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Approach to criticality in the fragmentation of xenon by 1—19 GeV protons
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Differential cross sections for the emission of intermediate-mass fragments (3 ~ Zf ~ 14) at 48.5
and 131.5 in the interaction of xenon with 1 —19 GeV protons have been measured. The excitation
functions rise sharply with energy up to —10 GeV and then level off. The energy spectra were fitted
with an expression based on the phase transition droplet model. Excellent fits with reasonable pa-
rameters were obtained for E~ 9 GeV. Below 6 GeV, the fits show an increasing contribution with
decreasing energy from another mechanism, believed to be binary breakup. A droplet model fit to
the cross sections ascribed to the multifragmentation component is able to reproduce the variation
of the yields with both fragment mass and proton energy. The results are interpreted in terms of the
phase diagram of nuclear matter.

I. INTRODUCTION

The emission of intermediate-mass fragments (IMF) in
reactions induced by energetic protons and heavy ions
has been a subject of recent interest. In a study of IMF
emission in the interaction of 80—350 GeV protons with
krypton and xenon, we reported that the fragment mass
yield distribution obeys a power law, o(AI) cc AI
(Ref. l). Since clustering according to a power law with
an exponent of 2.0—2.5 is displayed by many systems near
their critical point, we proposed that fragment forma-
tion could be viewed in analogy to the density Auctua-
tions and clustering expected in a liquid-gas system near
its critical point. The successful description of the isoto-
pic and isobaric fragment yield distributions by an
adaptation of Fisher's one-component droplet model lent
further credence to this hypothesis. Additional experi-
mental support has been provided by Warwick et al. ,

'

who showed that IMF emission in the interaction of rela-
tivistic projectiles involves a multibody breakup process.
Fragment emission has been treated theoretically in the
context of the liquid-gas phase transition by a number of
authors. " ' Alternative explanations of some of the
data on the basis of multiparticle phase-space calcula-
tions, rate equation estimates, dynamical calculations,
fast breakup models, and percolation models have also
been given. '

Our previous experiment on IMF emission was per-
formed in the limiting fragmentation energy regime. It is
known from radiochemical experiments ' ' that the
cross sections for IMF production by protons begin to
decrease as the bombarding energy decreases below
10—20 GeV towards an effective threshold of several hun-
dred MeV. Furthermore, significant changes in mecha-
nism occur at these lower energies. For example, the an-
gular distributions change from forward-peaked at ener-
gies up to a few GeV to sideward-peaked above 10
GeV, ' and the energy spectra show a concomitant
broadening and shift towards lower energies, particularly
for heavy IMF from heavy-element targets. These ob-

servations make it of interest to examine IMF production
in the context of the liquid-gas phase transition at ener-
gies below 20 GeV where other mechanisms, such as
binary breakup, presumably also contribute to IMF pro-
duction.

Relatively few measurements of IMF energy spectra
have been reported for incident protons below 20 GeV.
Poskanzer and collaborators have reported results at
5 GeV for silver and uranium, targets. More recently,
Korteling and coworkers ' studied IMF production in
the interaction of silver with 0.2 —0.5 GeV protons. We
report here the results of an experiment on IMF produc-
tion in the interaction of xenon with 1 —19 GeV protons
performed in the internal beam of the Brookhaven Alter-
nating Gradient Synchrotron (AGS). We used a xenon
gas jet target, a technique we first employed to study IMF
production at Fermilab. ' This technique is ideally suit-
ed to study the evolution of IMF production with in-
creasing energy in the near-threshold regime because re-
sults can be obtained over a nearly continuous range of
energies. Preliminary reports of our results have been
published elsewhere. '

II. EXPERIMENTAL

The experimental procedure has been described in de-
tail in a previous report. Briefly, the experiment was
mounted in a 2.5 m long straight section of the AGS.
The gas jet target consisted of a xenon-hydrogen mixture
containing 1% or 3% xenon. Typically, the jet was fired
for 50 ms during each AGS acceleration cycle, sampling
a 2—4 GeV/c wide beam momentum interval. The inter-
val limits could be moved between 2 and 20 GeV/c by ad-
justing the start of the jet pulse relative to beam injection.
The gas inlet pressure was set at 25 psi (gauge). Approxi-
mately 80'Fo of the gas in the jet was collected in a 1000 L
buffer volume maintained at high vacuum by two
unbafBed 5600 L/s oil diffusion pumps. The remaining
gas was pumped away by additional pumps attached to
the target box and in differential pumping chambers lo-
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cated between the target box and the main ring. Small
amounts of gas entering the main ring were removed by
the AGS pumps. The target box pressure increased to a
peak value of 4X 10 Torr between beam pulses. An au-
tomatic gate valve interlock system was installed in order
to isolate the main ring from the experimental apparatus
in case of a sudden vacuum failure.

The target thickness was found to be (2.5+0.2) X 10'
atoms/cm ( —15 ng/cm ) and the FWHM of the jet in
the interaction region was 11.8+0.1 mm. These values
were based on the number of recoil protons from p-p elas-
tic scattering with the hydrogen component detected in
two AE-E-Veto silicon surface barrier monitor telescopes
located at 84.8' to the beam. The various detectors were
chosen to cover a proton energy range of 5 —19 MeV in
one telescope and 8 —28 MeV in the other, values that
span the range of recoil energies expected for interactions
with 2 —20 GeV/c protons. The monitor telescopes were
also used to optimize the radial position of the jet relative
to the beam. This was accomplished by determining the
recoil proton count rate as a function of the jet radial po-
sition and choosing the position yielding the maximum
rate. These jet scans were usually performed after the
weekly AGS maintenance shutdowns and whenever the
bombarding energy interval was changed.

