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By (i) selecting specific decay reactions in high energy collisions (60 keV /amu) of hydrogen cluster
ions with a helium target (utilizing event-by-event data of a recently developed multi-coincidence
experiment) and by (ii) deriving corresponding temperatures for these microcanonical cluster en-
sembles (analyzing respective fragment distributions) we are able to construct caloric curves for
Hf (H2)m cluster ions (6 < m < 14). All individual curves and the mean of these curves show a
backbending in the plateau region thus constituting direct evidence for a negative microcanonical
heat capacity in the liquid-to-gas like transition of these finite systems.

PACS numbers: 36.40.Ei; 36.40.Qv

One of the most fascinating phenomena in the ther-
modynamics of complex systems is the prediction of a
possible backbending in caloric curves in microcanonical
ensembles. As this is counterintuitive to every day expe-
rience and as this is in contradiction to a theorem that
specific heats are positive [1, 2] it was for a time seen as
a real paradox in thermodynamics. This was first dis-
cussed in detail by Thirring [1] some time ago and has
since been an accepted prediction in astronomy, where
adding energy to a star or star cluster would make it
expand and cool down [1-4]. Moreover, recently such
an effect (increase of total energy causing a reduction in
temperature) has been predicted by applying statistical
thermodynamical methods to describe phase transitions
of small systems, i.e., for the melting of atomic clusters
[5-8] and the decay of hot nuclei [9].

It appears that Pochodzalla et al. [8] were the first
to report a measured relation between the temperature
of hot decaying nuclei resulting from Au + Au collisions
at 600 MeV/amu and the excitation energy, the shape
of this relation exhibiting the characteristic plateau ex-
pected for a phase transition. Though being the first
experimental observation of a caloric curve for a liquid-
to-gas phase transition for nuclear systems [8], the de-
termination of the temperature was later questioned [9],
in particular because later experiments arrived at diffe-
rent shapes some not even showing a plateau-like region
(see [10] and [11] and references therein). Nevertheless,
D’Agostino et al. [11] were even able recently to infer the
existence of a negative heat capacity in excited nuclear
systems (Au + Au collisions at 35 AMeV) from the event-
by-event study of energy fluctuations thus providing also
in this way direct evidence for a first order liquid-to-gas
like phase transition.

On the other hand, Haberland and co-workers [12] re-

ported the first experimental determination of a caloric
curve for the solid-to-liquid like transition (melting) of
a small cluster, i.e., a sodium cluster ion consisting of
139 atoms. A beam of cluster ions was generated with a
canonical distribution of internal energy thus fixing the
temperature. One cluster size was selected (thus swit-
ching to microcanonical system), irradiated by photons
and the photofragmentation pattern (whose positions can
be related to the energy) is measured as a function of
cluster temperature. Similarly, Bachels et al. [13] re-
ported recently a caloric curve for a free tin cluster dis-
tribution (without mass selection) impinging on a sensi-
tive pyroelectric foil, the interpretation of their experi-
ment was, however, later questioned [14]. Furthermore,
Haberland and co-workers [15] were recently able by ex-
tending their method to map out the energy distribution
of the fragments demonstrating by the bimodal shape
observed a possible existence of a negative heat capacity
for a melting 147 atom sodium cluster. Haberland and
co-workers have in addition very recently constructed the
caloric curve across the liquid-to-gas like transition [16]
using known data of the atomic gas. Moreover, at the
same time, we reported [17] a first experimental signa-
ture of a caloric curve for a molecular cluster ion of rather
small size, i.e., Hi (Hz)12 showing by the occurrence of a
plateau like shape in the caloric curve the typical prere-
quisites of a first order phase transition in a finite system.

Despite rapid progress in this field (see also [18]), clear
evidence for the negative heat capacity in small systems
is still missing, even more so when considering remarks
in a recent review on critical phenomena in nuclear frag-
mentation by Bonasera et al [19] stating that “the tem-
peratures measured from ratios containing these isotopes
could be meaningless” and recommending that ”the di-
sagreement between experimental results (are large and)



must be solved”. Nevertheless, Chomaz et al. recently
discussed the properties of caloric curves for a micro-
canonical lattice gas model [20] and predicted under cer-
tain circumstances the occurrence of backbending in the
microcanonical liquid-gas phase transition.

