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d/p and t/p ratios in nucleon-nucleus and heavy ion reactions: Can entropy be determined?
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The relative yields of high energy deuterons and tritons as compared to protons have been megsured in
+Kr, 0+ Kr and 2®Ne+ Ar reactions with a continuously varying beam energy up toASQ€00A) MeV.
Statistical(expanding evaporation models are not able to reproduce thipeor t/p ratios, which for high
particle energy 30 MeV) increase smoothly with beam energy. Models that contain nucleon-nucleon scat-
tering, like cascade or nuclear molecular dynamics models, can only reproduce the ratios if a final-state
interaction is introduced via the coalescence prescription. The coalescence radius that best fit the data is rather
constant over wide beam energy intervals. Entropy can, however, not be directly determined from these ratios.
[S0556-28189)05607-1

PACS numbegps): 25.70.Mn, 25.70.Pq

. INTRODUCTION secondary decay plays an essential role forSh&-Ry, re-
lation whereas the breakup density plays a lesser role when
Attempts to estimate entrofyl] of the participant zone  kept within reasonable limits, sgy po=0.3—1.0. More re-

by means of fragment yield ratios have been made. It wagently also the prescription of expanding systems that se-

suggested that the entrop$) of a finite size(mass,A)  quentially evaporate and/or rapidly decayultifragmenta-

nucleus excne(_j tod*) less than.a few tens of MeV/nucIeon tion) has been discussed in terms of Bié-R,, relation[6].

can be determined from the rati®y) between the yield of g,ch calculations, as well as pure evaporation calculations,

a composite particlex) and a nucleofi2]. A simple formula  microscopic[7,8], and mean-field calculations that contain

which relatesS/A to the density of nucleongy, and thus to y,cleon-nucleonNIN) scattering, have been confronted with

Rqp for an expanding Fermi-Dirac system in chemical equi-or gata. In theNN calculations multinucleon clusters are

librium is produced in final-state interactions through the coalescence
prescription and we discuss in this paper how to interpret the

SIA=5/2—In(2%¥py)) =3.95-In(Ryp), (1) results when comparing to thEp andt/p data.

In the early data[1,9,10 from asymmetric (light-
provided that the number of protons is much larger than therojectile—heavy-targgreactions at 18 MeV to 1A GeV
number of deuterons and that heavier clusters can be né&-appeared as if an evaporative liquid-drop formalism with
glected. Data for heavy ion collisions at 400MeV [1], an assumption about global thermal equilibrium better de-
used in Eq(1), seem to vastly overestimate the entropy. Thescribes the combined information frodip, t/p, and a/p
necessity to introduce additional degrees of freedom, likeatios than a free strongly interacting gas prescripfibh).
isospin excitationgpion production, has been discuss¢8]  This may be a natural consequence of the fact that low en-
but for energies discussed in this paper this cannot explaiargy, light particle production is dominated by evaporation
the large entropy determined from tdép or t/p ratios. On  from a weakly excited targetlike source. In this paper we
the other hand, complete calculations, based on either hydrgelect instead particles from the strongly interactive, highly
dynamical modeld4] or statistical modelg5], have been excited part of the collisions by proper cuts in momentum
introduced to determine the entropy. There it was shown thagpace. These data are comparedRtg ratios from p+Kr
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E peam TABLE I. List of reactions and detector positions. Data at po-
Data taking sitio_nsf marked with brackets are not further exploited due to small
£ statistics.
Biprrmy g Reaction Angular position Beam energy
Injection p+Kr 90° 150-500 MeV
Slow ramp O+Kr (20°) 55°, 75°, 90°, (150°) 22-30A MeV
, : Ne+Ar (20°) 55°, 75°, 90°, 120° 58—-40A MeV
Acceleration Dumping Time
@ msr (20°) to 20 msr (150°). There is a 10—20 cm distance
, between the first three detectors to give direction sensitivity
Data taking

while all other detectors are placed densely together. The
trigger requirement is a signal above discriminator in the first
two scintillators. The stop detector is defined through a pat-
tern unit controlled off line by the chain of analog-to-digital
converter (ADC) signals. Each stop detector produces a
AE-E correlation with good separation betweenp, d, and
t particles. Since only results ailfp andt/p ratios are in-
cluded in this paper, it should be pointed out that variations
FIG. 1. Schematic representation of the beam energy and fluin the luminosity are not important and no absolute normal-
variation with time during one cycle of stored beam particles. ization is necessary. Because of the trigger requirement and
of the total telescope thickness ef20 cm we register
collisions at beam energies up to 500 MeV which, however~20-175 MeV protons. Some differences in the energy in-
correspond to substantially lower excitation energies, onlyervals appear because of the different detector thicknesses in
up to 6A MeV. the small volume forward telescopes and the large volume
backward telescopes.

