

where the average value of the parameter co amounts to

Tapp:CI+CQ'ATa

¢y = —(0.0020 £ 0.0005) MeV .
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Fig. 7. Apparent temperatures versus target mass Ar selected
by AA =1, AZ = 1. The notations are the same as in fig. 6.

Just this common slope ¢ is displayed in figs. 6 and 7 by
dotted lines for all thermometers related to fragmentation
induced by 1GeV protons.

If we interpret T,p, as the temperature where the nu-
clei become stable against particle decay then the equiva-
lent thermal excitation energy E* corresponds to the sep-
aration energy of one nucleon. Otherwise, the chemical
potential y is the energy change when one particle is re-
moved. Assuming i) that p is nearly constant over the
periodic table p ~ 8 MeV and ii) that the level density
parameter a can be approximated by a ~ Ar/8MeV, then
the Fermi gas relation reads

T_ [E* _ [p  8MeV

Va Ve o VAT

From relation (3) we find for 50 < At < 250 a slope of
AT/AAr ~ -3- 1073 MeV which is close to the above
value of ¢o. Concerning low-energy ternary fission, the op-

posite mass dependence was found for the corresponding
data set (see solid lines in figs. 6 and 7):

()

¢y = +(0.013 +0.004) MeV .

The slope parameter in this case is about one order of
magnitude larger compared with that obtained from p + A
fragmentation. The thermal excitation energy of the ex-
cited residual nuclei dominates over the Coulomb part in
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the fragmentation process. The decrease of the temper-
ature with At is qualitatively described by relation (5).
Otherwise, only a part of the fissioning system seems to
be involved into the TCP emission. The positive slope
in this case reflects perhaps the increasing yield ratio of
ternary to binary fission products with increasing fissility
parameter Z?/A. Furthermore, we found that the values
Topp extracted from TCP yields have very small devia-
tions with respect to the fit line. This finding suggests
that these temperatures reflect a narrow distribution of
the corresponding excitation energy of the emitting source
and that contributions from sequential decays to the TCP
yields are reduced in comparison to the fragmentation.

4 Summary and conclusions

Nuclear temperatures were evaluated from double yield
ratios of light isotopes associated with spontaneous fis-
sion of ?°2Cf and neutron-induced fission of heavy nu-
clei from 2?2°Th to 24°Cm. The applied method [1] is
based on the general assumption that thermal equilib-
rium is achieved. This condition may be not fulfilled in
the case of TCP production usually described by the
emission during the non-adiabatic neck rupture. Never-
theless, the application of the thermal approach delivered
results which agree surprisingly with temperatures estab-
lished by other methods. Temperature distributions in-
cluding most of the measured isotopic yields have been
used to analyse the data instead of a formerly used se-
lection criterion based on the difference B of the binding
energies. All considered distributions of T}, are in agree-
ment with (Typp) = (1.10 £ 0.15) MeV. The same isotope
combinations available for 1 GeV proton-induced fragmen-
tation deliver larger temperatures. We demonstrated by
corresponding cross-checks that the isotope thermometry,
mainly exploited in heavy-ions physics, can be extended
also to ternary charged-particle production in low-energy
fission of heavy nuclei. The dependence of T}, on the tar-
get mass At was investigated. The sign of the slope T%pp
versus At was found to be opposite in the two consid-
ered processes, i.e. TPC emission in low-energy fission and
light-charged-particle production in proton-induced frag-
mentation. In conclusion one may speculate to use the ex-
tracted temperatures in the caloric curve of nuclear mat-
ter [31,32]. A measure of the intrinsic excitation energy
near the scission point where TCP emission occurs should
be the energy dissipated in the descent from the saddle to
the scission of fissioning nuclei. The experimental values,
extracted from the odd-even effect in the fragment charge
distributions of binary fission, are rather small. In this
particular case, energies within 3 MeV (Th) and 11 MeV
(Cf) have been found [33]. Thereby, one has the opportu-
nity to indicate the trend of the caloric curve to very low
thermal excitation energy per nucleon.
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