Two identical telescopes, mounted at 48.5' and 131.5'
to the beam, were used to measure the energy spectra of
elementally resolved fragments with atomic number in
the Z&=3 —14 range. The telescopes consisted of a
Frisch grid ionization chamber backed by a silicon sur-
face barrier E detector. Fragments entered the ionization
chamber through an unsupported 80 pg/cm polypro-
pylene window, (Ref. 46) 1.9 cm in diameter. The pres-
sure inside the ionization chamber was maintained at 20
Torr by a Aow of P-10 counting gas. The silicon detector
had an active area of 300 mm, which provided a solid
angle of -2.1X10 sr, and was 1 mm thick. The per-
formance of the detectors was monitored with 'Am o,'-

particle sources mounted inside the ion chambers and
with pulsers. The chambers could be isolated from the
main ring by gate valves connected to the automatic in-
terlock system. Small adjustments to the telescope
centerlines could be made remotely in order to ensure
that the detectors viewed the region of maximum beam-
jet interaction. These telescope scans were performed fol-
lowing the adjustments in the jet position mentioned
above.

The electronics and data acquisition system are de-
scribed in detail elsewhere. The acquisition program
was a modified version of the code SNAP. Event infor-
mation was written onto magnetic tape for subsequent
off-line analysis. We detected approximately 10 frag-
ments with Z ~ 3 during five months of data taking.

The analysis of the data involved the charge
identification of the IMF on the basis of the usual band
separation obtained in AE versus E plots. Fragment en-
ergies were corrected for energy losses in detector win-
dows and for pulse height defect in the silicon detector.
The number of observed fragments of given charge and
energy was corrected for multiple scattering losses.
Differential cross sections were obtained relative to the

p-p elastic cross section on the basis of the number of pro-
tons detected in the monitor telescopes. Protons ob-
served in these telescopes were separated from other
Z=1 and Z=2 particles on the basis of the AE-E mea-
surements. The proton energy spectra were fitted with a
Gaussian representing the elastic component and an
empirical background function representing inelastic pro-
tons originating in interactions with xenon. The final
IMF results were binned into 11 incident proton energy
intervals spanning the 1.3—19.1 GeV range. The interval
limits are given in Table I.

III. RESULTS

Typical fragment energy spectra are displayed in Fig.
1. The low-energy cutoff arises from detector thresholds
and energy losses in the foils preceding the detectors.
The curves through the data are the result of a thermal
model fit, described in Sec. IV A. These curves were used
to estimate the unmeasured portions of the spectra, there-
by permitting the determination of the differential cross
sections. The unmeasured contribution increased from
approximately 3%%uo of the total for Li fragments to -40%
for Si fragments. The values of do. /dQ are tabulated in
Table I. The quoted errors are statistical and are based
on the number of events in both fragment and monitor
telescopes. The uncertainties in the estimate of the yields
of low-energy fragments are believed to be —10%, con-
tributing uncertainties of 0.3 —4% to the overall
differential cross sections. The systematic variation with
fragment Z of the Coulomb parameters in the thermal
fits, which are determined primarily by the low-energy re-
gion of the spectra, confirms that these uncertainties can-
not be large. Systematic errors are -25% and are
comprised chieAy of the uncertainty in the alignment of
the telescopes with the jet/beam interaction region and of
the uncertainty in the uniformity of the gas jet mixture.

Figure 2 shows the dependence on mass and proton en-
ergy of the differential cross sections obtained at 48.5'.
Qualitatively similar results are obtained at 131.5'. In
making this plot the fragment atomic numbers were con-
verted to average mass numbers on the basis of the isoto-
pic yields of IMF previously obtained by us in p-Xe col-
lisions at Fermilab. The values of the cross-section
weighted average mass numbers ( A& ) corresponding to
given charges Z& are listed in Table I. The fragment
yields in Fig. 2 increase with decreasing mass number as
well as with increasing proton energy. The increase with
energy is particularly pronounced at the lower energies;
the cross sections are nearly constant above 10 GeV.

The differential cross sections are shown in further de-
tail in Fig. 3, which displays the excitation functions of
Li-0 fragments. The points at 80 GeV are from our pre-
vious Fermilab experiment. Although the Fermilab data
were obtained at 34', the Aatness of the fragment angular
distributions from medium mass targets at forward an-
gles ' makes it reasonable to compare the two sets of
data. The Fermilab cross sections are in good agreement
with the higher energy AGS values, showing that an
internal gas jet target can indeed yield reliable results
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TABLE I. Differential cross sections for the emission of fragments in p-Xe interactions.

1.3—2.0 2.0-2.7 2.7—3.4 3.4—4. 1

Zf

3
4
5
6
7
8
9

10
11
12
13
14

7.04
9.04

11.09
12.82
15.10
17.06
19.66
21.58
23.72
25.70
27.96
30.81

1.321+0.110
0.543+0.046
0.495+0.042
0.383+0.033
0.208+0.019
0.142+0.013
0.0892+0.0087
0.0819+0.0081
0.0729+0.0074
0.0706+0.0072
0.0458+0.0051
0.0461+0.0051

2.289+0. 197
1.040+0.090
0.977+0.085
0.790+0.069
0.471+0.042
0.310+0.028
0.224+0.021
0.205+0.019
0.178+0.017
0.163+0.016
0.121+0.012
0.117+0.012

3.537+0.303
1.645+0. 142
1.590+0.137
1.299+0.112
0.803+0.070
0.570+0.050
0.362+0.033
0.370+0.033
0.312+0.029
0.319+0.029
0.271+0.025
0.269+0.025

4.818+0.413
2.323+0.200
2.210+0.191
1.849+0. 160
1.146+0.100
0.838+0.074
0.527+0.048
0.541+0.049
0.480+0.044
0.423+0.039
0.390+0.037
0.370+0.035

