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As recently measured in relativistic heavy-ion collisions, the antideuteron formation rate, which is the ratio of the 
antideuteron production cross section to the antiproton cross section squared at the same momentum per nucleon, is 
substantially smaller than the formation rate of deuterons. This happens because the shape of the antinucleon source 
is different from the nucleon one. In the case of baryon-rich sources, the nucleons are emitted from the whole source 
volume while antinucleons are emitted predominantly from the surface due to antinucleon absorption in the baryon 
environment. 

The cross section of antideuteron production in 
Si-Au collisions at AGS has been recently measured 
[ 1 ] and it has been found that the antideuteron for- 
mation rate, i.e. the ratio of the antideuteron cross 
section to the antiproton cross section squared both 
at the same momentum per nucleon, is 5-10 times 
smaller than the deuteron formation rate. This is hard 
to understand within a simple coalescence model [2], 
where the coalescence radius, which determines the 
formation rate, mainly reflects the deuteron structure 
and consequently should be essentially the same for 
deuterons and antideuterons. However, a more care- 
ful analysis presented here shows that such an exper- 
imental result should be indeed expected. 

It has been argued that the formation rates of 
deuterons [3,4] and antideuterons [5-7]  are sen- 
sitive to the space-time characteristics of parti- 
cle sources in nuclear collisions. Measurements of 
deuterons and antideuterons can even be used to de- 
termine these characteristics in a similar manner  as 
one studies two-particle correlations for this purpose; 
for a review see ref. [ 8 ]. In our earlier paper [ 5 ] the 
antideuteron production and two-pion correlations in 
p -p  collisions were simultaneously considered. How- 
ever, the analysis was obscured by the fact that two 
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antinucleons are not produced independently from 
each other in p -p  collisions and consequently one 
cannot approximate the cross section of nucleon pair 
production as a product of the single nucleon cross 
sections which were measured. When heavy ions col- 
lide the assumption that antinucleons and nucleons 
are independent of each other is well justif ied--every 
antinucleon is expected to be created in a differ- 
ent N - N  interaction. Thus, the difference between 
the formation rates of deuterons and antideuterons 
should appear only due the different shapes and/or  
sizes of the nucleon and antinucleon sources. It has 
been suggested [ 1,7] that the antideuteron formation 
rate is smaller than the deuteron one because antinu- 
cleons (due to their large cross section) are emitted 
at a later stage of the source expansion, and conse- 
quently the antinucleon source is bigger than the nu- 
cleon one. As we will show below, such an explana- 
tion demands a density of the nucleon source which 
is about five times larger than that of the antinucleon 
one. Thus, we find this solution rather unacceptable 
and suggest another one in this note. 

We start our considerations with a qualitative dis- 
cussion of (ant i)deuteron production in relativistic 
heavy-ion collisions. 

The particle source is created when the colliding 
nuclei penetrate each other. If the size of the source 
is smaller than the particle mean free path, the parti- 
cles immediately escape from the source. In the case 
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o f  large sources, the particles cannot escape because 
they collide with each other. The source evolves to- 
wards thermodynamic  equil ibrium, expands a bit  and 
then rapidly disintegrates when the particle mean free 
path is comparable  to the fireball size. One often as- 
sumes that the source reaches equil ibr ium immedi-  
ately or soon after it is created. In contrast  to ref. 
[7], we do not adopt  this far going assumption,  al- 
though we assume that the antinucleons, which are 
produced near the center of  the interaction region of  
the nucleus-nucleus collision, experience secondary 
interactions and most of  them annihilate in the baryon 
environment.  The antinucleons which are produced 
near the surface can escape from the source without 
reinteraction. Thus, the nucleons are emit ted from the 
whole source volume while the antinucleons are emit-  
ted predominant ly  from the surface. As we will fur- 
ther show, the different shapes of  antinucleon and nu- 
cleon sources can explain the difference between the 
formation rates. 

