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fhe inclusive energy spectra of 6 Li ejectiles from the reaction Be+Au at 27.4
MeV/nucleon have been measured. The quasielastic peaks for Li and Li have reduced
momentum widths o-p of 65 and 60 MeV/c, respectively. When plotted in conjunction with

similar measurements, these new results clarify the behavior of the reduced momentum width

in the important region between 10—100 MeV/nucleon.

NUCLEAR REACTIONS Be +Au ~Li +X E( Be) = 27 Mev/ nu-
cleon. Measured momentum widths of Li ejectiles. Deduced reduced
width o-p. Discuss a-p over energy range 10—2000 MeV/nucleon.

The inclusive momentum spectra of ejectiles emit-
ted at forward angles in heavy-ion reactions exhibit a
characteristic "quasielastic" peak. This peak has a
mean velocity approximately equal to the beam velo-
city, and is observed for laboratory bombarding ener-
gies of 5 to 2000 MeV/nucleon. Its characteristics
have been extensively analyzed for an understanding
of heavy-ion reaction mechanisms. In this paper we
report an inclusive measurement of the energy spec-
tra of 98e+Au reaction products at 27.4 MeV/ nu-
cleon, and discuss the status of the currently avail-
able body of similar data. Particular attention is de-
voted to the widths of the spectra.

At high energies ( ~ 200 MeV/nucleon) the quasi-
elastic (QE) peak is consistent with a Gaussian
momentum distribution in the rest frame of the pro-
jectile' and is associated with projectile fragmenta-
tion. The width a- of this Gaussian distribution has
been observed' to have a mass dependence of the
form

Here Ap and A~ are the projectile and fragment mass
numbers and a-p is a "reduced" width that, for a
gives bombarding energy, is approximately indepen-
dent of projectile, target, and ejectile masses. For
these high-energy fragmentation reactions, the shape
of the QE momentum distribution, the mass depen-
dence of Eq. (1), and the observed values of o.o can
be explained by both a process that samples the Fer-
mi momentum of nucleons in the projectile, and a

process that produces a fuliy equilibrated projectile
nucleus with a temperature kT = a-o'/M&. M& is the
mass of the nucleon.

In order to look for evidence of fragmentation
reactions at lower energies, the measurement of the
quasielastic peak width, a-, and the reduced width,
o-p, has been extended to energies as low as 7.5
MeV/nucleon. At these low energies the ejectile
momentum spectrum shows a low energy tail in addi-
tion to the QE peak. (This tail evolves into the
deep-inelastic peak at larger angles. ) Nevertheless,
the high energy (QE) side of the spectrum still has a
Gaussian shape in the projectile rest frame, and the
widths o- and n-p may be obtained.

Upon extending the measurements down to 10
MeV/nucleon the reduced width was observed to
change dramatically with energy. ' At energies from 2
GeV/nucleon to 213 MeV/nucleon the average value
of a.o is —86 MeV/c, while at energies below 10
MeV/nucleon the reduced widths have decreased to—20 MeV/c. However, owing to very limited data
and inadequacies of the early measurements, the en-
ergy dependence in the intervening region has been
the subject of discussion for several years. In an ear-
ly investigation of a-p at energies from 10 to 20
MeV/nucleon using the ' 0 +Pb reaction, Scott re-
ported a rapid rise to the value characteristic of rela-
tivistic bombarding energies. Egelhaaf et a/. , point-
ed out that this measurement combined the energy
spectra of all isotopes of a particular ejectile charge,
which obviously leads to peaks wider than would be
the case for a single isotope. Egelhaaf's measure-
ment of the energy spectra for separated isotopes in
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' Ne +Au reactions in the same energy range yielded
reduced widths much smaller than those reported by
Scott and Gelbke', at 20 MeV/nucleon the reduced
widths did not exceed 40 MeV/c. When plotted on
a linear scale they appreared to reach a plateau at—20 MeV/nucleon. Subsequently, Harvey' noted
that the values of o-o in Ref. 5 referred to by
Egelhaaf represented an average over ejectile charges
as well as isotopes, although variations of oo with
charge were significant.

The previously available measurements of o-0 leave
unexplored an interval between 20 and 40 MeV/ nu-
cleon. We report here a new measurement of cro

which contributes a data point in the middle of this
gap.

We have measured energy spectra for the reactions
98e +Au Li +L, at a laboratory energy of 27.4
MeV/nucleon. A 246 MeV Be beam from the LBL
88-Inch Cyclotron was used to bombard a 3.25
mg/cm Au target. A Si(Li) particle telescope with
elements 87 p,m, 500 p,m, and 5 mm thick, located at
OI, b

= 12', was used to detect and identify reaction
products. All of the different ejectile isotopes were
resolved, and complete inclusive energy spectra for
Li and 'Li were obtained. The spectra for other iso-

topes suffered from energy biases or low counting
statistics.

The inclusive energy spectra for 6Li and 'Li are
shown in Fig, 1. A Gaussian momentum distribution
in the projectile rest frame was transformed to a lab-
oratory energy distribution and used to fit the QE
peak. The fitting region encompassed the peak and
the high energy side and avoided the low energy tail.
The fitted curves are also shown in Fig. 1, along with
the resulting centroids and widths. The energy cen-
troids correspond approximately to the beam velocity.
We obtained values for o-o of 65.4 +2.9 MeV/c and
60.2 +1.4 MeV/c for 6Li and Li, respectively.