3
4
5

6
7
8
9

10
11
12
13
14

7.04
9.04

11.09
12.82
15.10
17.06
19.66
21.58
23.72
25.70
27.96
30.81

0.571+0.048'
0.255+0.022
0.253+0.022
0.205+0.018
0.119+0.011
0.0775+0.0075
0.0484+0.0050
0.0490+0.0051
0.0372+0.0041
0.0436+0.0046
0.0475+0.0050
0.0297+0.0035

1.056+0.091
0.530+0.046
0.515+0.045
0.436+0.038
0.256+0.023
0.171+0.016
0.105+0.010
0.114+0.011
0.0946+0.0094
0.0948+0.0094
0.0651+0.0068
0.0798+0.0082

1.688+0. 145
0.786+0.068
0.805+0.070
0.680+0.059
0.421+0.037
0.29&+0.027
0.184+0.017
0.184+0.017
0.165+0.016
0.154+0.015
0.143+0.014
0.119+0.012

2.313+0.198
1.086+0.094
1.159+0.101
0.957+0.083
0.589+0.052
0.425+0.038
0.284+0.026
0.297+0.027
0.273+0.026
0.262+0.025
0.186+0.018
0.188+0.019

4.1 —4.9

5.854+0.503
2.875+0.249
2.786+0.242
2.250+0. 196
1.424+0. 126
1.024+0.092
0.649+0.060
0.672+0.061
0.572+0.054
0.545+0.052
0.465+0.045
0.449+0.044

4.9—5.6

7.562+0.919
3.744+0.458
3.661+0.448
2.963+0.364
1.798+0.223
1.198+0.151
0.774+0.099
0.835+0.107
0.720+0.093
0.697+0.091
0.464+0.062
0.545+0.073

8.7—10.1

11.421+0.692
5.218+0.324
4.998+0.310
4.069+0.255
2.517+0.164
1.718+0.115
1.128+0.080
1.144+0.081
0.915+0.067
0.945+0.070
0.704+0.055
0.671+0.054

10.1-11.4
11.453+0.695
5.339+0.331
5.067+0.315
4.178+0.262
2.663+0.173
1.866+0. 124
1.179+0.084
1.157+0.082
0.939+0.069
0.&04+0.061
0.755+0.059
0.612+0.050

14.0—15.1

13.158+0.790
6.265+0.381
5.884+0.359
4.909+0.301
3.080+0. 193
2.225+0. 142
1.458+0.096
1.346+0.090
1.150+0.079
1.105+0.076
0.877+0.063
0.924+0.066

15.1-16.2

13.876+0.834
6.475+0.394
6.196+0.378
5.178+0.317
3.203+0.201
2.248+0. 144
1.428+0.095
1.381+0.093
1.158+0.080
1.100+0.077
0.913+0.066
0.844+0.062

17.1-19.1

12.830+0.781
6.150+0.384
5.706+0.357
4.661+0.295
2.893+0.191
2.061+0.140
1.283+0.093
1.316+0.096
0.907+0.071
0.952+0.074
0.694+0.058
0.641+0.055

2.137+0.185
1.285+0. 113
1.339+0.118
1.153+0.102
0.736+0.067
0.496+0.046
0.335+0.032
0.393+0.037
0.271+0.027
0.311+0.030
0.209+0.022
0.263+0.027

3.053+0.373
1.472+0. 182
1.530+0.189
1.335+0.166
0.815+0.103
0.575+0.074
0.364+0.049
0.375+0.050
0.359+0.048
0.314+0.043
0.195+0.028
0.259+0.036

5.887+0.360
3.023+0. 190
2.977+0. 189
2.528+0. 161
1.621+0.107
1.201+0.081
0.777+0.056
0.790+0.057
0.652+0.049
0.591+0.045
0.557+0.044
0.495+0.040

6.215+0.379
3.084+0. 194
3.177+0.201
2.725+0. 173
1.697+0. 112
1.196+0.081
0.806+0.058
0.868+0.062
0.609+0.047
0.587+0.045
0.573+0.044
0.491+0.040

6.644+0. 391
3.421+0.208
3.542+0.215
2.957+0.177
1.928+0. 119
1.347+0.085
0.865+0.058
0.880+0.059
0.759+0.052
0.747+0.052
0.649+0.046
0.620+0.045

6.885+0.406
3.618+0.220
3.923+0.238
3.081+0.185
1.960+0.121
1.371+0.087
0.908+0.061
0.915+0.062
0.770+0.054
0.771+0.054
0.616+0.045
0.707+0.051

4.785+0.295
3.316+0.208
3.737+0.235
3.129+0.198
2.074+0. 135
1.427+0.096
0.892+0.064
0.895+0.064
0.782+0.058
0.685+0.052
0.682+0.053
0.557+0.045

'Differential cross sections in mb/sr.
OI,b

=48.5'.
'9),b=131.5 .
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FIG. 1. Energy spectra of Be and Ne fragments emitted at
48.5' to the beam in p«Xe interactions. The proton energy inter-
val is 10.1 —11.4 GeV. The curves are the result of a thermal
model fit described in the text.
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that are independent of the vastly different beam pro51es
at the two accelerators.

