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Sequential decay distortion of Goldhaber model widths for spectator fragments
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The momentum widths of the primary fragments and observed final fragments have been investigated within
the framework of an antisymmetrized molecular dynamics transport model code with a sequential decay
afterburner~GEMINI!. It is found that the secondary evaporation effects cause the values of a reduced momen-
tum width s0, derived from momentum widths of the final fragments, to be significantly less than those
appropriate for the primary fragment but close to those observed in many experiments. Therefore, a new
interpretation for experimental momentum widths of projectilelike fragments is presented.
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Measurement of the momentum widths of projectileli
fragments~PLFs! emitted in relatively peripheral nuclea
collisions have long been viewed as a means of obtain
detailed information on the intrinsic Fermi momentum d
tribution in the nucleus@1–14#. This information is funda-
mental in testing theoretical models of the nucleus and
recent years, has taken on further importance in calculat
related to the production of secondary fragmentation bea
now being employed to study both structure and reactions
from stability @15#. Such studies, which explore a muc
broader range of neutron to proton asymmetry than pr
ously accessible, are providing new insights into nucl
structure and nuclear astrophysics and offer the possibilit
probing the nature of nucleonic matter in much greater de
@16#.

In this paper, we reexamine the validity of the Goldhab
model @1# within the framework of a nonequilibrium trans
port model, namely, the antisymmetrized molecular dyna
ics ~AMD-V ! model of Onoet al. @17#, and study the effects
of sequential decay on the observed momentum widths
final-state spectator fragments with the help of an evap
tion codeGEMINI @18#. We find that the Goldhaber mode
works well in describing the momentum widths of th
emerging primary fragments produced in the spectator fr
mentation. We find, further, that reduced momentum wid
derived from the observed momentum widths of the fi
fragments are narrower than the reduced widths charact
ing the primary fragment momentum distributions. This
flects the influence of the light particle evaporation from t
primary fragments. Applying the Goldhaber model witho
taking this evaporation contribution into account leads to
erroneous interpretation regarding the primary fragmenta
step.

In the pioneering work of Goldhaber@1#, it was suggested
that the momentum widths of PLFs are determined by
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intrinsic Fermi motion of the constituent nucleons, which a
removed from the projectile during the breakup process.
suming that (A02K) nucleons are suddenly removed from
nucleus that originally hasA0 nucleons, a nucleus consistin
of K nucleons will emerge. For this fragment ofK nucleons,
Goldhaber showed that the momentum widths could be
expressed as

s5s0AK~A02K !

A021
, ~1!

where s0, the reduced momentum width, is related to t
intrinsic Fermi motion of a single nucleon. If the projecti
nucleons have a mean square momentum in the proje
frame equal to (3/5)PF

2 , wherePF is the Fermi momentum
then a momentum dispersion withs0

25(1/5)PF
2 is expected.

Based upon electron scattering measurements of Fermi
menta @19# s0 is expected to be.112–116 MeV/c @1#.
However, experimental results favor values ofs0
.90 MeV/c @2–5#.

In an attempt to explain this difference, Bertsch@6#
treated the correlations between the momenta of individ
nucleons localized in space, and calculated a corrected
duced width for40Ar fragmentation, which was 17% smalle
than Goldhaber’s prediction. Murphy@7# considered the fac
that the fragment is also a Fermi gas, i.e., that there a
exists a phase space constraint on the nucleon momen
the projectile fragments, which was not taken into accoun
the Goldhaber model@1#, and predicted fragment momentu
distributions that are narrower than those observed. I
purely kinematical semiclassical model, Ganet al. @8#
showed that the momentum width of a fragment sudde
broken off from a Fermi distribution is sensitive to th
single-particle distribution but the quantitative differen
with the observed values still remains. Recently, Bes¸liu et al.
@5# took into account the dependence ofs0 on the apparent
temperature of the PLFs that are excited during the collisi
In this case, the projectile fragmentation process is assu
to be a slower process and the width is governed by
Fermi distribution of nucleon momenta in the excited proje
tile as discussed by Bauer@9#. In contrast to most results fo

