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Characteristics of intermediate mass fragment emission data advanced as experimental ev1dence
of a hadronic gas to liquid phase transition are reviewed. Ambiguities in the interpretation of these
characteristics are presented. The necessity of large Z fragments to tunnel through a large Cou]omb

[. INTRODUCTION

The internucleon. separation dependence of the nu-
cleon-nucleon interaction, attraction at long distances and
repulsion at short distances, opens up the possibility that
there may be a nuclear liquid-gas phase transition. . Stud-
ies!=% of models for the nuclear equation of state show
that the critical temperature.of nuclear matter is probably
in the 10—20 MeV range (with some estimates outside this
range). This may allow such a nuclear gas to liquid phase
transition to be observable experimentally, since thermal
model analyses of intermediate energy nuclear reactions
show that these temperatures can be achieved.

The search for experimental signals of the phase transi-
tion largely has concentrated on intermediate mass frag-
ment emission in.proton induced reactions, as researchers
in this field were among the first to.apply phase transition
ideas to their data.®—® The yield of intermediate mass

fragments Y (Ay) is observed to decrease smoothly as a - -

" function of fragment mass Ay for A 7> 10. Among other
functional forms which approximate this decrease, the
simple expression ¥ (Az) o A7 7 has been used extensively,
The exponient 7 found in fitting the data was typically
2-3, in the range predicted by the thermal liquid drop
model® for condensation around the critical point. .
Of course, the whole idea of treating this kind of nu-
cledr reaction as a phase transition has to be approached
with caution. A sharp phase transition requires, firstly, a
large number of particles, secondly, a long time scale rela-
tive to the time required for the phase transition to take

place, and lastly, of course, an equilibrated system..

‘Thermal model analysis of intermediate mass fragment
data in proton induced reactions!” typically shows that the
number of nucleons in the system which produces the
fragment is about double Aj. For the fragment mass
range often examined, 10 < Ay <20, this implies a system
of the order 40 nucleons. Dens1ty fluctuations for such.a
small number of particles are quite substantial, and will
- ‘certainly tend to soften the sharpness of the trzinsition.
Consider, for example, a part of the Van der Waals-type
equation of state shown in the inset of Fig. 1. In the
Maxwell construction, states A are thermodynamically
favored over states B and C. The probability for being in
these other states can be calculated™!! and is shown in
Fig: 1 for a 40 nucleon system and, for comparison, a
10000 nucleon system.’ Clearly, one must go to tempera-
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bamer is shown to make extraction of a phase transition szgnature dlfﬁcult

tures well below the critical temperature before the transi-
tion becomes at all sharp for small systems..

_ Similarly, the time scale involved is fairly short. Hy-
drodynamical and other calculations'*!* give estimates
for the lifetime of the hot region in the 10—20 MeV tem-
perature range of 5—1010~?* sec. These results are
supported by analysis'® of nucleon emission in muon and
proton “induced reactions. On the "other hand, -the
disassembly time in the liquid-gas transition is estimated!®
to be in the 10~ sec regime. In other words, the time
for the phase transition to occur is calculated to be com-
parable to the cooling time of the system.
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- FIG. 1. Ratio of probabilities for a 40 nucleon system being
in the states B and C compared to the thermodynamically

" favored states A.. The inset shows the state labels in the

Maxwell construction in‘a liguid-gas equatlon of state. See Ref
5 for the calculational technique.
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Of course, the fact that the mass yield curve can be
described by a parametrized function is not confirmation
of a phase transition. Several other'>1"~2° models which
have nothing to do with phase transitions are equally suc-
cessful in describing the data. The author has shown,”
for example, that the mass distribution of a system of in-
teracting nucleons which is allowed to form clusters will
evolve to a form similar to that observed experimentally
in about 5—10x10~2% sec. In another approach,'>!® the
entropy per nucleon extracted from the mass yield curve
is about what one would expect for the minimum entropy
- characteristic of the disassembly of a system in thermal
and chemical equilibrium, without the extra entropy ex-
pected from a phase transition. Evaporative models™ and
ones involving the breakup of cold nuclear matter' can
also reproduce the data.