Figure 4 shows the energy dependence of the ratio of
differential cross sections at 48.5' and 131.5 for Be and 0
fragments. The forward-backward ratios go through a
maximum in the vicinity of 5 CxeV and tend to decrease
with increasing fragment charge. The observed energy
dependence is qualitatively similar to that exhibited by
numerous forward-backward emission ratios of fragmen-
tation and deep spallation products, ' ' ' and may
reflect a similar change in angular distribution as seen in
the experiments cited above, ' i.e., from forward- to
sideward-peaked.
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FfG. 3. Excitation functions for Li-0 fragments emitted at
48.5 to the beam. The point at 80 GeV is taken from the Fer-
milab experiment (Ref. 6). The dashed curves below 6 GeV
represents the contribution of the multifragmentation mecha-
nism.
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FIG. 2. Dependence of fragment yields at 48.5' on mass num«

ber and proton energy.
FIG. 4. Proton energy dependence of the ratio of differential

cross sections at 48.5' and 131.5 of Be and O fragments.
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IV. DISCUSSION

A. Thermal model fits to fragment energy spectra

In our previous Fermilab experiment, we successfully
fit the fragment kinetic energy spectra with an expression
based on a thermal droplet model, in which fragment
emission is pictured as a multibody breakup of t;he rem-

nant with mass A„ formed in the initial proton-xenon in-
teraction. The kinetic energy distribution consists of a
convolution of two Maxwellian distributions averaged
over a distribution of Coulomb repulsion energies, 8.
The high-energy Maxwellian is characterized by a slope
parameter T, that rejects the nucleon mean-square
momentum in the remnant system. The low-energy
Maxwellian is characterized by a slope parameter T2.
The fitting function is

cm ' max=N(E„ /E, )' f P(B)dB
lab

E —8
X g' E —8 ' exp

0

V6
exp

Tf

v(E,— B —e—)
d E

T2
(l)

where N is an overall normalization constant, v is a recoil
correction factor, v=(l —Af/A„) ', E is the energy as-
sociated with the high-energy Maxwellian, and the center
of mass energy E, is

E, =E„b+(—,
'

) Afp —2[E„b(—,
'

) Afp ]'~ cos8 .

The value of p was obtained from the kinematic shift in
the spectra peaks obtained at the two values of the labo-
ratory angle 0.

The distribution of Coulomb energies was obtained on
the basis of a geometric model, in which the Coulomb en-
ergy of a fragment is assumed to depend on its position
within the remnant at breakup. By arguing that the
probability to form a fragment at a particular point
within the remnant is directly related to the remnant den-
sity distribution, assumed to be Gaussian, we
parametrized the Coulomb probability distribution as

R
(3)

20R
P(B) cx exp—

ZrZf eB(R)= (R +3RRf), (4)
T

where Z„and R„are the change and radius of the rem-
nant, respectively, and Zf and Rf are the corresponding
quantities for the fragment. This expression assumes that
the remnant and fragment have the same charge distribu-
tion. The radii were obtained on the' basis of a nuclear
radius parameter ro=1.2 fm. The upper limit of the
Coulomb energy integral in Eq. (l) represents the smaller
of E, and B,„,where B,„ is simply B(R) evaluated
at R „=R„—Rf. The present formulation of Coulomb
smearing adds just one adjustable parameter to the fit,
i.e., cr&.

L

where R is the distance between the centers of the rem-
nant and fragment at breakup. The standard deviation of
the distribution, ~~, is closely related to the most prob-
able value of R. The center-of-mass fragment kinetic en-
ergy due to the Coulomb repulsion between the charge
inside the fragment sphere and the rest of the system is"

The various spectra were fitted with Eq. (l) using the
code MINUIT. The parameters obtained from the fit to
each spectrum are T&, T2, o.~, and the overall normaliza-
tion. The charge and mass of the remnant, Z„=48 and
A, = 115, were obtained from the fragment mass depen-
dence of the slope parameter T„as described in detail in
our previous work.

The fitted curves have been compared with the spectra
in Fig. 1. Additional comparisons are shown in Fig. 5.
The parametrization based on our model gives excellent
fits to the data obtained for proton energies above 9 GeV.
The high-energy slope parameter T, is 15.6+0.5 MeV at
48.5, and 12.0+0.4 MeV at 131.5'. Both values are in-
dependent of fragment charge and proton energy over the
entire energy regime. This can be seen in Fig. 6, which
shows a semilog plot of the spectra of N and I' fragments
as a function of proton energy, focusing on the high-
energy tails. The constancy of the slopes demonstrates
that T, is independent of incident proton energy. This
fact reinforces the notion that Ti is nonthermal in origin.

The values of T2 also are independent of fragment Z
and proton energy (above 9 GeV). The values obtained at
48.5' and 131.5' are 2.2+0.2 MeV and 4.4+0.5 MeV, re-
spectively. (The values for Li fragments are -4 MeV at
both angles. ) The values of the most probable Coulomb
energy, B, i.e., the Coulomb energy evaluated at the
most probable location of the fragment within the rem-
nant at breakup, were obtained from the fitted values of
o.z and are plotted as a function of fragment charge in
Fig. 7. The values are small ( 830%%uo) compared to the
tangent-spheres values, as expected from the assumed
multibody nature of the breakup.

The values of p obtained from the kinematic shift in
the spectra are plotted versus proton energy in Fig. 8.
Since there is no discernible trend with Zf, we have aver-
aged the results obtained for individual fragments. The
values of p increase with proton energy up to E~ -3 GeV
and decrease at higher energies. Evidently, the longitudi-
nal momentum transferred to the remnant in the initial
interaction peaks at -3 GeV. This behavior is qualita-
tively similar to that displayed by the ratio of fragment
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yields at forward and backward angles, and has been ob-
served in previous studies. ' ' ' We defer further dis-
cussion of the P values to Sec. IV C.

B. A second mechanism at low proton energies

Figure 9 extends the comparison of the fragment ener-

gy spectra with the droplet model to proton energies
below 6 GeV. The curves were obtained with the same
numerical values of the parameters as the higher energy
fits. With decreasing proton energy, the peak narrows
appreciably and the low-energy side of the spectra be-
comes somewhat concave. However, as already noted in
Fig. 6, the high-energy tails have the same slope as at
higher energies. As shown in the figure, we were unable
to fit these data with the parametrization of Eq. (1). To
explore whether changes in the parameters of the model
could lead to acceptable fits, we allowed all four parame- 0 (Ei.b Eo )'

2cr b

ters in Eq. (1) to vary freely. The results are shown in

Fig. 10. Note that the calculated curves underestimate
the peak intensity but overestimate the yield of both low-
and high-energy fragments. In addition, the fitted peak
energy is too low. The reduced y value for the best of
these fits is —15 compared to values of —1.5 for the
higher proton energy fits.