Injection

Slow ramp

Acceleration Dumping Time

Il. EXPERIMENTAL DETAILS

All experimental data, presented in this paper, were col- IIl. THEORETICAL CALCULATIONS
lected at the CELSIUS storage ring, which can provide
beams of protons up to 1360 MeV addA = 1/2 heavy ions A. Models
up to 47A MeV with Iluminosities L up to 1 The momentum space covered in the experiments corre-
x10*%t cm ™2 s and 1x10%® cm 2 s71, respectively. sponds to emission almost exclusively from preequilibrium
HereL=v®d,, wherev is the frequency of the circulating processes, i.e., knockout or pickup processes or early emis-
beam,® is the number of stored ions, addis the effective  sion from hot strongly interacting regions. Hot and dense
target thickness, i.e., the actual thickness that the beamegions are chiefly produced in nucleus-nucleus reactions.
passes through. In our experiments protons and fully strippedny standard three-source prescription confirms that the po-
160 and ?°Ne ions were injected, rapidly accelerated up tositions of the particle telescopes exploit the relevant
the start energyH;), and then stored with the gas jet target momentum-space regions of preequilibrium particlEg.
in operation while the magnets are slowly ramp&d] until 2). The simulations are in this case based on the nuclear
the final energy [E,) was reached and then finally the beammolecular dynamic§NMD) model[14]
was dumped. The flux increases during injection due to the It should be noted that the impact parametey {s ran-
increase of the frequency but decreases during the slow ramgomly selected with weight-b in accordance with the in-
since the losses there are larger than the frequency increasdusive measurements. The left hand side of Fig. 2 shows the
No more than a factor of 3 decreasednis accepted. Figure situation inp+ Kr reactions. At both energies, beamlike pro-
1 gives a schematic picture of the energy and flux variatiorions and protons evaporated from the target source are well
during the cycles with lifetimes varying from 1 to 5 min.  separated and not contributing very much to the selected

The data presented in this work @nd, andt were col- sample. In heavy ion reaction®-+Kr, right hand sidg
lected in parallel with data on charged pidd€], using the projectile-associated protons are clearly separated from tar-
same sandwich, plastic scintillator, range telescopes whemetlike protons and the intermediate source protons can be
ever on-line proton rejection was not necessary for the piondentified quite well at 308 MeV but not at 5& MeV.
registering. The ten-element telescop&d] contain NE102 The heavy ion data we present in this paper start from
scintillators with successively increasing thickness from 5100A MeV where the preequilibrium source is reasonably
mm to 30 mm. The detectors are coupled with Plexiglas lightvell defined. Simulations ofl and t emission within the
guides to either Hamamatsu R1166 (20° telesgapePhil-  same prescription show the same general emission character-
ips XP2020(all other telescope$M tubes. These telescopes istics.
were mounted outside thin windows in angular positions The emission of light particles by evaporation from an
from 20° to 150°(Table ) and cover solid angles from 2.5 expanding source is introduced through the model of Fried-
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FIG. 2. NMD simulations of proton emission in various reactions and examples of the total momentum-space regions covered by the

telescopes.