Therefore, the aim of the present study was to ascer-
tain a first direct experimental fingerprint of the occur-
rence of backbending in the caloric curve measured for a
finite system and thus providing a direct proof for the ex-
istence of a negative heat capacity in a phase transition.
In order to monitor here directly the negative heat capac-
ity it was necessary based on our first attempt to derive a
caloric curve for decaying H7 (Hy)12 ions in [17] to (i) im-
prove our data analysis in terms of accuracy (analysing
more data in a more accurate way for each collision) and
(ii) extend our study from Hi (H2)m=12 to a range of
cluster sizes (m = 6 to 14) thus enhancing the reliability
of the overall result obtained. The experimental method
involves selecting energy-specified decay reactions in high
energy collisions (60 keV /amu) of hydrogen cluster ions
with a helium target by utilizing event-by-event data of
a recently developed multi-coincidence experiment. As-
signing then corresponding temperatures to these micro-
canonical cluster ensembles by analyzing respective frag-
ment size distributions, we are able to construct caloric
curves for H7 (Hy),, cluster ions. Caloric curves of all
projectile ions and a caloric curve of the mean of these
curves show a backbending in the plateau region (which
is also confirmed by a characteristic change in the shape
of the corresponding fragment size distributions), thus
constituting direct evidence for a negative microcanonical
heat capacity in the liquid-to-gas like transition of these
finite systems. In the following we will shortly describe
the experimental method, then discuss the method to de-
rive the caloric curve and finally present and discuss the
results obtained for the selected cluster ions studied H;,
Hiy, H3;, Hy;, Hy; and Hy;.

As described previously [17] mass selected hydrogen
cluster ions Hy (Hs),, with a velocity of ¢/88 (using dif-
ferent acceleration voltages in the MV range) are pre-
pared in a high-energy cluster ion beam facility consist-
ing of a cryogenic cluster jet expansion source combined
with a high performance electron ionizer and a two step
ion accelerator (consisting of an electrostatic field and a
RFQ post-accelerator). After momentum analysis by a
magnetic sector field, the mass selected high energy pro-
jectile pulse (pulse length:100 ms, repetition frequency:1
Hz) is crossed perpendicularly by a helium target beam
effusing from a cylindrical capillary tube. Prior to this,
the ion beam is collimated by two apertures ensuring
an angular dispersion of about + 0.8 mrad. One me-
ter behind this collision region the high energy hydro-
gen collision products (neutral and ionized) are passing
a magnetic sector field analyzer. The undissociated pri-
mary Hj (Ha)m<14 cluster projectile ion or the neutral
and charged fragments resulting from reactive collisions
are then detected approximately 0.3 us after the colli-
sion event with a multi-detector device consisting of an

array of passivated implanted planar silicon surface bar-
rier detectors located at different positions at the exit
of the magnetic analyzer. With this instrument we are
able to analyze on an event-by-event basis the identity
of all correlated fragments produced in a single collision
event between the H;_(Hg)m§14 cluster ion and the He
target atom (for details see references given in [17] and
details given in a forthcoming paper on the experimental
technique [21]).

For the construction of a caloric curve we need the
simultaneous determination of the energy and the tem-
perature of the microcanonical system. The energy is
determined by selecting from the many ten thousands of
event subgroups representing collisions in which a certain
amount of energy is deposited into the cluster. For this
we need to analyze each decay reaction in terms of the
energy required for all the particles produced (e.g., H;,
H, H*, etc.) in such a decay reaction and to use the to-
tal energy value obtained as a measure for the internal
energy prior to the decay.

To plot a caloric curve we need to determine for each
subgroup of known energy the corresponding tempera-
ture of the cluster ions prior to the decay. As discussed
previously [17] we use for this a relationship between the
characteristic shape of a fragment mass distribution and
the temperature of the decaying nuclei at around the cri-
tical point reported recently by Belkacem et al. [22] using
the Fisher’s droplet model [23]. Belkacem et al. were able
to fit numerical mass distributions generated by classical
molecular dynamics (CMD) calculations for an A=100
nucleus at different initial canonical temperatures very
well with the Fisher’s droplet formula

AN/dA = VoA~ "XBYA
(1)

with Yo, X, Y and 7 fitting parameters and A the atomic
mass number and B=A2/?, thus demonstrating a direct
relationship between the shape of the mass distribution
as described by (1) and the initial temperature of the de-
caying system. Utilizing this very methodology we also
obtain very good fits for the fragment size distribution
of each subgroup. This then allows us to designate for
each of the subgroup considered by comparison with the
results of Belkacem et al. [22] a measure for the tempera-
ture due to the characteristic shape of its fragment mass
distribution, i.e., the shape of the fragment distribution
for a specific projectile ion changes significantly as a func-
tion of the energy deposited, i.e., from a U-shaped form
at low energy which is due to the occurrence of a mixture
of evaporation and multi-fragmentation processes, to a
more power like law at intermediate energies (see also a
detailed discussion and examples given at the end of this
paper) due to the presence of only multi-fragmentation
reactions, to finally a regime at high energies which is
dominated by complete disintegration processes showing
an extremely steep decline. For details see a first appli-
cation of this method to the data of decaying Hj, ions



[17] and a forthcoming paper on experimental techniques
[21].