The discrepancy suggests that a second mechanism
may be contributing to the fragment yields at low ener-
gies. Indeed, there is both theoretical and experimental
evidence for fragment emission in a binary process at in-
termediate energies. Moretto has described fragment
emission as part of the continuum of statistical breakup
processes ranging from evaporation to binary fission.
The predicted kinetic energy spectra change from
Maxwellian to Gaussian with increasing fragment charge
and mass. More recently, Gross et aI. examined the
decay channels of hot nuclei on the basis of a statistical
microcanonical model. These workers find that binary
breakup should give way to multifragmentation at excita-
tion energies attainable in the collision of GeV protons
with nuclei. The experimental evidence indicates that in
intermediate-energy heavy-ion reactions light fragment
emission is the result of a binary process. However,
at higher energies fragment emission involves a multi-

body breakup. ' Furthermore, the spectra of light frag-
ments with Z ~ 5 emitted in intermediate-energy reac-
tions are symmetric and Gaussian-like, in accord with
the predictions.

In view of these results, we have assumed that the
discrepancy depicted in Figs. 9 and 10 reAects the addi-
tional contribution of a binary breakup process. As not-
ed above, the energy spectrum of fragments emitted in
this process can be characterized by a Gaussian,

-2
lO I I I I ) I I I I I I I I I I I I I I

I I

lo + & I I t I & I I I I I I I 1 I I I I I
0 5 l0 l5 20

Ep (GeV)

FICx. 8. Proton energy dependence of the velocity P of the
remnant. The crosses are the result of a moving source calcula-
tion described in the text.

The spectra obtained for 1.3—5.6 GeV protons were fitted
with the sum of Eqs. (1) and (5). The most accurate
determination of the relative contribution of the two
mechanisms was made by minimizing the number of
Gtted parameters. Since the values of T2 and o.~ were
found to be virtually independent of energy and fragment
Z above 9 GeV, we used the average values obtained at
these energies to fit the spectra below 6 GeV. In addi-
tion, we have already noted the constancy of T, over the
entire proton energy regime covered in this experiment.
Thus there are only four free parameters, the two nor-
malizations, Eo and o.b.

Figure 11 shows the resulting fits to the spectra
displayed in Fig. 9. The combined parametrization gives
an excellent fit to the data obtained for all fragments at
both forward and backward angles. The values of g per
degree of freedom are —1.5, a factor of 10 lower than
those for the fits based on the multibody breakup model
alone.

Figure 12 shows the dependence on proton energy of
the fractional contribution of the multibody breakup pro-
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cess to the total fragment yield at forward and backward
angles. The results have been averaged over all frag-
ments. The 6gure shows a definite increase in the mul-
tifragmentation fraction with energy, ranging from ap-
proximately 50%%uo at 1.6 GeV to -90% at 5.3 GeV, virtu-
ally independent of angle. The inclusion of a Gaussian
component in the fits for E &9 GeV gave a maximum
contribution of 2% for this component. Figure 3 shows
the excitation functions for the multifragmentation com-
ponent. The cross sections drop steeply at low energies
towards a threshold in the vicinity of 1 GeV and level o6'
above 10 GeV. In contrast, the excitation functions for
the binary component must have a substantially lower
threshold and must either peak or level off at a few GeV.

Figure 13 shows the variation with fragment charge of
the most probable energy Eo of the Gaussian distribu-
tion, averaged over all proton energy intervals. In a
binary breakup model, the most probable energy must be
close in value to the Coulomb energy arising from the
repulsion between the two fragments. &e note that the
values of Eo show the expected increase with fragment Z
and, for a given Z, are substantially larger than the most
probable fragment Coulomb energies associated with the
multibody breakup process, (see Fig. 7). This result sup-
ports our picture of the two mechanisms, since the break-
up of a given remnant into two fragments should involve
a higher Coulomb repulsion energy than its breakup into
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more than two fragments.
We have also parametrized the spectra of the binary

component by a Maxwellian, since the fragment spectra
reported by Green et al. for the interaction of silver
with 480 MeV protons are closer to being Maxwellian
than Gaussian. Qualitatively similar results are obtained
although the fits are not as good as those shown above.

lop—

C. Energy and momentum transfer in fragmentation

The results of our experiment indicate that IMF emis-
sion in proton reactions is a phenomenon observed pri-
marily at GeV energies. It is of interest to examine the
nature of the interaction of GeV protons with nuclei in
order to determine which factors are responsible for the
occurrence of fragmentation.

Figure 14 shows a comparison between a typical IMF
excitation function and that for the p-p inelastic cross sec-
tion. Both cross sections show a similar rapid rise with
energy although the p-p cross section reaches a plateau by
2 GeV while the IMF cross section continues to rise until
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FIG. 12. Dependence on proton energy of the fractional con-
tribution of multifragmentation to the fragment yields at 48.5
(open circles) and at 131.5' (solid circles). The arrow shows the
lower limit of this contribution above 9 GeV.
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FIG. 13. Dependence on Zf of the most probable energy Eo
of the Gaussian component.
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and the average source velocity p, is

pine

E;„,+vM„

p= p(,b

A„+A,
A„

A,

r
L

(8)

where A, and A, are the mass of the source and rem-
nant, respectively, and p&,b, the velocity of the target-
proton composite, is

where AT is the target mass, p;„, and E;„, are the in-

cident proton momentum and energy, and M„ is the nu-

cleon mass. The value of p can be obtained from that of
p, by conserving the momentum between the moving
source and the remnant

FIG. 14. Comparison of the energy dependence of IMF cross
sections (solid circles), the p-p inelastic cross section, and the
calculated (Ref. 60) energy loss in p-nucleus central collisions
(open circles).

v=(3 to 5)A'i (6)

—10 GeV. This similarity in behavior, which was al-
ready noted in the early radiochemical studies of frag-
ment emission, suggests that inelastic nucleon-nucleon
scattering plays an important role in initiating IMF emis-
sion.