se

f

©2002 The American Physical Society02-1



ha

a
su
c

p
a
ve
e
ee
o
m
to

d
te

00
e
s-

ca
ng

o
th
t a
b
io
w
th

nt

ti
e
r

o-
e

of

te
nt
e

th

-
yz
n
n

on
u
gi

th

nts

re
as

de-
er-
nts
ach
ar-
la-
ade

nt
ra-
g-

g-
ag-
as
a

like
of

ons
nly

be
h
en-

at
e-
e re-

ss
t

itial
e or
hree

ears
g-

g-
y is
nd
ar-
sed

nal
LF
ths

um
ary
ld-

RAPID COMMUNICATIONS

Y. G. MA et al. PHYSICAL REVIEW C 65 051602~R!
longitudinal momentum widths, Bradyet al. and Dreute
et al. observed broader transverse momentum widths t
those predicted by the Goldhaber model@10,11#. These were
explained by a collective motion: a bounceoff that imparts
additional transverse momentum to the spectators and re
in wider momentum widths, especially for heavier proje
tiles.

In recent years, several attempts have been made to
vide a systematic phenomenological description of the av
able data@12,4,13#, and the basic theoretical models ha
been extended@5#. In most of the theoretical work on th
momentum widths of PLFs, analytical techniques have b
employed to explore the problem. One paper, that of G
siauxet al. @14#, has employed a quantum molecular dyna
ics model calculation to explore the properties of specta
matter in 600-MeV/nucleon collisions of Au with Au an
concluded that the underlying physics is more complica
than that generally assumed in analytical approaches.

The initial stage of the reaction studied in this paper, 2
MeV/nucleon 40Ar127Al, has been simulated using th
AMD-V model @20#. AMD models have been very succes
fully used to study the static nature of light nuclei@21#. In
this model, the calculation of the minimum energy states
be carried out to define initial ground states of the collidi
nuclei.

In the AMD-V model, the stochastic branching process
the wave packet diffusion is incorporated. The widths of
wave packets in each stochastic branch are kept constan
the dynamics of the widths of the wave packets calculated
the Vlasov equation is incorporated as a stochastic diffus
process of the centroids of the wave packets. This model
successfully applied to multifragmentation events in
40Ca140Ca reaction at 35 MeV/nucleon@22# and 64Zn
158Ni reactions@23# at 35–79 MeV/nucleon. In the prese
calculations, the Gogny force@24#, which gave the best fit in
these previous analyses, was used as an effective interac
This Gogny force gives a momentum-dependent mean fi
and an incompressibility of 228 MeV for infinite nuclea
matter. We note further that in our initialization of the pr
jectile and target ground states in the AMD-V model, we g
an initial width of the nucleon momentum distribution
;105 MeV/c for the 40Ar projectile and;101 MeV/c for
the 27Al target. These values are slightly less than expec
from electron scattering measurements of Fermi mome
i.e., 112–116 MeV/c @19#, but are still in the reasonabl
range.

The calculation was started att50, with a distance of 15
fm between the centers of the projectile and target in
beam direction. Each event was followed up tot
5300 fm/c. However, considering that we are initially in
terested in the properties of primary fragments, we anal
the AMD-V results at an earlier time, when the two domina
spectators just separate from each other and before sig
cant evaporation can occur.

Calculations were carried out in the peripheral collisi
zone, i.e., forb56 –8 fm. Ten thousand events are calc
lated. Primary fragment masses and their excitation ener
were extracted atts560 fm/c. Fragments were identified
using a configuration space coalescence technique wi
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coalescence radius of 5 fm, but the size of the fragme
depends only slightly on the coalescence radius.