man|[6]. The emission is here treated as a chain of sequerthis model inelastic nucleus-nucleus interactions are treated
tial, binary decay processes where the relative decay rates aas successive quasifree two-particle collisions described by a
calculated by detailed balance as proposed in the originaet of coupled relativistic kinetic equations of Boltzmann
Weisskopf prescription for evaporati¢h5]. These rates are type. The description of the mean-field evolution is simpli-
influenced by the conditions associated with the expansiofied in the sense that the scalar nuclear potential, defined by
process. In addition secondary contributions of light particlegshe local Thomas-Fermi approximation, remains the same
from the decay of unstable resonances are also included. Bjafroughout the collision while the potential well depth is
comparing the sequential calculations to similar calculationg€hanged according to the number of knocked-out nucleons
within a microcanonicalfreeze-out approach it has been [8]. This procedure allows us to take into account nuclear
possible to define an effective volume which increases wittbhinding and Pauli blocking. This simplified prescription is
time during the expansion and allows to estimate a timefelevant for hadron-nucleus and peripheral nucleus-nucleus
dependent entropy of the emitting system. collisions where no large disturbance on the mean field is
In addition, “reference” calculations within a classical expected but it is questionable for violent, central heavy ion
evaporation model, theiIMON code[16], were performed. In  collisions.
this case the time dependence of the entropy is neglected and After completing the cascade stage of the reaction, light
complete excitation is immediately introduced. This modelparticles may be emitted both from equilibrium and nonequi-
contains however a more detailed sidefeeding prescriptiofibrium states of excited residual nuclei at a subsequent,
for the secondary decay of primary fragments that are pamore slow stage of the interaction. Preequilibrium emission
ticle instable or excited enough to decay by particle emisis here taken into account within the exciton mofgf].
sion. We also performed mean-field calculations for the case of
Microscopic model calculations are represented by thel/p in Ne+Ar collisions within the NMD mode[14] and we
Dubna version of the intranuclear cascade mdde#]. In will return to these results in Sec. IV B.
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B. Coalescence 00.18 Fr T T T

) ) ] ) ] ‘46 : p+ Kr, Qg =90 ]

In any independent particle model_ flnal—_state interactions 2016 F g, > 30 Mev 3
for creating deuterons may be prescribed via the coalescence ~ i ]
process. In this prescription, the deuteron cross section is ©0.14 F ]
given by the product of the square of the nucleon cross sec- 012 L E
tion and the probability to find a proton and a neutron close )
enough in momentum space, 0.1 F ]
[ A conv! cond. ]

Aoy (4w yp3) [ d3oy 2 0.08 ]

3 :<? ) 3 2) 2 ]

dp gy dp 0.06 ]

F | E,a > 30 MeV/nucleon 1

where v is the Lorenz factor of the beam. The coalescence 0.0 r T vev 1
radius py is either predefined as an effective interaction 0.02 F .
range, varying from 90 to 115 Me¥/for protons to alpha o b Ilw‘p:?OMe‘v/c :
150 200 250 300 350 400 450 500

particles, or empirically determined fromp? radii to be
larger, ~190 MeV/c. In more elaborate calculation, beam energy (MeV)
(d®oy/dp®)? must be replaced bydfo,/dp?)(d3s,/dp?)
and the propen/p ratio of the emitting system should also
be introduced. The coalescence prescription has had so
success in explaining composite particle emission data.

In cascade models direct use of the coalescence formu
at the proper freeze-out time has been intrody@&din the

FIG. 3. High energyd/p ratio in p+Kr collisions. The upper
nki\' togram shows the data for the high energy and the lower for the
high energy per nucleon cut. The uppermost and lowermost curves
%[e the results of a cascade calculatj@h including coalescence
with a cluster radius of 90 Me\¢/ and the upper solid curve in the

NMD del th ticl d d directly. if | lower part with a radius of 110 Me\/ while the dashed curve
mo Ie ese p?]r_'c es ?_re pr;)_ uce |re\(; Y If nu%e'represents cascade calculations with an additional cluster conver-
ons are close enough in configuration space. Very few eu%ence conditior{see text

terons and tritons can, however, be produced this way an

therefore coalescence is introduced as a final-state interac- ) ] )
tion. In the next section we will return to this formalism erly if deuteron production from final-state coalescence is

when comparing data to calculations. accepted. In order to describe the very high energy produc-
tion of deuterons introduced through the energy per nucleon
cut, the coalescence radius in momentum spagg fust be
given a somewhat larger value than 90 MeVivhich was