Figure 2 is a summary of several measurements of
a- and a-o at various energies. It includes the results
of Eglehaaf et af. , the high energy points at 213
MeV/nucleon and 2.1 GeV/nucleon, the data of
Scott et al. ~ reanalyzed by Harvey, 7 and our new
measurement at 27.4 meV/nucleon. In all cases the
reported widths are for the total (parallel plus perpen-
dicular) momentum distributions at the grazing an-
gle, and are obtained from the energy spectra of sin-
gle isotopes. The fits in each case cover the apparent
quasielastic part of the energy spectrum. (At ener-
gies below 50 MeV/nucleon this region excludes the
obvious low energy tail. At higher energies, where
no low energy tail is evident, the fit extends over the
full spectrum. ) The measurements at 213 MeV/nu-
cleon and 2.1 GeV/nucleon provided widths for a
large number of different isotopes. Rather than plot
all of the individual points, the full ranges of ob-
served widths are indicated, as well as the mean
values.
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The data compiled in Fig. 2 show an obvious ener-
gy evolution for both o- and a-0. The transition from
the low to the high energy limit is not as abrupt as
originally suggested, ' but it is fully realized over the
energy range of 10—200 MeV/nucleon. The factori-
zation of a. according to Eq. (1) reduces the mass
dependence of the width at most energies, but leaves
a residual mass dependence in o-0 that is more pro-
nounced belo~ 100 meV/nucleon than at higher en-
ergies. The limited amount of data available at ener-
gies below 100 MeV/nucleon makes more quantita-
tive statements on the mass dependence of a-0 diffi-
cult.

One must be cautious when using the data for
o-0(E) in Fig. 2 as evidence for or against the oc-
currence of particular reaction mechanisms (e.g. ,
fragmentation, breakup, transfer, etc.). Although the
high energy measurements show a persuasive agree-

E(Mevj
FIG. 1. Inclusive laboratory energy spectra at 12 lab for

Li and Li ejectiles from 9Be +Au at 27.4 MeV/nucleon.
The solid curves are fits to the quasielastic parts of the spec-
tra.
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and energy dependence to the total width. For exam-
ple, it is known that both transfer and breakup reac-
tions occur at the lower energies. " Secondly, the
available data below 100 MeV/nucleon only provide
the width of the total momentum distribution. There
is evidence that below 200 MeV/nucleon only the
longitudinal momentum dispersion has the mass
dependence of Eq. (1). It has been shown by Van
Bibber'2 that at 100 MeV/nucleon the transverse
momentum dispersion has a form more like

p
L~ ~0
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FIG. 2 (a) and (b): A compilation of several different
measurements of the momentum widths o- and the reduced
momentum widths o-o of ejectiles from heavy-ion reactions.
In (b), the key to the reactions is as follows: (a) '97Au-

( Ne, ' 0), Ref. 6; (b) ' Au(2 Ne ' C), Ref. 6; (c)
sPb(160, '2C), Ref. 7; (d) '97Au(9Be, 7Li), this work; (e)

197Au(9Be 6Li) this wprk. (f) lslTa(20Ne ~) Ref
(g) ' C(' C 6Li), Ref. 9' (h) '2C(' C, 7Li) Ref. 9 (i)
12C(12C 7Be), Ref. 9; (j) 12C(12C 10B) Ref 9. (k)

Th( 0Ar, X), Ref. 10; (1) Be-Pb( 0 X), Ref. 3. A large
number of widths were measured at 213 and 2100
MeV/nucleon; the figure indicates the range and mean
value of the results.

This new parametrization still does not account fully
for the isotope dependence of the data compiled in
Fig. 2(b) —although Eq. (2) accounts for the widths
at 86 meV/nucleon, 9 it does not describe the isotope
dependence between 7 and 45 meV/nucleon. At
these lower energies the trend is contrary to Eq. (2).
As a final point, we note that the fitting procedure to
obtain a- is itself quite subjective. It requires as-
sumptions about the effect of the low energy tail and
qualitative decisions about the part of the spectrum
to be included in the fit. Even among the data
presented here there are certainly systematic differ-
ences due to these necessary judgments.

Our measurement of quasielastic momentum
widths at 27.4 MeV/nucleon yields results that sup-
port a relatively smooth transition in the reduced
width o-0 between 10 and 200 MeV/nucleon. Upon
reexamining all of the similar data available at ener-
gies from 5 to 2000 MeV/nucleon, we have noted
that this transition is just as evident in the "unre-
duced" width a-. However, there are problems with
the interpretation of 0 o', it not only conceals a known
anisotropy in the longitudinal and transverse momen-
tum dispersions, but also a variety of reaction
mechanisms. Therefore, any conclusions about the
reaction dynamics at low energies based upon the
currently known values of a-o are premature. The re-
liable deduction of physical information from mea-
surements of o- at low energy must await the sys-
tematic measurement of each momentum component
and separation of the inclusive spectra according to
reaction mechanism.

ment with Eq. (1), the data below 100 MeV/nucleon
suffer from several problems which affect the inter-
pretation of o- and o-o. For instance, all of the results
summarized in Fig. 2 have been obtained from in-
clusive measurements of the reaction spectra. A
variety of reaction mechanisms could be represented
in these spectra, each contributing its own isotope
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