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Abstract

Elastic charge-exchange in relativistic heavy ion collisions is responsible for the nondisruptive
change of the charge state of the nuclei. We show that it can be reliably calculated within the eikonal
approximation for the reaction part. The formalism is applied to the charge-pickup cross sections
of 158 GeV/nucleon Pb projectiles on several targets. The relative contributions of pion- and rho-
exchange are determined, using a single-particle model for the internal structure of the nuclei. The
calculated cross sections are nonnegligible for heavy targets. It is shown that these cross sections
can be useful to obtain information on the Gamow-Teller transition strengths of the nu2@ao
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1. Introduction

Heavy-ion charge-pickup reactions can help us to access useful information on beta-
decay transition strengths. At low energy nuclear collisions, it is well known that charge-
exchange is accomplished by the proton exchange between the nuclei [1]. At intermediate
energies £ 100 MeV/nucleon) nucleon-exchange competes with the charged meson
exchange [2]. At relativistic energies{ 1 GeV/nucleon), the charge strippingyZ =
—1, cross sections will have a substantial contribution from proton removal [3], but the
charge pickupAZ = +1, cross section will be solely due to the charged meson exchange,
mainly 7*- andp®-exchange [4]. It is virtually impossible that a proton-pickup will occur
at these energies. The strong absorption of heavy ions selects large impact parameters
and therefore emphasizes the longest range part of the charge exchange force. Since the
reaction is very peripheral, one expects that the charge-exchange process is practically
determined by the participation of the valence nucleons. Therefore, these reactions should
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be a probe of charge exchange in a nuclear environment. A series of studies of this type
has been performed theoretically and experimentally [5-8].

The charge-pickup cross sections for relativistic heavy ion collisions have recently been
studied at CERN [9-12]. Theoretically, little is known about these reactions. Itis the aim of
this paper to develop a simple description of charge-pickup reactions in relativistic heavy
ion collisions in terms of what we believe to be the most important ingredients, namely
the microscopier - andp-exchange potentials. An eikonal approach developed in Ref. [4]
for charge-exchange in nucleus—nucleus scattering is used. Simple expressions are found
which can be useful for estimation purposes in the planning of future experiments.

One basic assumption of our work is that the dominant process is pion and rho exchange
between a projectile and a target nucleon. However, other mechanisms could also be of
equal importance, i.e§y + N — N + A followed by absorption. There has been a quite
large number of measurements on spin—isospin excitations in charge-excRieege (
experiments at SATURNE that show the physics of these kind of processes are quite
complicated. We will not study these questions in the present paper, leaving this for a
future work. But, we refer to some of the SATURNE papers [13-16] for the interested
reader.

In Section 2 we describe the reaction mechanism and the structure ingredients of our
calculation. In Section 3 the dependence of the cross sections on the number of participants
surface nucleons is studied in details and an application is done for the charge-pickup
cross sections for 158 Ge¥ucleon Pb projectiles on several targets. In Section 4 the
proportionality of the measured cross sections to the Gamow-Teller strengths is shown.
A comparison to the results of Section 3 shows that the reaction mechanism does not
dependent on the structure model. In Section 5 we present our conclusions.

2. Relativistic heavy-ion charge-exchange reactions

Following Ref. [4], the total cross section for charge-pickup cross sections in high energy
heavy ion collisions is given by

(0.¢]
o =2n/b73(b)db, (2.1)
0
whereP is the probability of one-boson-exchange at the impact pararhefieen by
1N .
P(b) = (W) 2jp+ D H2jr + D exp{—2Imx (b))}
X Z‘M(m, v, b)
v,m
where Imy (b) is the imaginary part of the eikonal phase. In high energy collisions the
phasey (b) will be predominantly imaginary and can be constructed front thratrix for

nucleon—nucleon scattering [17]. The matrix elem&him, v, b) carries information on
the nuclear structure, and is given by

2 2.2)
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o0 2

M(m,v,b):/dqq Jv(qb)/ deg €% M(m, q) (2.3)
0 0
with
Mm, Q) =(@f(1rp) @ (rr)| e P V() €V |of (rp) ] (7)), (2.4)
where ®%1) are the internal wavefunctions of the projectile)(and target ) in the

initial (i)fz;rid final (f) states, respectively.

