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ABSTRACT

Some estimations are made for the influence of the deuteron volume on
the d/p ratio in dilute, hot deuteron-nucleon gases. The result is that in
reasonable equations of state this volume can imitate an "entropy excess”
gimilar to that in 0.4-0.8 GeV/nucleon heavy ion collisions, so it is poss-
ible that there is no excess at all.

AHHOTAUNA

NaeTcd oHeHxA BIMARNA 0hbeMis NeATPOHA Ha YMCHO JICEHTPOHOR B [OpSidor K-
KOM rase HeRTPOHNP H HYKJOHOB, PesyapTaTt NoKA3IBAET, MTO OO ITOT O6(her
HMHTHPYET "H3IBHTOK 2UTPOMIK", KOTOPHIA noAoleH HABANMAACMOMY NPH CTORKHOPEHH Y
TAXEJHX HWOHOB 1IPH 2HepruH 0,4-0,8 [3B/HyKNOH, TakuM o6pazor, NOKARATAALC TR
CYMEeCTRNBAHHA ITOro "MIGHTKA THTPOTHH"™ ReflocTaTodlke .

KIVONAT

Megbecsill jilk a deuterontérfogat hatasat a d/p ardnyra hig fortd doute-
ron-nuk leon gazban. Az adédik, hogy Altaldban e térfogat egy "eniropiatdbbie
tet” imital, amely hasonld a 0,4-0,8 GeV/nukleon energidju nehézioniitkizosek-
ben talalthoz, igy lehetséges, hogy nincs is ilyen tébblet.



v, INTRODUCTION

The observed d/p ratio in heavy ion collisions of 400-800
MeV/nucleon beam energy is definitely lower than the theoretical
value predicted by ideal gas models [(1). One interpretation is
that there is an "entropy excess"” in the process, some Ao = 2
extra specific entropy production could explain the low d/p ratio
{1}, 12]). Such an extra entropy production would be possible e.qg.
in inequilibrium phase transitions | 3], however nucleon-quark
phase transtion cannot be expected at these beam enercgies [4],i5].
Nevertheless, i. is not obvious that the d/p ratio is the proper
way to measure the entropy, since the deuteron is an extended
system. In fact, using the familiar van der Waals equa.ion of
state, a 10 fm3 deuteron volume can explain the low deuteron ra-
tio [2]. Since the van der Waals equation of state is phenomeno-
logical, its relevance would need some further discussion. Thus
here we show that any reasonable equation of state (if not ideal)
would lead to the same order of magnitude for the entropy correc-
tion.

2. THE EQUATION OF STATE

It is convenient to use the baryon density n, deuteron con-
centration ¢ and specific entropy o as characteristic gquantities.
They are defined as follows:

n = nn + an

Q
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nd/(nn + an) (2.1)
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s/(nn + an)



where s is the entropy density, while n, and n, stand for the
nucleon and deuteron nurber densities, respectively. In adiabatic
processes (as the expansion of fireclouds, approx‘mately) o is

constant. In the ideal gas limit

P = (nn + nd)T

3 (2.2)
€ = —z-(nn + nd)T
whence the jideal equation of state is
' 2 o
€id " q(c)(l-c)5/3n5/3e3 1-c (2.3)

The function g(c) cannot be determined from the phenomenologic
laws (2.2), but it can be calculated e.a. for a mixture of non-
-interacting Boltzmann gases [1]. Then in chemical equilibrium
[1],16]

g = 3,95 - 1n2 - 1Inc + In(l-2c¢c) - 5c/2 (2.4)
For thin nonideal gases one can write

E = € [1*'71(0'“,(3)]
id (2.5)

Inl << 1
Now, as an approximation, we assume that a pure nucleon gas is
ideal, and the deviations from the ideal behaviour come from the

deuterons (at densities produced in collisions of several hundred

MeV beam energies this seems to be correct). Then

lim n{(o,n,c) = 0O (2.6)
c+0

3. THE CHEMICAL EQUILIBRIUM
There are d <=2 2n transitions in the system. In this pro-

cess the condition for chemical equilibrium is
2u, - uq =0 (3.1)



where n denotes the chemical potential. Using the canonical vari-

ables s, n, and nd,
- 2
T=3s
(3.2)
_ O0E
u; = an,
Then Cond. (3.1) can be written as
JE _ .
(—E) =0 (3.3)
eq
whence, using eq. (2.5)
n q
et . e _ 21 2 _o - -
im* 9 31’3 ;2°° t3.4)