In a recent paper,’ the temperature dependence of the
exponent T was investigated in the analysis of several data
sets. 57102226 A5 pyblished, the temperature dependence
appears to show discontinuous behavior, perhaps suggest-
ing a phase transition. We wish to review here several of
the model assumptions which go into the analysis of inter-
mediate mass fragment data, and demonstrate the diffi-
culties inherent in combining many different data sets to-

gether. The:problem of extracting a reasonably unique -

temperature to be associated with a yield curve at a given
bombarding energy is addressed in this paper, and an esti-
mate of the large effect of Coulomb tunneling, omitted in
most analyses, will be given. We will show that these ef-
fects cannot be ignored in the search for phase transition
signatures. Lastly, we suggest where to search for signa-
.tures such that the effects are minimized.

I1. SOURCE SIZE AMBIGUITIES

The first. step in the thermal model analysis® of inter-
mediate mass fragment data (for a general review of ener-
- getic fragment emission, see Ref. 28) is the determination
of the velocity v, and temperature T of the emitting re-
gion. The inclusive data are fitted by assuming that there
is a single source for each fragment species, although the
data show systematic deviations from the behavior expect-

ed in such a model. It will be assumed here (as elsewhere)-

that. the deviations are not so large that the model is
inapplicable. .

"We will concentrate on the results obtained in proton
induced reactions, since they have been used most exten-
sively in the search for phase transition signatures. The

values for u; and T found in these reactions vary strongly

with ejectile mass, decreasing with increasing mass. The
general trend can be interpreted to mean that heavier frag-
ments are emitted from larger sources. Certainly, this
behavior is required in the thermal model approach, since
analysis® of the (p,p’) reaction indicates that the source
size for nucleon emission is in the 5—10 nucleon range,
certainly not what is needed for emission of a mass 20
fragment.

However, there may be fragment mass regions in which
the source size is relatively constant. . Consider the tem-
perature dependence on fragment mass shown in Fig. 2
(data from Ref. 30). It has been pointed out®—? that frag-
ment emission from a source of constant size A, would

. ' . Ag(p,F)X
. Kp=4BOMeV

SLOPE =-0.24 MeV/nucleon
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FIG. 2. Dependence of the fragment temperatures on mass.
Data from proton induced reactions (Ref. 30).

~lead to a linear relationship between T and A if recoil ef-

fects are included. That is, if one includes the recoil ki-

' netic energy as well as the fragment kinetic energy in the’

exp(—E /T) term, then the apparent temperature of a
given fragment will vary as

A
1.2F

Tr=T, . B (1)

5

where T, is the “true” temperature. Hence, a plot of Tx

- vs Ay should yield a straight line with intercept T and

slope ~ Tg/A,, so that both A, and T, can be deter-
mined. In the example shown in Fig. 2, a best fit to the
data gives T;=10.4 MeV and A,=43. In other proton
induced reactions at 80—350 GeV, 4, is found to be equal
to 75 in p 4 Kr and 110 in p + Xe. The source size found
by this method is several times the fragment size, as is
also found by estimating the size by using the tempera-
tures and source velocities themselves® (for bombarding
energies less than 1 GeV). That is, if one assumes that all
of the energy and momentum of the incident proton is
dumped into the source, then conservation of energy and
momentum can be used to specify the number of nucleons
in the source if v, and T are known.

Clearly, the temperatures assoctated with smaller frag-
ment masses do not fit on the straight line used to fit the
mass 12—25 region. One could fit a straight line to part
of this lower mass region as well. The steeper slope would
tell one that the source size had to be smaller. The fact
that several different source sizes are needed to describe
the temperatures raises the possibility that the source size
is actually a continuous function of fragment size: Rather
than there being three of four discrete source sizes in these
reactions there is a continaum of sizes. Suppose the
source size is parametrized by

Ag(F)zxAF . } ' (2)