Keeping in mind the quali tat ive picture presented 
above we can start our quanti tat ive considerations.  
The cross section of  (ant i )deuteron product ion can 
be written as [2-6]  

da d d~  np 
. A  t _ _  

d3 P d3pl d3p2 , ( 1 ) 

where .A' is the format ion rate (see below) and 
d'SnP/(d3pl d3p2) is the n - p  product ion cross section 
with Pl = P2 = P / 2 .  This cross section neglects par- 
ticle correlations due to the final state interactions 
and is usually factorized as 

d'a np l da  n da p 
- ( 2 )  

d3pl d3ff2 0 -inel d3ffl d3p2 ' 

with O "inel being the total  inelastic cross section. Thus, 
independent  product ion of  each nucleon is assumed 
here. 

In the reference frame where a particle source is 
at rest, the deuteron format ion rate .4' = y*A with y 
being the Lorentz factor of  the deuteron motion with 
respect to the source and 

*A = 3(2ZC) 3 

× / d 3 r ,  d3r2 79(rl)79(r2) [ ~a ( r l , r2)  12 , (3) 

where the source function 79 ( r ) ,  which is normal ized 
as f d3r 19 (r)  = 1, gives the probabi l i ty  to emit  a nu- 

cleon from a space- t ime point  r; ~'d is the deuteron 
wave function. The emit ted nucleons are assumed un- 
polarized and consequently, the weight coefficient 3/4  
appears. 

For  simplicity the t ime dependence is suppressed in 
eq. (3). This does not mean that the source is static, 
but that the particles are emit ted simultaneously. Such 
an assumption leads to a slight overestimate of  the 
source size. The point  is that the effect of  the t ime 
separation between the emission acts is well imi ta ted  
by an increase of  the space separation (see, e.g., ref. 
[4] ). In fact, it is very hard to disentangle the two de- 
pendences. Let us also note that most (ant i)nucleons 
are emit ted during a short period of  the source dis- 
integration; thus, the (ant i )deuteron formation rates, 
such as the correlation functions, carry information 
only about this last state of  the source. 

Eq. (1) is often written in an explicitly Lorentz 
invariant  form as 

_ d a  a daP 
/:~5-~ = B d3 (P /2  ) , (4) 

where E and E / 2  are the energies of  the deuteron and 
nucleons, respectively, and 

2 
B _  = *A, (5) mo-inel 

with m being the nucleon mass. Eq. (4) assumes the 
factorization (2) and the approximate  equality of  the 
neutron and proton cross sections. In the case of  a 
neutron surplus in the colliding project i le- target  sys- 
tem, one includes an extra combinatorial  factor in eq. 
(4). 

The parameter izat ion of  a nucleon source is usually 
chosen in the gaussian form 

79(r) - 1 e x p ( - r 2 / 2 ~ )  , (6a) 
(2rt)3/2r0 3 

which gives the mean radius squared of  a source 
(r e) = 3r g. 

We choose the parameter izat ion of  an antinucleon 
source as 

1 
79(r) = 

(2zt) 3/2 (r 3 _ r.3 ) 

× [ exp( - r2 /2 r0  2 ) - e x p ( - r 2 / 2 ~  ) ] , (6b) 

where r, measures the zone where the emission of  
antinucleons is strongly damped.  
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Let us note that the parameter izat ion (6b) is not 
singular at r.  = r0. Indeed, the function (6b) in this 
case reads 

~ ( r ) -  1 r2 e x p ( - r 2 / 2 r  2) . (6c) 
3(2n)3/2 r .  5 

The parameter izat ions (6) allow one to factorize 
the integrals over the center-of-mass and relative co- 
ordinates, which are defined as R = ½ (rl + r2), r = 
rl - r2, P = Pl +P2 ,  q = ½(Pl - P 2 ) .  The deuteron 
wave function is then written down in the form 

~ ' d ( r l , r 2 )  = e i P ' ~ ¢ d ( r )  . (7) 

Substituting eqs. (6) and (7) into eqs. (3) one gets 
after the integration over R 