INEq. (2.2)m = (m7,m’, mp, m’p) is the set of angular momentum quantum numbers
of the projectile and target wavefunctiom is measured along the beam axis, and the
subindicesT and P refer to the target and projectile, respectively. The probability is
obtained by an average of initial spins and a sum over final sping{; m’P(T)). The
interaction potential responsible for the charge-exchange between the nuclei is given by
V(q), whereq is the Fourier transform of the microscopic charge-exchange interaction.
For more detalils, see [4].

Egs. (2.1) and (2.2) are the basic results of the eikonal approach to the description of
heavy-ion charge-exchange reactions at relativistic energies. They can also be used for
the calculation of the excitation ok particles in nucleus—nucleus peripheral collisions.
The essential quantity to proceed further is the matrix element given by Eq. (2.4) which
is needed to calculate the impact-parameter-dependent amplifide v, b) through
Eq. (2.3). The magnitude of this amplitude decreases with the decreasing overlap between
the nuclei, i.e., with the impact parameter At small impact parameters the strong
absorption will reduce the charge-exchange probability. Therefore, we expect that the
probability given by Eq. (2.2) is peaked at the grazing impact parameter.

The pior+ rho exchange potential, modified so that the zero range force is corrected for
an extended source function [18], can be written as

V(@) = Vz(@) + V,(@) = [v(@ (o1 - §) (02 ) +w() (01 02)] (11 - T2), (2.5)
where
v(@) = V™) + 5", and

(2.6)
w(@) = ws"(Q) + £ wS(Q) + W) + W),
and
2 2
t q t q
U;fns(Q) =—Jz W, UpenS(Q) =J, Ws (2.7)
2
wee(q) = —% Jx [ﬁ - 382}
(2.8)
cent( _ _2 7 q2 3.
wp q)— 3Jp m%+q2 ng )
1 q? 1 q°
ten _ = ten __= )

with the parameterg, =1/3, g/, = 2/3, andé = 0.4 [19].
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The values of the coupling constamts andJ, in nuclear units are given by

12 2 (hc)® ~
Jr = _mf% = f2 - 2)2_400 MeV frr,
2, (he)®
Jp= —m% =f, 7(’“ c2)2 ~ 790 MeV frr? (2.10)

where f2/4r = 0.08 (f2/4m = 4.85),mc? = 145 MeV andn,c? = 770 MeV.

Turning off the termsz)f,e;“, or vtensandwtensallows us to study the contributions from
the central and the tensor mteractlon and frmrrandp -exchange, respectively.

Using Eqg. (2.5), and single-particle wavefunctiofiss,, it is straightforward to show
that Eq. (2.4) reduces to [4] (note that here the index@esidv denote the proton and the
neutron wavefunctions, respectively):

0, € giar |¢(7T) >

jptpmp

o S 0 O,

jriérmr

Mm, q)-w(q)z (@50,

Ou ear |¢(U) >

jrérmr

+ ? v(q) Z 1@ Yo @ (7).
M
o €19 [T ). (2.11)

jptpmp

(¢(V) ,

Jptpm’p

Expanding & into multipoles we can write:

ear |¢§]Zn 4”2' YIM(Q)(

IM

\¢,em) (2.12)

(Cym

Sincej;(gr) Y p(f) is an irreducible tensor,

o j1(qr) Yiu (@) =Y (IIMp|I'M") Wy, (2.13)
’m’

whereV, . is also an irreducible tensor. Therefore,

<¢(7’T()’ ! jlm)
=Y amulI'm) (@),
M
=Y AIMpI' M) GImM'|j'm) (57| Wy [ 657). (2.14)
rm

¢j€m>

Wime

Egs. (2.11)—(2.14) allows one to calculate the charge-exchange between single-
particle orbitals. The quantity needed is the reduced matrix ele(a:éﬂtn Ljilgr)o ®
Yy ||¢(“)) These are calculated in textbooks of nuclear structure (see, e.g., [20]). If
several orbltals contribute to the process, the respective amplitudes can be added and
further on averaged in the cross sections.
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3. Single-particle matrix-elements and surface approximation

The reduced matrix elements are calculated in the single-particle model for neutrons and
protons. Using Eq. (A.2.24) of Ref. [20] one finds:

@ | [iraro @], [#f”)
o 2j+1 Y2/ 1 1
(-2 AL s 2|
=D {47r(21’+1)} (“ 2 210>
14 (—1)t+t+ vVIi+1 /vi+1
x <f} 0 JVI@I+D/IT+1)

-1 1T
1
) ((—D“l/zfnw (jj’))f”""(‘”’ -1
where
Frjj (@) = f R (RS (r) ji(qryr?dr  and (3.2)
0
nr (77') = 3{@j + D+ (-7 (25" + 1)) (3.3)

In Eq. (3.2),RY" () and R;‘,’)(r) are the proton and neutron single-particle radial wave-
functions, respectively.