Then, if a constant amount of energy E* (on the average)
is put into the source, the temperature associated with

each fragment should vary as
2 _E* 2E* 1
T —_———— e
FE3 40P 7 3x A’ 3

where Maxwell-Boltzmann statistics have been assumed
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FIG. 3. Dependence of the fragment temperatures on the re-
ciprocal of the mass. Data from proton induced reactions (Ref.
30). ’

and recml effects have been dropped Hence, a plot of T,
.v8 A
data shown in Fig. 2 are plotted in this way, straight line

behavior is indeed observed, and it is observed for a much -

larger range of fragment-masses than is fitted by the con-

stant source approach of Eq. (1). To-see if the parametri- -

zation is meaningful, it will be assumed that, for the data

_in Fig. 3, 400 MeV of the bombarding proton’s kinetic en-
ergy goes into thermal energy, the rest goes into the
momentum of the source. - Then the experimentally deter-
mined value of the slope (100 MeV) implies that x==2.7:
the source is double to triple the size of the fragment it
emits. It should also be pointed out that this model is not
the only one which can fit the temperature behavior over
a wide range of fragment masses; the cold matter breakup
calculations'® are similarly successful.?!

This picture of the source temperature decreasing by
accretion of nucleons, as distinct from simply cooling by
expansion, is intuitively what one would expect for proton
induced reactions. The original source, which is involved
in the fast emission of nucleons, is fairly small: about
6—10 nucleons. The source heats up the surrounding nu-
clear matter, itself slowing down and cooling in the pro-
cess. One would expect a different scenario to apply for

heavy ion reactions, where far more nucleons are involved .

in the first stages of source formation. There should be
much less accretion than in proton induced reactions, and
the temperatures should be far more constant as a func-

! should yield a straight line. In fact, when the -

tion of fragment mass. Evidence that this is-indeed the
case can be found in Ref, 32, where the temperatures for
the Ar + Au reaction at 42, 92, and 137 4 MeV were stud-
ied. The results of this analysis show an approxnmately
constant temperature for 1 < 4 < 14.

If the “accreting source” picture of proton induced re-
actions is correct, then one cannot treat fragment emission
as occurring simultaneously independent of fragmeént

“mass, and use the yield curve to clearly extract informa-

tion about phase transition parameters, Heavy ion reac-
tions are more appropriate for this kind of study because
the larger number of nucleons in the source help sharpen
the transition both in the sense of fluctuations as shown in
Fig. 1 and in the sense of. providing a more uniform
source for fragment emission. :

II1. COUL.OMB TUNNELING

Panagiotou ef al*! have pointed out that the exponent
7 associated with the yield curves increases with decreas-
ing temperature, perhaps in a rather dramatic fashion.
Their plot of + vs T is reproduced in Fig. 4(a), to which a
few extra points have been added. A rather dramatic
point at +=1.7, originally included in Ref. 21, is not
shown in Fig. 4(a) because this point was generated from
data® which was later included in a more complete” data
set, used to generate point U, We omit the earlier data to
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FIG. 4. (a) Temperature dependence of the exponent 7 as

given in Ref. 21. Sce the text for an explanation of labels. (b}
Estimated dependence of r on tunneling through the Coulomb
barrier is given by the curve through the data.



v

122 . $ Lo " "DAVID H. BOAL - | : . 30

-avoid “double counting.” Similarly, a data set® from a
silver target at 5.5 GeV incident proton energy is omitted
heére (as it was in Ref. 21) because the data are included in’
the more complete experiment of Ref, 25.

The authors of Ref. 21 have tried to use as many data

_ sets as possible in their analysis, to avoid the problem of

fluctuations in a small number of data sets generating
spurious behavior, Naturally, there are some drawbacks .

in doing this, and we will briefly comment on three. The
first drawback involves the assignment of a temperature
to a given yield curve (see also, Sec. IV). As was indicated
previously, the actual fragment temperatures (as deter-
mined by thermal model analysis of the high energy frag-

ment differential cross sections) are lower than the inter-

cept temperature, as illustrated in Fig. 2. In Fig. 4(a) an

average of the actual fragment temperatures associated.

with the intercept temperatures P; and P, are shown as
points P} and P5. Clearly, some care must be taken to
ensure that the quoted temperatures are extracted unifor-
mily. Similarly, some of the yield data are available as
¥(Ap) while others are available only as Y(Zy}. Using
the charge instead of the mass in Eq. (1) leads to about a

10% shift in the intercept temperature. Again, caution

must be exercised. - Lastly, binding energy considerations

will begin -to play a large role in fragment emission for .

heavy targets.” Hence, the point labeled U, which has a
uranium target, has much more energy released than the
other points, which are predominantly mass 100 targets.
Some of these effects have been taken into account in
plotting Fig. 4(b). The U point has been dropped because
of the grossly different Q value. Some nominal error bars
have been restored. A new point, labeled .S, has been in-
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FIG. 5. Comparison of "Li and "Be energy spectra in the
P+ Ag reaction at 480 MeV and 90°. Data are from Ref. 30.