A = 3(2n)3fd3rT~r(r)  I Ca(r)  12 , (8) 

where 79~(r) describes the relative posit ion of  the 
emission points with 

1 exp (-r2/4r2o) , D r ( r ) -  (4n)3/2ro3 

1 
D r ( r )  = (4n)3/2(ro 3 _ r3 ) 

× [ exp ( - r2 /4 ro  2) - e x p ( - r Z / 4 ~ ) ]  • 

We use in further calculations the deuteron wave 
function in the Hulth6n form 

( a ' 8 ( a  + ,8) ~,/2 e-,~. _ e-P~ 
~d(l~) = \ 2 n ( a  - ' 8 ) 2 ]  r ' 

with a = 0.23 fm -1 and fl = 1.61 fm -1 [9]. 
Performing the integration in eq. (8) one finds 

3n ~ ~fl(o~ + fl) . 4 -  
2r~ (c~ - fl)2 

× [F(2~ro)  - 2 F ( ( a  + fl)ro) + F(2flro)], 

3n 2 ~ f l ( a  + fl) 
2(ro 3 - r,  3) (c~ - fl)2 

]ro[F(go, ro)- 2F((o + '8)to) + F(2'sro)] × 

I.  

- r . [ F ( 2 a r . ) -  2 F ( ( ~  + '8)r.) + F(2'sr.)]] , 

' ' ' ' I ' ' ' ' 

10. A(ro,r , )  [ f ro  -3] 

N ~  r ° = 0  
1. r . =  1 f m  

\ \  r . = 2 f m  
\ \  r , =  3 / r a  

r .  = 4 f m  

0.01 
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0 5 10 

r0 [fro] 

Fig. 1. The antideuteron formation rate as a function of ro 
for several values of r,. 

where 
o o  

F(x)  - eX2erfc(x) , erfc(x) =_ --~ / dte -F . 
x 

One observes that A(ro,  r . )  = A ( r . , r o ) ,  A(ro,  r.  = 

O) = A(ro). 
In fig. 1 we show the formation rate A as a function 

of  r0 for several values of  r . .  
The experimental  cross sections of  antideuterons 

and ant iprotons given in ref. [ l ]  provide the value 
of  the parameter  B [defined by eq. (4)]  as 7 x 10 -7 
GeVE/mb ~1 . The value of  B for deuterons for a 
similar project i le- target  system is about 4 x 10 -6 

GeV2/mb [10]. Estimating the cross section tr inel as 
3650 mb for S i -Au collisions the above values of  B 
and B give the formation rates 

= 0.15 fm -3 .A = 0.90 fm -s  

Now one can find in fig. 1 the parameters  r0 and r. 
corresponding to these formation rates. Then, r0 
1.5 fm, which corresponds to (r2) 1/2 = v~ro ~- 2.5 
fm for the nucleon source. Therefore, the average nu- 
cleon source is somewhat smaller than the Si nucleus, 
the radius of  which is about 3.3 fm. The value of  
the ant ideuteron formation rate can be reproduced 
with r. = 0 and r0 ~ 2.5 fm, which gives (r2) 1/2 ="~ 

~1 The value of B given in ref. [ 1 ] is inconsistent with 
the cross sections listed there. The units of B are also 
incorrect. 
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4.3 fm. Then, the antinucleon source is substantially 
larger than the nucleon one, with the baryon density 
5 t imes(!)  smaller. The ant ideuteron format ion rate 
is also reproduced with r0 --- r. ~ 1.5 fro. In this case 
the antinucleon source is of  the same size as the nu- 
cleon one but  the antinucleons originate from the sur- 
face. Obviously,  A can be fitted with r0 and r. ranging 
from 1.5 fm to 2.5 fm and 0 to 1.5 fm, respectively. 
The most plausible case assumes, in our opinion,  sim- 
ilar values o f  r0 for the deuterons and antideuterons 
and a finite value of  r. for the latter. 

It would be very interesting to measure A and A as 
a function of  (an t i )deuteron  momentum.  The role of  
antinucleon absorpt ion should decrease with increas- 
ing ant ideuteron momen tum measured with respect 
to the source and then A should tend to A. 

In conclusion, the experimentally observed [ 1 ] dif- 
ference between the deuteron and ant ideuteron for- 
mat ion rates can be easily explained if  one assumes 
that  the nucleons are emit ted from the whole volume 
of  the source while the antinucleons are emit ted pre- 
dominant ly  from the surface. 
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