This equation shows that, measuring the deuteron concentration c,
the interaction terms imitate an %"excess" in the specific entropy

n
— 3 - 2 rC r.
Ao = 2(1 c) T (3.5)
that is, at the same concentration the specific entropy of the in-
teracting mixture differs by Ao from the value calculated from
ideal models.

bh. THE DILUTE GAS LIMIT

The evaluation of eq. (3.5) would need the acutal from of n,
but the interaction term in the equation of state is very noorly
known for nucleon-deuteron mixtures. In principle this equation
offers a possibility to measure n by comparing the calculated
entropy production to the measured d/p ratio, but this is defi-
nitely not the goal of this paper. Here we want to make decent
estimations for Ao without specifying the model. Obviously, this
cannot be done for the generic case; however, it is possible in
the dilute limit, as we shall immediately see., This seems to be
sufficient in the invertigated case, because at 0.4-0.8 GeV/nu-
cleon beam energy the observed d/p ratio was cca. 0.1 |1]), and




the expected maximal density is not higher than three normal nu-
clear density (7). Therefore now we restrict ourselves to the
limit c-0, n~0, and, from technical reasons, assume that n can be
expanded into Taylor series in n as well as in c at O. Further-
more, from physical considerations, and according to eq. (2.5),
we require that the mixture go to an id:al one when n-0.

Since n is dimensionless, as well as o and c, it has to
contain volume parameters from dimensional reasons. Eq. (2.6) in-
dicates that these parameters belong to the deuterons, and here,
for simplicity’s sake, we use a single parameter V.

From the above assumptions, in the dilute limit n has the
form

n(o,n,c) = k(o)nVc + (higher terms) (4.1)
Then the leading term in Ao is
_3 1
AC = 5 k{oc)nv (4.2)

Note that the deuteron volume is multiplied by the total baryon
density, so this term survives in the c+0 limit.

The evaluation of eq. (4.2) is not possible without taking
k(o) from specific models. If one does not want to do this, only
2stimations can be done. The sign of k is positive if the states
containing greater part of the nucleons in deuterors are ener-
getically dispreferred by the nonideal term n from any rcason,
which seems to be more probable than the opposite case (note Lhat
in the investigated cases the deuteron binding energy is negli-
gible compared to the temperature). Since k(o) is a dimersionless
function of a dimensionless variable, and in the investigated
collisions o is in the order of 1 [1],[6}, by means of Dirac’s
principle about the natural form of physical laws one can con-
clude that k is expected in the order of 1 too. Although speciat-
ly chcsen models may quite well produce a definitely lower value
for k, in the present state of knowledge about the equation of
state a low value would seem to be forced, and the phenomenoloqic
van der Waals equation of state yields k = +2/3, in accordance
with our estimation. In any case, if the nonideal part of the



4 equation of state is unknown, eq. {4.2) can be interpreted that
the specific entropy of the hot, —compressed stage can be calcu-
lated from the observed d/p ratio only with an error 60 =~ nV.

Identifying V with the geometric volume calculated from the
deuteron breakup cross section, or with volumes of reasonable wave
functions, V = 10 fm3, or slightly greater [8]. But then Ao - 3
at 2n density, which is quite enough to eliminate the "measured”

entropy excess.

b, CONCLUSIONS

We have estimated the influence of the deuteron volume on
the d/p ratio in a dilute hot deuteron-nucleon mixture. The re-
sult is that, if all the unknown dimensionless parameters of the
unknown equation of state are in the order of 1, then the deutermn
volume imitates an excess of the specific entropy of order nv,
and this value is similar to the okserved "entropy excess" in heav;
ion collisions at 0.4-0.8 GeV/nucleon beam energy. This rosult
is confirmed by the model calculation with a van der Waals equa-
tion of state. Although the relevance of this equation of stat«
has not been proven here, the old phenomenologic van der Waals
equation was definitely not constructed for explaining thesec
reactions, so it is a good representative of unspecified equa-
tions of state. In any case, our conclusion is that the specific
entropy ca;culated from the final d/op ratio carries an error of
order nV, if the nonideal part of the equation of state is un-
known, and using reasonable deuteron volumes, this error is in
the order of the "measured” excess, so there is no clear evidencc
for an excess at all.
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