~ Coulomb barrier.

" cluded. This point is based on a more complete experi-

ment*® than point S, which allows use of Eq. (1) with
mass rather than charge. Green, Kortehng, and Jackson
fit’* the same rangé of masses as in Ref. 21, namely
A>6.

One sees from Fig, '4(b) that the dip structure hinted at
in Fig. 4(a) is less convincing. Nevertheless, the interest-
ing rise in the exponent at low temperatures remains. Is
this evidence for a phase transition, or is it explicable in
terms of more conventional ideas? The yield curves used
in determining the exponents in Fig. 4 are found by nu-
merically integrating the inclusive differential cross sec-
tion d’e¢/dE dQ. The differential cross section has its
largest value at relatively low energies, in the region of the
For example, the authors of Ref. 30
show that Coulomb effects strongly cut off their heavy
fragment yields in this energy region,

To illustrate the effect, shown in Fig. 5 are the energy
spectra of "Li and "Be at 90° in the p + Ag reaction at 480
MeV. Combinatorial (the relative probability of selecting
the protons and neutrons of the fragment from the silver
target) and binding energy effects (the two nuclei have
similar binding energies) could account for perhaps a fac-
tor of 2 in the relative yields. However, at low energies it
is clear that "Be is substantially suppressed compared to
"Li. Oné possibility, which we will return to in Sec. IV, is
that the temperature associated with the low enerpy part -
of tlie spectrum is much lower than that of the tails.
Another is that the necessity of the "Be to tunnel through
a larger Coulomb barrier than the ’Li suppresses the low
energy-part of the spectrum. If this effect is present for
mass 7, then it should be even stronger for heavier masses.

To see if Coulomb effects can quantitatively explain the
behavior shown in Fig. 4, we perform the following sim-
ple calculation. Suppose that there is a mass distribution

given by Y(Ap)=CAp 8 (where C is a normalization con-

stant) which ‘describes the yield independent of tempera-

‘ture before Coulomb effects are included. - The individual

fragment spectra we will. characterize by a. Maxwell-
Boltzmann distribution in energy. Now, at high tempera-

" tures, the existence of the Coulomb barrier will only have

a major effect on the Jowest energy part 'of the fragment -
spectrum. - As the temperature is lowered, an increasing

fraction of the large Z fragments will be subject to a -
Coulomb barrier in leaving the nucleus. The calculation .

consists of taking the spectrum inside the Coulomb bar-

- tier and modifying it by multiplying by a barrier’ penetra- . -
. tion factor P 4(q), where g is the fragment momentum In ’
" ‘otheér words,” ;

“d3a S RN TR

R .

. d q | outside’ d q inside - . B -
'where the 1ntegra1 of the “inside” distribution’ obeys

Y=CA;%"The integral of the left-hand side then gives
the yield. The penetration factor will be appro:nmated by
exp( thcdx) whiere k=V2m[V(x)—K], V(x} being
the Coulemb barrier-and K the kinetic energy.

The change in the -apparent ‘expoment  for the
10 < AF <20 region is shown as the curve on Fig. 4(b).
The high temperature exponent is chosen as §=2.2 here,

-although it can be obtained from the calculations of Refs. -



17—20. The results depend upon the charge and mass of
the emitting system, chosen to be 25 and 50, respectively,
here, similar to what is found in analysis of the fragment
differential cross sections.>!®*" No attempt was made to
tailor the Coulomb barrier to get a “best fit” to the data.
Similarly, no temperature dependence is given to the

power law exponent before the Coulomb correction is ap-

plied. It should be clear from the curve that if nothing
else, the magnitude of the Coulomb effecs is in the same
range as the variation in 7 obsérved at low temperatures.