A more detailed picture is provided by Cugnon, who
examined the energy loss of high-energy protons interact-
ing with nuclei by means of an intranuclear cascade cal-
culation. Cugnon finds that the number of collisions
made by an incident proton in central collisions increases
with bombarding energy up to —10 GeV. Evidently,
multiple p-nucleon inelastic collisions are of importance
in this energy regime. These collisions provide an
e%cient mechanism for depositing energy in the nucleus.
Thus, as shown in Fig. 14, the fragment excitation func-
tions scale with the calculated energy loss in central col-
lisions suggesting that fragmentation results from interac-
tions in which the incident proton loses a large amount of
energy in the target nucleus.

The variation with bombarding energy of p, the veloci-
ty of the remnant, can be examined in light of the results
of Nakai and collaborators. ' These workers find that in
approximately 30% of the interactions of 1 —4 GeV had-
rons with nuclei the incident particle is stopped by the
nucleus. About 75% of the incident energy is carried off
by a moving source of nucleons and mesons leaving
behind a highly excited remnant. The observed charged
particle multiplicity is much higher in interactions of this
type than in those in which a leading particle is emitted,
indicating the occurrence of central collisions. Since
multifragmentation occurs in high-multiplicity interac-
tions, ' we shall assume that fragment emission is associ-
ated with interactions in which there is a moving source.
The size of the moving source v is parametrized as

pine

( AT+ l)M„

Values of p were obtained by means of Eq. (8) with A,
obtained from the value of v given in Eq. (6). The results
are given by the crosses in Fig. 8. The values of p ob-
tained from the moving source fits decrease more sharply
with decreasing proton energy than the experimental
values. The observed discrepancy is an indication that
the moving source must decrease in size with decreasing
proton energy. Thus, instead of a constant value of
v-20, as expected from Eq. (6), the data require that v
decrease monotonically to approximately four at the
lowest energy.

The results of Nakai et al. ' unfortunately do not ex-
tend to energies substantially higher than the peak in P.
Thus, any discussion of the decrease in p with increasing
proton energy observed beyond -3 GeV is necessarily
speculative. The observed behavior can be reproduced on
the assumption that the incident proton "punches
through*' the nucleus in central collisions once its energy
exceeds approximately 4 GeV. The values of Phb would
then decrease and, on the assumption that the size of the
moving source saturates at this energy at the value given
by Eq. (6), the values of p in Eq. (8) would decrease in a
manner consistent with our data.

Comparison of Fig. 8 and Fig. 14 indicates that while
the maximum momentum transfer associated with frag-
ment emission occurs at E -3 GeV, the excitation ener-

gy does not saturate until —10 GeV. This difference may
indicate that the captured spray particles associated with
the ejection of fast particles increase in energy and/or
number up to —10 GeV.

D. The approach to criticality in multifragmentation

Multifragmentation has been described in the context
of the liquid-gas phase transition. In this section we
show that the evolution of the multifragment yield with
fragment mass and with bombarding energy can be un-
derstood in terms of the phase transition.

The description of a gas of noninteracting clusters in
thermal equilibrium has been given by Fisher in his drop-
let model. The number of clusters per unit volume con-
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taining n constituents depends on the Helmholtz free en-
ergy of the cluster, f„, the chemical potential per parti-
cle, p, and the temperature, T, as

IO'— x lO
z = la

p„=pen 'exp[ (f„—p—n )P], (10)

where P= I /k~ T. The free energy contains contributions
from both the volume and surface free energy of the
droplets. Separating the bulk and surface terms, we can
write Eq. (10) as

p„=Ioon X" Y" .

The factor X arises from the surface free energy of the
droplet; Y contains the volume free energy and the chem-
ical potential. The critical point, T=T„p=p„occurs
when X= Y=1. Below the critical point, X&1 and
Y&0. The liquid-gas coexistence curve corresponds to
Y=1; when Y) 1 the vapor is supersaturated. The tern-
perature dependence in Eq. (11) is contained in X and Y.
The parameter po gives an overall normalization; ~ and a.

are critical exponents.
Although the droplet formula was derived in the ther-

modynamic limit of infinite particle number, we shall ap-
ply it to a case in which n —100. As such, it is not strict-
ly correct to speak of a sharp phase transition. " The
effects of finite particle number on T, have been explored
for X =Z systems with no Coulomb force. For a system
of 100 particles, T,(100)-0.75 T,(~). The Coulomb
force is predicted to be responsible for a further reduction
of, perhaps, a few MeV.

Equation (11) was used to fit the cross sections ascribed
to multifragmentation on the assumption that the cross
section for producing a fragment is proportional to p„,
the number of fragments of a given nucleon number per
unit volume. For each of the 11 proton energy bins there
corresponds a value of X and a value of Y determined
from the fit. A single value of the overall normalization
factor was used. In addition, w was fixed at 2.2 and 0. at
0.64, the experimental values for a liquid-gas phase tran-
sition. For each of the 11 data sets, forward and back-
ward, ten data points were fit with the two adjustable pa-
rameters, X and Y. The results of the two sets differ only
in the value of the overall normalization constant. There-
fore, in what follows, we will concentrate on the forward
angle data.