A. Proton-nucleus collisions originally introduced from comparison with heavy ion colli-

Figure 3 shows the measuredp ratio (histogramg for ~ sion data[1,8]. The proper value fop+Kr seems to be
high energy particle emission at 90° in tpe- Kr reaction ~110-120 MeVt and it does not seem to depend on the
from 150 MeV to 500 MeV. Typical statistical errors are beam energy at all in the interval 150-500 MeV. If we in-
presented on a few points only in this figure and in the forthclude also lower energy deuteroqgper histogram some
coming ones. The lower histogram contains protons and dedarget evaporation will certainly be included and it appears
terons in the same velocity or energy/nucleon bin and theifather as if a lowemp, must be introduced in this case. It
position in thep-p, plane(Fig. 2) could therefore easily be should, however, be stressed that an additional introduction
identified (p=240 MeV/c). The upper histogram represents of a “convergence” criterion, i.e., that the relative velocity
particles with the same total kinetic energ)( which is U—I)] is “attractive” in the definition of a coalescence cluster,
more natural when comparing to expected Maxwellianalso gives the proper reduction of tdép level as shown by
sources;~+E exp(— E/T). the dashed curve. If this criterion is to be introduced for the

In order to determine the entropy from E@) the total  high velocity cut, one should, however, expect an even larger
yield from the source is required. This is not possible fromp,, 130—-140 MeVE¢.
these data, but if the 90° emission is representativeStAe The fact that high energy particles that were selected must
values decrase from 6.5 to 6 when the high energy cut isome from early emission processes is further stressed by the
made and from 9 to 7 for the high energy/nucleon cut. This‘reference” NMD calculations. Without introducing coales-
confirms the strong overestimation of entropy when detercence, thel/p ratio falls much below the data, but after its
mined this way. introduction, somewhat arbitrarily at200 fm/c, it is pos-

In both samples thel/p ratio increases monotonically. sible to obtain good agreement with the experimental data
This is very much the result of the particle energy cuts. Ac-over the whole beam energy region also in the NMD pre-
tually, experimental ratios for total yields in heavy ion reac-scription.
tions have shown little dependence at slightly lower beam A comparison to pure statistical models, like the EES
velocities[18] and some decrease at slightly higher beammodel, requires that the emission source be predefined. For
energieq 2] which follow the expected increase of entropy p+ Kr collisions the obvious first choice of such a source in
with increasing beam energy. The cascade approach presetitermal and chemical equilibrium would be a compound
however the increase of tlt#p ratios in our data quite prop- nucleus with excitation energy 2—6 MeV/nucleon. The part

IV. EXPERIMENTAL RESULTS
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0 + Kr “Ne + Ar Ne+Ar data the lack of deuteron statistics sets in at
Qe [Ty 1 prTTTT 100A MeV. The slightly different particle energy/nucleon
© 7 [Fee 27 - 100 Mev/ { e 27 = 100 MeV/ intervals in forward and backward telescopes appear due to
g 0.4 [Oe =55 ] 07 [0, = 55° ] somewhat different detector thicknesses. First we stress that

even if the possibilities to compare these data to those from
other experiments are limited, they do agree well whenever

021 possible. One example, taken from a comparison to the
i Ar+Ca data of Jacalet al. [18], shows 70°d/p ratios at
- 92A MeV of 0.17 and at 13K MeV of 0.25 where our
5 i Ne+Ar ratios (75°) are 0.14 and 0.19. When comparing data
<., from the two reactions in Fig. 4, ©Kr and NetAr, one
© must of course consider the different degree of asymmety. In
; any participant-spectator prescription the emission systems
0.1 ¢ should have different velocities in the laboratory system and
i furthermore there may be some differésitnall) contribution
ol at forward angles from the projectilelike source at the
;g 0.3 e e - 107 weu/d o smaller beam energidgsee Fig. 2. After considering this, it
S SR PN Sl can be concluded that both reactions show the same smooth
3 0.2 O = 90° ] (O = 90° ] increase of thed/p ratio with beam energy and the same

decrease of thd/p level with increasing emission angle. We
] stress, however, again that if the complete yields of particles
could be measured, it is likely that thi#p ratio would be-
) g ] come less dependent on the beam energy or even turn to a
200 300 0 200 400 decreas¢2,18).
Beam energy (MeV /nucleon) EES calculations must again be given inital source param-
eters. Only sources near thermal equilibrium with excitation
FIG. 4. High energyd/p ratio in O+Kr collisions. The curves  energies<10 MeV/nucleon will decay through evaporation.
represent cascade calculations including coalescence with a clustgg high excitation the model provides a monotonically ex-
radius of 90 MeVEt. panding source with cluster formation at very low densities,

of the available energy that is used for collective expansionwo'lpo' In view of the three-source pictufsee Fig. 2 the

is for obvious reasons very small in this case and therefor(g.éom'n"’ltlng source. qf high energy deuterlons and ritons
Should be the participant with some possible contribution

the emission should follow quite well an evaporative Sce_from highly excited target sources. EES calculations for the

nario. This is confirmed by the EES calculations that WeNe+Ar case confirm this source selection and indeed also
performed forp+Kr between 150 and 500 MeV but the : T o |
the very wide distribution of excitation energy when looking

results are that thd/p ratio for particles withE>30 MeV . . ) : )