The (3x 2) and (2x 1) arrays in the equation are matrices and matrix multiplication
is implied. The resulting matrid,,;,, is a (3x 1) array withA11, A1 and Az; the values
of the reduced matrix elements whéh= I + 1, I, andI — 1, respectively. The factor
[1+4 (=1)¢++11/2 vanishes unless+ ¢’ + I is even, that is unless parity is conserved.

The proton and neutron wavefunctions which are needed for the integral Eq. (3.2) must
carefully account for the Pauli blocking in the final state. Moreover, the pion, 6%
readily absorbed in the nuclear surface and only the nucleons in the last shells and close
to the nuclear surface will contribute to the process. The surface approximation consists in
using

47 (R (MRS (1) = Ny p(r), (3.4)

where () means the average over tig participant surface nucleons, andgds¢r) the
nuclear density. To simplify, we also uge= ¢’ = 0, so that only the spin of the nucleons
are considered in the following developments. This will liflit= 1, and/ = 0. Thus, the
relevant matrix element is

(@73 | Liotar) o ® Yol, | 65) = ——\f Fo(q)- (3.5)

The Woods—Saxon distribution with central density radiusRy and diffusivenesg
gives a good description of the densities of the nucleiinvolved in our calculation. However,
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Fig. 1. The from factorFo(¢) of Eq. (3.6), compared to the one obtained by the numerical integration
using Woods—Saxon density distributions for Al, Cu, Sn, Au, and Pb (to simplify the figure, we did
not plot the curves for Au and Cu).

this distribution is very well described by the convolution of a hard sphere and an Yukawa
function [23]. In this caseFp(g) can be calculated analytically [21]:

4 .
Folg) = %po[sm(qRo) —qRocOS(qRo)][ (3.6)

1
1+ q2a$ j|
Fig. 1 compares-p(g) obtained with the numerical integration with the Woods—Saxon
density distribution for Al Rg = 3.07 fm,a = 0.519 fm), Cu Ro = 4.163 fm,a = 0.606
fm), Sn (Rp = 5.412 fm,a = 0.560 fm), Au (Ro = 6.43 fm,a = 0. 541 fm) and Pb Ro =
6.62 fm, a = 0.546 fm) (to simplify the figure, we did not plot the curves for Au and
Cu). In all cases we used for the Yukawa function parameter in Eq.43.6)0.7 fm. We
see that the agreement is very good. For carbon, one can use a Gaussian density, with the

Gaussian parameter= ,/ %(rz)c = 2.018 fr?. In this case,
Fo(q) = 7%?poa®? exd—q2a2/4). (3.7)

A further simplification can be obtained for the factdkb) = exp(—2Imy (b)) in
Eq. (2.2). We use the po” approximation [17], which gives

T (b) :exp{—aNN f dz f pp(r>pT(R+r)d3r} (3.8)

with R = (b,z). ony is the nucleon—nucleon cross section at the corresponding
bombarding energy, andpr) is the projectile (target) matter density distributidi)
is known as the transparency function. At 158 GeWcleon we useyy = 52 mb.