IV. DISCUSSION AND CONCLUSIONS

In summai'y, in spite of the growing calculational evi- -
dence that nuclear gas to liquid phase transitions should

be expected in large, Jong-lived assemblies of nucleons,
thére are indications that the nuclear interaction region in-

. volved in proton. induced intermediate mass fragment

emission is both too-small and too short lived to support a
sharp transition. The mass yield curves themselves can be
explained by several models which do not invoke a phase
transition (including condensation without a phase transi-

tion). The change of the yield curves with temperature is

consistent with what one expects from the necessity of the
higher - Z fragments to tunnel through a substantial
Coulomb barrier at low temperature.

It should also be pointed out that the most appropriate
temperature to be associated with a given yield curve may
not be the temperature found in the thermal model
analysis of the high energy tails. The yield has a very
large contribution from the low energy part of the spec-
trum, which may have a substannally lower temperature
than the tails. This was pointed out in Ref. 8, wherein the
yields of several isobars were fitted and found to show a
low temperature. For example, in Fig. 5, combinatorial
effects alone indicate that the ’Li/’Be ratio should be
about 1.3 assuming that the fragments originate from a 40
nucleor parent with the samie p/n ratio as silver. If the
remalmng 'difference between the differential cross sec-

tions in the tails is attributéd to exp{ —ABE/T), where

ABE i the difference in binding energies of the fragment
' plus residual -nucleus -for each fragment (av_eraged over
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l"7Ag and 1OgAg parents); then T~9 MeV. However, the
ratio of the yields is about 5, much higher than the ratic
of the differential cross section tails. If the same argu-
ment is used, then the temperature associated with the
yields is 3 MeV compared to T~ 14 MeV from Fig. 2.
Presumably this low value is an indication that the low
energy. part of the spectrum, which contributes a sizable
fraction ‘of the yield, has:a large evaporative component.
Whatever the origin of the effect, it demonstrates that the
temperature scale in Fig. 4 might be much lower.

Clearly, for experimental evidence of the liquid-vapor
transition to be convincing, the ambiguities outlined above
should be avoided. Heavy ion reactions would be prefer-
able to proton induced reactions as the former both would
provide a larger multiplicity which, in turn, should give a
sharper transition, and would give a2 more uniform fréeze
out condition. In proton induced reactions it remains
troublesome that the source appears to accrete nucleons
with time, and is only about double or triple the fragment_
mass: fragmentation in this picture looks more like fis-
sion. Because of the large change in Q value as the target
mass enters the mass 200 range, a mix of targets which in-

-cludes this mass range should obviously be avoided.

It would" also be useful to limit the effects of Coulomb
tunneling as much as possible. One procedure would be to
fit ‘the high energy tails of the differential cross section
with a single source model and then determine the yield
from the normalization, as was done for (p,p’) in Ref. 29.
This would also allow a cleaner association of a tempera-
ture with the yield curve, since the temperature ambiguity

" associated with the low energy part of the spectrum could

be avoided.

ACKNOWLEDGMENTS

The author wishes to thank the theory, group of the cy-

“clotron laboratory at Michigan State University for their

hospitality while this work was completed, and R. G.

Korteling for useful dlscusstons of the Coulomb effect.
This work “was supported in part by the Natlonal
Research Council of Canada.  ~ ‘

*Permanent . address: Physlcs Depariment, * Simon Fraser
University, Burnaby, British Columbia, Canada V5A 186,

1P; Danielewicz, Nucl: Phys. A314, 465 (1979).. -

©O2M. W, Curtin, H. Toki, and D. K Scott Phys. Lett. 123B, 289

- (1983). - 5

3H. Jaqaman AZ Mekpan, and L. Zamick, Phys, Rev. C 27,

. 2782 (1983). :
" 4G. Bertsch and P. . Siemens; Phys Lett 126B 9(1983).

\

5A. L. Goodmarn, J. 1. Kapusta, and A. Z. Mekjian, Lawrenceﬁ

Berkeley Laboratery Report LBL-16471, 1983. :
1. E. Finn, 5. Agarwal, A. Bujak, J. Chuang, L. J. Gutay,A S.
" Hirsch, R. W. Minich, N. T. Porile, R. P. Scharenberg, B. C.