: . : .. atinclusive data. Actually complete fusion with full stopping
is vastly overestimated whereas the corresponding ratio for . *
E/A>30 MeV is rather somewhat underestimated. ThisprOV'deSE from 20 to 90 MeV/nucleon. Once source pa-

L e )
shows the difficulties in explaining the high energy deuter-raegﬁ]tegnglrsmtt)#gogés'rsalci?;iﬁnzrfe Crfgodsuecr; Iﬁ; nglc\e/firmen-
ons that were selected in the experiment by thermal emissiol% gy the. P P

processes. tal d/p andt/d ratios to about the same level as the cascade

This conclusion is further confirmed by the calculationsp!US coalescence ca_llculatiqns. Again it is_obv.ious th"’}t the
with the classicabIMON evaporation codgl6]. It shows the high energy composite particles we select in this experiment

same vast overprediction for tH&>30 MeV ratios but al- [)ep‘r‘(regfee ?Lﬁézchﬂ:Lle':tT) n?smflrscfnzo?hghlﬁreIsevaalsgrgg\r/]grcr‘g?-d
most no deuterons with energy30 MeV/nucleon are pro- y T ) €p P

; L . ._culations with thesiMoN [16] code which can hardly produce
duced so again the ratio is underpredicted for such very h|gﬁ

velocity cutoff. The general conclusion from the comparison""m\//vdeezgz;otr:J Srnwgfci fg ﬂ':g e(\:/é Zggﬁeor(]:élculati ansoales-
to statistical calculations is therefore that nonequilibrium,

early emission processes must be introduced to explain tqcéenge ‘T’l?]d preslent in Fig. éé.as cu_rves diip r/auosh calcu-
d/p data. ated with a coalescence ra iuspmf= 90 MeV/c. The gen-

eral tendency is in agreement with data but there are
discrepancies. The angular dependence is not perfect (75°
datg in the O+Kr data and the beam energy dependence is

d/p ratios from heavy ion collisions are presented as hisweaker than the data for forward emission in the-t¥Xe

tograms in Fig. 4. The lack of data in thet®r case below reaction. Possibly the latter discrepancy can be accounted for
~70A MeV beam energy appears because of problems withy an increasing contribution from the projectilelike source
the acquisition veto signal for the forward telescopes. For thavith decreasing beam energy. It is, however, obvious that
backward telescopes, data points could be extracted down there is no dramatic difference oy, 90+30 MeV/c, be-
beam energies of 30A MeV but there we omit the region tweenp-nucleus and nucleus-nucleus collisions, and no dra-
30A—70A MeV due to low statistics of deuterons. In the matic change of this parameter with increasing beam energy.

0.1 b

o

o Lol
0 100

B. Nucleus-nucleus collisions

024601-5



A. FOKIN et al. PHYSICAL REVIEW C 60 024601
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FIG. 5. t/p, d/p, andt/d ratios for particles emitted with energy 5 ]
27-107 MeV/nucleon at 75¢0+Kr) and at 55°(Ne+Ar). The 0 Dbl b b b (‘)lo‘ HIMZO(‘)HIHH
curves represent the cascadmalescence calculations with stan- 0 100 200 3
dard values fopg. Beam energy (MeV /nucleon)