The comparison between the fit and the data can be
presented in two ways, i.e., do /dQ vs E at a given Af,
or do. /dO vs Af at a given E . Figure 15 shows some
typical excitation functions. It is clear that the fitted
curves reproduce the general trends in the data. Figure
16 shows the variation of d 0 /d A with Af at the various
proton energies. Once again, good fits are obtained.
Thus, the droplet model can simultaneously fit both the
energy and mass dependence of the fragment yields. To
be sure, there are some systematic deviations from the
curves in Fig. 16. For example, the data points corre-
sponding to carbon lie above the fitted curves for all 11
bins. However, it must be remembered that Eq. (11) as-
surnes a slowly varying binding energy per particle as a
function of constituent number and a single type of con-
stituent particle. Since neither of these assumptions is

JD

IOO-E

b
"CJ

z=8

IO'-
I I I I

0 2 O 6 8 IOI2 IO l6 I820
Ep (GeV)

FIG. 1S. Droplet model [Eq. (11)] fit to the energy depen-
dence of multifragmentation cross sections of 0 and Ne frag-
rnents emitted at 48.5'.

valid for nuclei, some deviations are to be expected.
Deexcitation of the primary fragments by evaporation
leads to additional changes in the mass yield distribution.
However, Fields et al. have shown that these effects be-
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come negligible for Af ~ 10.
The values of X and Y obtained from the Atting pro-

cedure are shown as a function of proton energy in Fig.
17. The uncertainties in these parameters were estimated
by means of the Monte Carlo method. Using the mul-
tifragmentation cross sections obtained in Sec. IV 8 as in-
put, new data sets were generated on the assumption of a
Gaussian distribution for each cross section, with a mean
equal to the input value and a standard deviation equal to
its uncertainty. These uncertainties were obtained by
combining in quadrature the statistical errors, the uncer-
tainties in the extrapolation of the spectra to zero energy,
and the uncertainties in the subtraction of the binary
component. The overall random error ranged from ap-
proximately 7 to 17%. Systematic errors were not in-
cluded because they acct only the cross section scale.
Each generated data set was fitted with Eq. (11) and the
values of X and Y were obtained The results of ten itera-
tions were averaged, yielding mean values essentially
identical to those shown in Fig. 17 and standard devia-
tions of approximately 1%.

Figure 17 shows the X increases with proton energy
and Y displays the opposite behavior. Interestingly, both
X and Y approach unity above 10 GeV, where fragment
production enters the limiting fragmentation region.
This result is independent of the overall normalization.
Within the context of the droplet model, we can conclude
that the temperature of the fragmenting system increases
with E and approaches the critical value at —10 GeV.

Our analysis indicates that the liquid-gas critical region
may be reached at a proton energy above 10 GeV. How
are fragments produced at lower energies? This question
can be examined with the help of a phase diagram of nu-
clear matter. Figure 18 shows a phase diagram obtained
with an equation of state derived from a zero-range
Skyrme-type interaction. ' Our results can be viewed in
terms of this diagram on the assumption that reaction
trajectories leading to fragmentation follow the isentropic
expansions shown by the dashed lines. ' ' To do so we
must estimate the entropy generated in interactions lead-
ing to fragment production as a function of proton ener-
gy. However, to evaluate the entropy, we must first esti-
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FIG. 17. Proton energy dependence of the parameters X and
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FIG. 18. Phase diagram of nuclear matter. Liquid-gas coex-
istence (LGC) curve; isentropic spinodal (IES). The dashed
curves represent isentropic trajectories for the indicated values
of S/A. The hatched area is the metastable region of supersa-
turated vapor.

Yield( Af ) ~ Af ' . (12)

Comparison with Eq. (11) shows that the temperature
dependence of X and Y has been incorporated in the
value of an efFective power law exponent ~'. It has been
argued that a plot of ~' vs E should go through a
minimum at an energy for which the average excitation
energy is equal to the total binding energy of the nucleus,
i.e., -0.9 GeV for the remnant of a p-Xe interaction. We
have fit Eq. (12) to our data and show the variation of r'
with E~ in Fig. 19. The uncertainties in v were estimated
in the same way as those in X and Y, and were found to
be -5%. A minimum is observed at E -4 GeV, and
levels ofF' at -2.1 at high energies. We conclude that at
E -4 GeV, E -0.9 GeV, in agreement with the value
derived from Nakai et al. '

The agreement between these two independent esti-
mates of E* encourages us to use the Nakai estimates of
this quantity for E~ =1—4 GeV. Values of initial T and
S/A can be derived from E on the basis of the Fermi
gas model: E'= A„T; /10 and S/A =T, /5. At the

mate the excitation energy of the remnant.
As already noted, Nakai et al. ' have shown that cen-

tral collisions of 1-4 GeV protons with nuclear targets
lead to the forward emission of a "moving source" of en-
ergetic particles, which on average carries away some
75% of the incident kinetic energy. The remaining 25%
of the energy is deposited as excitation energy in the re-
sidual nucleus, which is somewhat reduced in nucleon
number. Thus, we estimate that the remnant of a 4 GeV
p-Xe central collision has an excitation energy E* of
about 1 GeV, or about 8 —9 MeV/nucleon.

An independent estimate of this value can be obtained
from a recent simulation of central collisions, which
showed that the multifragment mass yield distributi. on
for a given proton energy can be parametrized as
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lowest proton energy, 1.6 GeV, we estimate E'=400
MeV, and obtain T;-6 MeV and S/A —1. Figure 18
shows that at these low entropies the isentropic spinodal
is reached and fragmentation can occur in the mechani-
cal instability region. ' However, the fragment produc-
tion cross sections are only ——„oftheir limiting value,
indicating that this process is not very probable. The es-
timated value of T; compares favorably with experimen-
tal ' and calculated values of the temperature at
which the binary breakup of a compoundlike nucleus
gives way to multifragmentation. Our observation of a
change in mechanism at these low energies also is in ac-
cord with these temperature estimates.

At E -4 GeV, we estimate S/A -2. Figure 18 shows
that a reaction trajectory with this S/A value can reach
the metastable phase of supersaturated vapor. Fragment
formation then corresponds to droplet formation in a su-
persaturated vapor ( Y' ) 1)."