The primary fragments that are isolated in this way a
excited. In order to simulate experimental data as closely
possible, a modified version of theGEMINI statistical model
code@18# has been used as an afterburner to follow the
excitation of these excited fragments. In this modified v
sion, discrete levels of the excited states of light fragme
with Z<14 are taken into account and the Hauser-Feshb
formalism is extended to treat the particle decay from a p
ent nucleus up to 50 MeV excitation energy. In the calcu
tion, care was taken to follow the entire deexcitation casc
so that the distribution of initial parent nuclei~primary frag-
ments from AMD-V! leading to each observed final fragme
could be derived and the contributions of nucleon evapo
tion and mass loss to the momentum widths of final fra
ments could be determined.

In order to study the primary fragments of spectator fra
mentation, we first defined, in each event, the heaviest fr
ment with a positive parallel velocity in the center of mass
a projectilelike fragment and the heaviest fragment with
negative parallel velocity in the center of mass as a target
fragment~TLF!. We then analyzed the three components
the momenta of the PLFs and TLFs. Since the the collisi
are peripheral, the primary PLF and TLF can be clea
separated.

These primary fragment momentum distributions can
described by a Gaussian shape characterized by a widts.
The primary fragment mass numbers and the three mom
tum widths,sPx , sPy , andsPz (Z is in the beam direction
and X is in the direction of the impact parameter axis! are
plotted in Fig. 1 as a function of the PLF and TLF masses
b56 –8 fm. The widths of the primary fragments are d
noted by open circles and the dashed lines represent th
sults of the fits to the Goldhaber model expression@Eq. ~1!#.
In order to obtain better fits, we allow both the initial ma
A0 and the reduced widths0 to be free parameters. The fi
parameters are shown in the upper-right corner. The in
masses are close to the original masses of the projectil
the target and the average of the reduced widths of the t
momentum components is;105 MeV/c for PLFs and
110 MeV/c for TLFs. The values ofs0 are very close to the
initial nucleon Fermi momentum widths of the AMD-V
ground states as mentioned before. Consequently, it app
that the Goldhaber model works well for the primary fra
ments.

However, the calculation indicates that the primary fra
ments are excited: the mean value of the excitation energ
about 1.7 MeV/nucleon and 2.7 MeV/nucleon for PLFs a
TLFs, respectively. To evaluate the effect of secondary p
ticle emission on the masses and momentum widths we u
the AMD-V results atts as input to theGEMINI calculation.
As a result of the subsequent statistical deexcitation, the fi
mass distribution becomes broader but the PLF and T
components can still be identified and the momentum wid
for the final PLFs and TLFs can be determined.

The solid squares in Fig. 1 represent the moment
widths of the final fragments, observed after the second
deexcitation. The results have also been fit with the Go
2-2
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SEQUENTIAL DECAY DISTORTION OF GOLDHABER . . . PHYSICAL REVIEW C 65 051602~R!
haber model expression~the solid line! and the extracted
apparent primary massA0 and width s0 is shown in the
lower-left corner. The mass parameters remain close to
initial masses of the projectile and target, but thes0 values
become significantly smaller, manifesting mean valu
;83 MeV/c. Obviously, these values approach the typi
values of 90 MeV/c observed experimentally~recall that the
AMD-V ground state has a slightly lower Fermi momentu
than those from experiments!. It appears that the sequenti
decay plays an important role in causing the reduced
mentum width of the final fragments to be narrower than t
of the intrinsic nucleon momentum width. This leads us t
relatively simple explanation for the experimentally report
momentum widths of PLFs.

Why does the sequential decay make the reduced w
decrease and not increase? In order to answer this ques
we have tracked the secondary decay paths and obtaine
distribution of parent nuclei~primary fragments!, which lead
to each of the observed final fragments. Figure 2 shows s

FIG. 1. The three momentum widthssPz ~upper!, sPy ~middle!,
andsPx ~lower! as functions of the mass of PLFs~left! and TLFs
~right!. The open circles depict the momentum widths of t
AMD-V primary fragments as a function of the mass of prima
fragments and the dashed lines indicate the Goldhaber mode
The solid squares show the momentum widths of the final fr
ments as functions of the mass of the final fragment, and the s
lines represent Goldhaber model fits to those results. The o
squares represent the momentum widths of final fragments as f
tions of the reconstructed average mass of the primary fragm
The solid circles depict the reconstructed momentum widths
functions of the reconstructed average mass of the primary f
ment. See details in text.
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samples of the primary fragment distributions that contrib
to some selected final fragments. Clearly, the farther
moved the final fragment is from the primary parent nucl
the broader the distribution of primary fragments is, whi
contributes to that final fragment.