FIG. 6. d/p ratios for particles emitted with energy 34-107

Next, t/p ratios are presented in Fig. 5. In the two ex- MeV/nucl £ 90° and 120° f NeA i h
amples there is again a velocity cutoff introduced, corre-"¢Y/nucleon at 5v= an rom IN@r reactions. The curves
epresent the cascatleoalescence calculations withpg

spond!ng to an _energy/nucle(_)n of 27 MeV/nl_JcIeon. This is é: 90 MeV/c (solid ling and 80, 100 Me\e (dashed ling The
very high velocity cutoff for tritons and there is now an even _ . .
. points represent NMBcoalescence calculation withp,
stronger beam energy dependence thandigp ratios. A —90 MeVic.
comparison between thé/p andt/d ratios is made in the
lower figures. The coelescence principle, as prescribed by d/p ratios is, however, that although the overall agreement
formula (2), predicts the same ratios f, is taken to be between the cascagieoalescence calculations and the data
constant. One natural deviation from this may come from thés reasonable, details in angular and beam energy depen-
summation over spin if spin coupling is strong, dences are not reproduced very well. It should again be
5 stressed that with the proper choice of the sowteand A
Rap/Ria=(2S4+1)(28,+1)(25+1)=9/4. (3 (istributions, the EES calculations predict, e.gd/a ratio
of 0.3 for the Ne+Ar reaction at 308 MeV and a corre-
Actually this factor is very well reproduced in the cascadespondingt/d ratio of ~0.1, which follow the cascade pre-
+coalescence calculatiorisurves in Fig. 5 and also well  dictions well. Of course no coalescence is introduced in the
reproduced in the @Kr data, at least for beam energies well EES case.
above the threshold for high energy composite particle pro- With respect to selected momentum space and statistics
duction. The cascade calculations, however, overpredict the&e judge that the backward data in the-N&r reaction con-
t/d ratio for O+Kr by about the same factor as tép ratio  tain the best and most clean example of preequilibribot
(see Fig. 4 and in Fig. 5 both calculated curves have beernsourcé emission. These data may be chosen to select among
multiplied by 0.6. For the 55°, NeAr ratios the calculations emission mechanisms or to fine-tune the coalescence radius.
rather underpredicted thd p ratio (no normalization in Fig. In Fig. 6 suchd/p data are presentddote that the binning is
5) but in this case th&/d ratio comes out in good agreement different from Fig. 4 together with (@) the cascade
with data. Possiblyn/p of the emitting system, discussed in +coalescence calculations withpy,q=80, 90, and
Sec. I B, can account for a part of the nonconsistency be100 MeV/c (lower, middle, and upper curves in both fig-
tweend/p andt/d ratios. It should again be noticed that the ureg and (b) the NMD + coalescence calculations with
po radius is 108 MeV¢ for tritons, while 90 MeVE is kept  pog=90 MeV/c (points in upper figure From both data
for deuterons following the original tunin@] from higher and calculations it appears as if there is a change in the
energy heavy ion collisions. The general conclusion from alld/p-beam energy relation at around 200MeV pointing to-
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wards some change in the emission mechanism. This is mostodel, assuming thermal equilibrium, can reproduce the ra-
clearly seen in the 120° data where it appears also to b#os from our data since the particles appear to be of preequi-
difficult to explain both the low and high beam energy partlibrium origin. Microscopic and mean-fieleNN are equally
with the same coalescence radius. Apart from this deviationsuccessful in reproducing these data. Also the EES model,
it appears as if a coalescence radius ppg=90  with proper source distribution input, can account for the
=10 MeV/c well reproduces the emission of fast deuterons.nycleus-nucleus collision data to the same degree but is less
The comparison to NMD+ coalescence shows about the syccessful in explaining the-nucleus data. In the first two
same degree of agreement with data as the cascade approagids of models, inclusion of coalescence as some kind of
This reflects of course the fact that both these models cafinal-state interaction is necessary. The coalescence radius is
describe singles spectra of protons and neutrons equally wellyrprisingly constant with beam energy and no big differ-
ences betweep-nucleus and heavy ion collisions are found.
V. CONCLUSIONS Some indications exist that the emission process—or at least

. . . the nucleon density—changes in heavy ion collisions at
Opposite to what is expected for the total yields, we havearound 208 MeV.

shown that the high energy30 MeV) yields of deuterons

and tritons increase smoothly as a function of beam energy

both inp-nucleus and nucleus-nucleus collisions. Even if to- The accelerator staff at the Svedberg Laboratory and the
tal yields were obtainable, it is doubtful if entropy can be Swedish Research Council for Natural Science are thanked
determined fromd/p or t/p ratios. No standard statistical for their support.
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