The change in T and S/3 as the beam energy in-
creases from 4 GeV to the limiting fragmentation region
can be estimated as follows. The parameter X is related
to the surface properties of a drop at temperature T by"

—ln(X) = 1+— 1—18 3 T T
(13)T 2 Tc +c

At E =4 GeV the value of X is approximately 0.53 while
in the limiting fragmentation region X—1. Figure 20
shows a plot of —ln(X) vs T/T, for two choices of T„8
MeV, and 16 MeV. We see that T increases by between
25% and 40/o in going from E =4 GeV to E & 10 GeV,
depending on the choice of T, . The entropy per nucleon
increases by the same factor to S/A -2.6—2.8. Figure
18 shows that a trajectory with S/A of this magnitude
passes through the critical region. Thus, entropy esti-
mates in conjunction with the phase diagram support the
conclusion based on the limiting values of X and F that
fragmentation can be described as a critical phenomenon
for incident proton energies above —10 GeV.

The value of ~' obtained above 10 GeV, r'-2. l (see
Fig. 19), is significantly smaller than the value r'=2.6
previously obtained at Fermilab energies. The
discrepancy reflects, in part, the fact that in the Fermilab
experiment we measured a true fragment mass distribu-
tion whereas in the present work we use an effective mass
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FIG. 20. The surface free energy —lnX vs T/T, for two
choices of T„8MeV and 16 MeV. The arrows mark the value
of —lnX at 4 GeV.

distribution in which the average value of 2& for each ZI
was obtained from the isotopic yield distribution deter-
mined at Fermilab. The analysis of the Fermilab data by
this same approach reduces ~' from 2.6 to 2.3. The
remaining discrepancy may be the result of the large
difference between AGS and Fermilab energies and of the
difference in the angles at which fragment emission was
detected in the two experiments.

In a recent publication Panagiotou et al. presented a
plot similar to that in Fig. 19 based on differential cross
sections for IMF production in the interaction of silver
with 0.21-0.48 GeV and 4.9 GeV protons, and on
our earlier xenon data for 80—300 GeV protons. These
workers observed a decrease in ~' between 0.21 and 4.9
GeV followed by a higher value at 80 GeV. Although the
use of data obtained from different targets at various an-
gles, covering different Inass intervals and involving a
combination of mechanisms, has been criticized, the re-
sults appear to be consistent with the much more closely
spaced data reported here. Panagiotou et al. propose
that the observed energy dependence of v' may indicate
that the nucleus has reached the critical temperature at
the bombarding energy corresponding to the minimum in
~'. Our more complete analysis shows that this is not the
case. The energy dependence of ~' is determined by the
interplay of surface and volume effects and thus by the
combined effect of the parameters X and 1' as a function
of energy. The critical regime is attained only when these
parameters become equal to unity. As already shown in
Fig. 17, this does not occur for proton-xenon interactions
at the energy at which ~' goes through a minimum.

In an attempt to extract the critical temperature from
literature data, Panagiotou et al. examined the varia-
tion of the effective power law exponent ~' with the tem-



APPROACH TO CRITICALITY IN THE FRAGMENTATION OF. . . 1927

perature of the emitting system. These workers assumed
that the temperature is obtainable from the slope of the
high-energy tails of spectra (i.e., the temperature is given
by T„ in our notation). However, as discussed in Sec.
IVA, T& is believed to be a measure of the nucleon
mean-square momentum rather than of the temperature.
Consequently, the validity of their analysis is question-
able.

V. CONCLUSIONS

The use of an internal xenon gas jet target at the AGS
has enabled us to make a detailed study of the energy
dependence of IMF production in the 1 —19 GeV proton
energy regime. The cross sections for IMF emission in-
crease sharply with energy up to —10 GeV and become
nearly constant at higher energies. The observed energy
dependence resembles that of the calculated energy loss
in p-nucleus central collisions, which in turn is deter-
mined primarily by the e8'ect of multiple inelastic p-
nucleon collisions. The observed energy dependence of
the longitudinal momentum of the remnant is consistent
with an adaptation of the moving source model. ' The
data require that the size of the moving source increase
with energy up to -4 GeV and that the incident proton
punch through the nucleus at higher energies.

The IMF energy spectra were fit with a four-parameter
function based on the thermal droplet model, consisting
of two convoluted Maxwellians averaged over a distribu-
tion of Coulomb energies. Excellent fits to the data were
obtained at proton energies above 9 GeV. However,
below 6 GeV the spectra show the presence of a second
component, assumed to be Gaussian, which makes an in-
creasing contribution with decreasing proton energy.
Evidence is presented to support the hypothesis that the
Gaussian component is the result of a binary breakup
process while the Maxwellian component results from

multifragmentation. The latter process has a threshold in
the vicinity of 1 GeV and becomes the dominant mecha-
nism at a few GeV. The emission of IMF below GeV en-
ergies must, in this view, be due to binary breakup. The
cross section for this process must peak or become con-
stant at a proton energy of no more than a few GeV.

The simultaneous evolution of the multifragmentation
component with mass and energy has been successfully
described by the Fisher droplet model. This model indi-
cates that fragmentation may be interpreted as a critical
phenomenon at bombarding energies above approximate-
ly 10 GeV. Our analysis in terms of the phase diagram of
nuclear matter indicates that cross sections for fragment
production become appreciable when the entropy gen-
erated in the target is a significant fraction of the limiting
entropy for a system of finite particle number. We find
that, with increasing proton energy, multifragmentation
occurs first in the mechanical instability region, then in
the supersaturated vapor, and finally, above 10 GeV, in
the critical region. The occurrence of criticality at the
energy for which the regime of limiting fragmentation is
reached is a remarkable coincidence, the implications of
which remain to be addressed.
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