If we plot the observed momentum width for the fin
fragments as a function of their average primary fragm
masses, as represented by the open squares in Fig. 1
immediately see that there is a large increase of momen
width in comparison with the original primary fragmen
width, denoted by open circles. It is, of course, natural t
the sequential decay will make the momentum distribut
wider.

Knowing the parentage of a final fragment we can rec
struct the primary width distribution leading to that fragme
The reconstructed width for the average parent fragments
be written ass recons[AS i pisPrim( i )2, wherepi is the frac-
tional contribution of primary fragments to the final observ
fragments. The results are indicated by the solid circles
Fig. 1. As required by this procedure, the results fall on
curves defining the primary fragment momentum width
The difference in widths represented by these points
those represented by the open squares reflect evaporatio
fects.

If we pursue the analogy to the Goldhaber model, th
from the decay calculations we can also defines0

Evap , a
reduced width. This width characterizes the evaporation s
and can readily be compared with the momentum wid
which results from the intrinsic nucleon momentum distrib
tion from the primary step. We define the relationship b
tween the width of the momentum distribution of final fra
ments of massAobs and those of the primary fragmen
APrim( i ), which deexcite to produceAobs,

ts.
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FIG. 2. The primary fragment mass distributions for some
lected final PLFs and TLFs for 200-MeV/nucleon40Ar127Al at
6 – 8 fm.
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sAobs
2 5S i pi@sPrim

2 1$APrim~ i !2Aobs%~s0
Evap!2#, ~2!

wherepi is the fractional contribution ofAPrim( i ) to the final
observed fragments (Aobs) ands0

Evap is the contribution of
particle evaporation to the momentum width. Figure 3 p
sents the mean value ofs0

Evap over Px ,Py , and Pz direc-
tions as a function of the final fragment mass. We see
s0

Evap is generally in the range of 30–70 MeV/c, signifi-
cantly lower thanPF /A5, which characterizes the primar
breakup.

FIG. 3. Mean reduced momentum widths for light particle em
sion from primary PLFs and TLFs for 200-MeV/nucleon40Ar
127Al at 6–8 fm.
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For comparison, we also checked40Ar127Al at b
54 –6 fm, similar values were obtained and the same c
clusion was drawn. In addition, we also checked our te
nique to extracts0 with the fixedA0, as is typically done in
the experimental analysis of the initial projectile and targ
masses in the fit procedure with the Goldhaber model, ra
than the free parameter ofA0. The conclusions are no
changed.

In summary, the momentum widths of the primary fra
ments and final observed fragments produced in the reac
200-MeV/nucleon 40Ar127Al were investigated using an
AMD-V calculation with a statistical model afterburner. It
found that the Goldhaber Model works well for the prima
fragments formed in spectator fragmentation. The mom
tum widths of the primary fragments are basically related
the initial Fermi momenta in the projectile or target. How
ever, since the primary fragments are excited, they are d
cited by light particle evaporation. This secondary decay
creases the observed masses and increases the obs
momentum widths of the primary fragments. As a co
squence, it makes the reduced width parameters0, derived
from a Goldhaber model fit to the data, narrower by alm
20 MeV/c than the initial Fermi momentum width, consis
tent with many experimental observations. Given that eva
ration components can be experimentally determined fr
particle-fragment correlation measurements, even in v
complex reactions@25#, this result suggests that observe
width distributions could be corrected for secondary dec
and the Fermi momentum distribution of the primary fra
ment could be probed in relatively low intensity radioacti
beam experiments. This would allow the extension of su
measurements over a much larger range inN/Z ratio and
provide even more stringent tests of our microscopic mod
of asymmetric nuclear matter.
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