The simplest parameterization for the nuclear matter densities are Gaussian functions.
Assuming

pp(r)(r) = pp(r)(0) exp{—r? /e 1 |, (3.9)
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the integrals in Eq. (3.8) can be performed analytically. One gets:

m2ann pr(0) pp(0) o> p[ b2 }
T(b)= — — . 3.10
ool T e | (320

As observed by Karol [22], for nuclei which densities well described by Woods—Saxon
distributions,T () is very little dependent on the lower valuesxand consequently on the
values ofpp () (r) for smallr’s. Only the surface form of the density is relevant. Thus one
can fit the surface part of the densities by Gaussian functions and use the Eq. (3.10) with
the appropriate fitting parametess (0), or(0), ar andap. If the density distributions is
given by a Fermi or Woods—Saxon function

p(r) = po{1+exq(r — R)/(/48)]} "

Karol [22] has shown thdf (b) can be well reproduced with Gaussian fits for the nuclear
densities, if the parameters in the Gaussian distributions (3.9) are given by

1
p(0) =2 poe ™, (3.12)

(3.11)

o ARt +1
ok

o

s

where
3A |
PO= 73 (15 (x27/193689)| k=4(In5)=6.43775.. ., (3.13)
andA is the mass number.
In Fig. 2 we compare the Karol transparency functions (open circles) with the ones
obtained by a numerical integration of the integral (3.8) with Woods—Saxon densities (solid
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Fig. 2. Comparison of the Karol transparency functions (open circles) with the ones obtained by a
numerical integration of the integral (3.8) with Woods—Saxon densities (solid circles).
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circles). The agreement is excellent. Thus, the calculation simplifies enormously with the
use of this approximation.
In Eq. (2.4), only the transverse partapfs needed. Using

Yom (@) = { (—=1)+m/2 (2”1)1/2 —(@ "1,1;5@1,1:).11/2 @m®  if {4+ m= even, (3.14)
, otherwise,
and
27
/ d0V9 g — 275, (3.15)

0
in the matrix elements (2.11)—(2.14), it is straightforward to show that (2.3) becomes

M(ms vvb) :Co(mpsm/])vav m/T)FO(b) +CU(mP7m/Psstm{[‘ )Gv(b)7

where

3
Colmp, mp,mp,my) =33 (FVmpu|gmp)(31mru|3mt),

n
3
CV(mP’m/P’mT’m/T)ZZZ(%1mPM|%m%)(%lmT“/%m/T)‘sufﬂ’,v (3.16)
np
and
o o0
Fo(b)=qu qJo(gb)w(q)FE(q), Gu(b)=qu a4y (gb)v(@) F(q). (3.17)
0 0

In Fig. 3 we plot the charge-pickup probabilities for 58 GeV/nucleon + X (target),
with X = C, Al, Cu, Sn, Au and Pb. The exchange probability is peaked at grazing impact
parameters: at low impact parameters the strong absorption makes the probability small,
whereas at large impact parameters it is small because of the short-range of the exchange
potentials. The value of the exchange probability at the peak is abofaOPb+ Pb. As

3 ——T——
"‘."_‘
2, Au i
X
2 Pb
%
81+ Sn —
[
* A
0 1 C \
0 10 20 30
b [fm]

Fig. 3. Charge-pickup probabilities for Rb58 GeV/nucleon + X (target), with X= C, Al, Cu, Sn,
Au and Pb.
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in the case studied in Ref. [4] the process is dominatedt®xchange, with only a small
fraction, of the order of 10%, or less, originating from ihexchange channel.

The probabilities are divided by the square of the number of participating nucleons. As
shown, it increases with the target mass number. The cross sections are found out to be
approximately constant for bombarding energies above 10/G&aleon. The reason is
simple, since from Eq. (2.2) we see that, apart from the fadtor)2 ~ (1/c¢)2, the only
energy dependence comes from the total nucleon—nucleon cross section in the absorption
factorT (b). This is approximately constant at relativistic energies.

In Fig. 4 we plot the total charge-pickup cross sections ifH8 GeV/nucleon + X
(target), with X= C, Al, Cu, Sn, Au and Pb. The dashed line is a guide to the eyes. The
solid line is explained in next section. The cross section is also divided by the square of the
number of participating nucleons. It increases steadily with the target mass number.

In Table 1 we give the values of/st (in mb) for the studied reactions.

0.6 I, (158 GeVinucl) + X

0.4

0.2

0.0 Al -
L | 1 | I | L | 1

0 50 100 150 200 250
A (target)

Fig. 4. Total charge-pickup cross sections for(®58 GeV/nucleon + X (target), with X=C, Al,

Cu, Sn, Au and Pb. The dashed curve is a guide to the eyes. The solid curve represents a calculation
of the cross sections divided by the Gamow-Teller transition strenghts of the nuclei and normalized
to thecr/N2 cross section for Pl Sn.