Using this ”temperature” which is only a relative mea-
sure (due to the comparison with CMD calculations ap-
plied to the nuclear matter) we have plotted in Fig.1
the corresponding caloric curves. All of these caloric
curves clearly show three parts, after an initially rising
a kind of plateau is present before the curve is rising
again. These curves therefore qualitatively agree with
the typical prerequisites of a first order phase transition
[24]. Looking now, however, at the details of the plateau
region we can see that in each case there appears in this
plateau a region (between an energy of 30 to 60 eV) with
a negative slope (called backbending) which indicates di-
rectly the occurrence of a negative heat capacity. This
phenomenon can be seen even clearer when plotting the
geometric means for all clusters (see Fig.2) clearly show-
ing this characteristic change in the slope. It is interes-
ting to note that this behaviour is seen in the individual
curve of every projectile cluster ion studied (see Fig.1)
and even more so when plotting the geometric means of
all clusters in Fig.2 comprising five projectile ions (the
smallest projectile ion H}; has been omitted in this plot
and also in Fig.3 as deviations in the general trend in
Fig.1 indicate the breakdown of the statistical behavior
in accordance with other studies [25]).

In order to assess the reliability of this result (i.e., the
occurrence of the backbending) it is important to note
that an error analysis shows that the largest error in the
present method occurs in the energy determination for
the subgroups in the low energy range (below about 30
eV). This is due to the fact that in this energy range
collisions producing one ionized molecule and one ion-
ized molecule plus one excited molecule cannot be dis-
tinguished from each other and thus lead to errors in the
energy assignment of up to appr. 10 eV. This in turn will
lead to errors in the temperature determination. Never-
theless, this uncertainty will not change the general trend
of the caloric curves, i.e., an initial rise up to about 30 eV
followed by a backbending and a steep rise above 70 eV.
In addition the error bars are much smaller for the data
points above an energy of about 30 eV due to the much
smaller probability of ionizing/exciting three molecular
units in the hydrogen cluster ion (details will discussed

in a forthcoming paper [21]), see the very good agreement
of data points for the different ions in the region between
30 and 70 eV.

Even more convincing evidence for the occurrence of
backbending can be found by examining directly the orig-
inal data on the fragment size distributions (see in Fig.3
three characteristic examples of the fragment size distri-
butions for all five cluster ions considered here). Here
the occurrence of this backbending can be clearly seen
(without relying on a detailed data analysis based on a
model such as Fisher’s droplet model used by Belkacem
et al.[22]) by the characteristic change in the fragment
size distribution, i.e., for data in the energy interval 55-
65 eV we have a lower temperature because there are
more larger fragments present than in the energy inter-
val 40-50 eV and the energy interval 70-80 eV. Thus the
fragment size distribution itself can be viewed as a di-
rect measure of the temperature of the decaying clusters,
thus the change in the distributions shown in Fig.3 cons-
titutes a direct proof of the backbending without going
through the formal assigment of temperatures using the
comparison with the CMD calculations of Belkacem et
al. [22].

In conclusion, the present results clearly give direct
experimental evidence for the occurrence of backbending
in caloric curves measured for decaying hydrogen clus-
ter ions. This is in direct accordance with predictions
based on theoretical calculations of Chomaz et al. [20]
for caloric curves for the microcanonical liquid-gas phase
transition using a lattice gas model (see also earlier cal-
culations for solid-liquid transitions [6,7] also predicting
backbending in caloric curves). According to [20] the
occurrence of a negative heat capacity is a well-defined
signal of a first order phase transition when events are
sorted in constant excitation energy bins. It is interesting
to note that the present observation of backbending in a
caloric curve has been observed for clusters as small as
H, (the only earlier indirect experimental observation of
backbending pertaining to a cluster consisting of 147 Na
atoms [16]) indicating that for these small sizes statistical
considerations are valid.
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FIG. 2: Geometric means of all the curves shown in Fig.1
excluding the data for the smallest cluster ion Hy (see text).
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FIG. 3: Partial fragment mass distributions for subgroups se-
lected according to the energy deposited in the collision com-
plex occurring in collisions of 60 keV /amu projectile Hf (Ha),
ions with He corresponding to three energy ranges 40-50 eV,
55-65 eV and 70-80 eV. Dotted lines fits to the experimental
data using Fisher’s formula (see text), designation of symbols
as in Fig.1. The line shown in the middle panel constitutes
a fit to all of the data in the upper and lower panel clearly
demonstrating the presence of more larger fragments in this
case and therefore indicating a lower temperature for this en-
ergy range than in the upper and lower panel.