Stringfellow, and F. Turkot, Phys. Rev. Lett. 49, 1321 (1982). .
R. W. Minich, S. Agarwal, A. Bujak, J. Chuang, J. E. Fimn, L.

J. Gutay, A. S. Hirsch, N. T. Porile, R. P. Scharenberg, B. C.
Stringfellow, and F. Turkot, Phys. Lett. 118B, 458 {1982).
34, 8. Hirsch, A. Bujak, J. E. Finn, L. J. Gutay, R: W. Minich,

N “T. Porlle, R P Scharenberg, B.C. Strmgfe]]ow, and F
Turkot, Phys. Rev. C 29, 508 (1984). .

9M. E, Fisher, Physics (N.Y.) 3, 255 (1967)..

10R. E. L. Green and R. G. Kortelmg, Phys. Rev. C 22, 1594
(1980). -

1B, M. Lifshitz and L. P Pltaevsku, Stat:sttcal Phystcs {Per-
gamon, New York, 1980). '

) 12H Sticker, G. Buchwald, G. Graebner, P. Subramaman, LA -
" ‘Marnhn, W, Greiner, B. V. Jacak, andG D. Westfall, Nucl.

* ‘Phys. A400, 63c (1983).
13H..S. Kchler, Nucl. Phys. A378 159 (]982) A378, 181 (1982).
4G. F. Bertsch anid J. Cugnon, Phys. Rev. C24 2514 (1981).

: 15D. H. Boal, Phys. Rev, C 29, 967 (1984).

16M.. W, Curtin, H. Toki, and D. K. Scott, M1ch1gan State
University Report MSUCL-426,. 1983,

1D, H. Boal, Phys. Rev. C 28, 2568 (1983).

18], Aichelin and J. Hiifner, Phys. Lett. B 136, 15 (1984); J.



124 . DAVID H. BOAL o 30

- Aichelin, J. Hiifner, and R. Ibarra, Phys. Rev. C 30 107
(1984). _

198. V. Jacak, H. Sticker, and G. D. Westfall, Phys. Rev. C 29,
1744 (1984),

20w.- A. Friedman and W. G. Lynch Phys. Rev. C 28, 950
(1983} D. J. Fields and W. G. Lynch (private communica-
tion),

214, . Panagiotou, M. W, Curtin, H. Toki, D. K. Scott, and P.
1. Siemens, Phys. Rev. Lett. 52, 496 (1984).

22H, H. Gutbrod, A. I. Warwick, and H. Wieman, Nucl. Phys
A387, 177 (1982).

23, B. Chitwood, D: 1. Fields, C. K. Gelbke, W G. Lynch, A.

D. Panagiotou, M. B. Tsang; H. Utsunomiya, and W. A.

Friedman, Phys. Lett. 131B, 289.(1983)."

2E. N. Vol'nin et al., JETP Lett. 19, 357 (1974).

35G. D. Westfall, R. G. Sextro, A. M. Poskanzer, A. M. Zebel-
man, G. W. Butler, and E. K. Hyde, Phys. Rev. C 17, 1368

(1978).

26A, M. Poskanzer, G. W. Butler, and E. K. Hyde, Phys. Rev. C
3, 882 (1971).

27For a review, see S. Das Gupta and A, Z. Mek_]lan, Phys. Rep.
72, 131 (1981).

2D, H. Boal, in Advances in Nuclear Physics, edited by J. W,
Negele and E. Yogt (Plenum, New York, in press).

29D, H. Boal and J. H. Reid, Phys. Rev. C 29, 973 (1984).

30R. E. L. Green, R. G. Korteling, and K. P, Jackson, Phys.
Rev, C 29, 1806 (1984). '

313. Aichelin {(private communication).

328, V. Jacak, G. D. Westfall, C. K. Gelbke, L. H. Harwood,
W. G. Lynch, D. K. Scott H. Stocker, M. B. Tsang, andT J.
M. Symons, Phys. Rev. Lett. 51, 1846 (1983).

33E, K. Hyde, G. W. Butler, and A. M, Poskanzer, Phys. Rev. C
4, 1759 (1971).