Table 1
Total charge-pickup cross sections (per participant nucleon) fet & GeV/nucleon + X (target),
with X = C, Al, Cu, Sn, Au and Pb

Pb (158 GeV/nug) + X o /N2 (mb)
c 0.0106
Al 0.0394
Cu 0105
Sn 0253
Au 0.572

Pb Q0587
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4. Proportionality to the Gamow-—Teller transition strengths

It is clear that the approximation (3.4) is very rough and that the assumptiba-&f
nucleons at the surface is not realistic, specially because the surface nucleons are certainly
not in ans-wave state. However, these approximations have been useful to extract the main
features of the reaction mechanism in relativistie- p exchange. Some of these features
are very useful for further theoretical developments. It is clear from Figs. 2 and 3 that only
nucleons very close to the surface will contribute to the process. Thus, one can simplify
these approximations by replacing the nucleon coordinates in Eq. (2.11) by their surface
positions,Rp andR7, respectively. In this case Eq. (2.11) reduces to the very compact
expression

M=[w(@) +v(@)] MoT(P — P') MT(T — T") IR 371, (4.1)

where we also used Eq. (3.14). The Gamow-Teller matrix elendgtsare expectation
values of thes t operators, i.e.,

Mar(a = A) = [ & pre(r) = (W|oT14). (4.2)
Inserting Eq. (4.1) into Eqgs. (2.4) and (2.2), and using the integral
/d¢ exp(—ive) exp(—igx cosp) = 2 J, (qx), (4.3)
we get:

A 2hy

x Z|H(v, b)

2
Pb) = (L> exp{—2Imy (b)} BaT(P — P') BeT(T — T")

2

(4.4)

where
BoT(A — A') = |MaT(A — A |* = (4| o |A)[? (4.5)

is the Gamow-Teller transition strength of nuclelisA sum over final spins and average
over initial spins is implicit. The functio# (v, b) is given by

H(v,b)= 2ﬂ/dq q[w(q) +v(@)] Ju(gb) Ju[q(Rp + Rr)]. (4.6)
0

This function is peaked @ = Rp + Ry and its width is determined by the range of the
pion-exchange interaction, i.eAp ~ 1 fm.

The expression (4.4) shows the proportionality between the charge exchange probabili-
ties and the Gamow-Teller transition strengths in relativistic heavy-ion collisions. A simi-
lar relationship was obtained by Taddeucci et al. [24](fern) reactions at O degrees for
proton energies of 100 MeV. For heavy-ion reactions at 0 degrees and bombarding en-
ergies of~ 100 MeV, a similar relationship was also obtained by Osterfeld et al. [25]. The
validity of such a proportionality depends on the factorization of the cross sections into
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two terms, one depending on the nuclear sizes and absorption, and the other on the nuclear
structure. The solid line in Fig. 4 displays the cross sections for charge-pickup reactions
using the proportionality expression (4.4). The results have been normalized to yield the
same magnitude as/N? for the reaction Ph(158 GeV/nucleon + Sn. One sees that

the agreement is excellent, showing that thelependence of the process is solely due to
geometry factors (nuclear transparency and the range of the one-boson-exchange interac-
tion). The oversimplified model of the last section is thus unnecessary, but it was useful to
show that one can use the proportionality expression (4.4) to access precious information
on the beta-decay strengths from charge-pickup reactions with relativistic heavy ions.

5. Conclusions

We described the charge exchange in relativistic heavy ion reactions in termaraf
p exchange and the eikonal approximation. We applied the formalism to the calculation
of charge-pickup probabilities and cross sections fof B8 GeV/nucleon + X (target),
with X = C, Al, Cu, Sn, Au and Pb.

Our model yields probabilities and cross sections which are dependent on the number
of participating nucleons at the nuclear surface. The cross sections for the process are not
small, as seen from Fig. 4. Assuming, e.g., that the number of surface nucleons which can
contribute to the process is of order of 10 for large systems, one gets cross sections of order
of 50 mb, or more.

The calculation is useful to support the proportionality of the measured cross sections
with the Gamow-Teller matrix transition strengths. These are useful nuclear structure
information. However, the experiments would have to be able to distinguish these “elastic”
charge-exchange events from more complicated backgrounds, e.g., charge-exchange with
pion production.
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