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FIG, 3. (a) Proton relaxation rate vs temperature
for two samples of Y(EtSO4) 3.Yb, with one set of mea-
surements compared with theoretical results for 0.02%
Yb concentration. (b) Calculated proton relaxation
rate vs magnetic field. The experimental point at
1.07 T is a University of Massachusetts measurement
at 1.3 K; that at 0.6 T was obtained in studies at the
University of California, Davis, at 1.1-1.2 K.

A possible configuration for use of the polar-
ized target is to enhance the magnetic field of a
spark-chamber facility by use of a modest Helm-
holtz-coil arrangement during the polarizing
operation and then to stop rotation, reduce the
total field, and thus capitalize on the longer re-
laxation time at the lower field.
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Knock-Out Nucleons from Relativistic Nuclear Collisions
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A nonequilibrium single-scattering mechanism is proposed to describe the inclusive
proton spectrum from relativistic heavy-ion collisions. Data from Ne+ U and He+ U

collisions are shown to be consistent with a simple model of the knock-out process.
Two-proton azimuthal angle correlations are suggested as a unique signature of this
reaction mechanis m.

The inclusive proton spectra from relativistic
' Ne+ U and He+ U collisions have been shown to
be consistent with the existence of a nuclear
"fireball" at temperatures of 30-50 MeV„' The

composite particle spectra from these collisions'
also show equilibrium features. ' However, a lit-
eral interpretation of the fireball picture requires
equilibration to be achieved on time scales &10 "
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sec. This seems unlikely in view of the relatively
long mean free path for nucleon-nucleon interac-
tions. 4 Microscopic descriptions of the proton
data permitting the existence of nonequilibrium
conditions have been attempted. ' Although these
methods reproduce the gross features of the data,
significant details of the calculated cross sections
are incorrect. Moreover, the large numbers of
degrees of freedom in these models obscure the
relationship between the microscopic dynamics
and the calculated spectra. In an effort to isolate
a simple reaction mechanism which provides a
basis for interpreting the results of both calcula-
tion and experiment, we consider in this Letter a
nonequilibrium knock-out description of the pro-
ton spectrum.

I assume that certain kinematical regions of the
proton spectrum result from single scatterings of
nucleons. After the interaction of a target nucle-
on in the overlap region of the two nuclei, both
particles leave the system with no further scat-
terings. This knock-out mechanism describes
nucleons generated in the early stages of the col-
lision and is consequently expected to be valid for
the high-energy region of the proton spectrum.
Subsequent nucleon-nucleon scatterings (which I
do not treat) further degrade the momenta of the
projectile nucleons and result in lower-energy
"thermalized" nucleons. Knock-out nucleons are
expected to be most apparent in directions trans-
verse to the beam in the nucleus-nucleus center-
of-momentum system, since they are obscured
in the forward (backward) direction by projectile
(target) fragmentation or evaporation products. '
The features of high kinetic energy and promi-
nence at side angles imply that this mechanism is
appropriate for nucleons with large transverse
momenta. Similar models describe particle pro-
duction in this kinematical region as resulting
from single quark-quark scatterings in high-en-
ergy hadron-hadron collisions. '

Although knock-out can be investigated with any
of the microscopic methods mentioned above, the
essential features of this reaction mechanism are
contained in a model incorporating the following
simplifying assumptions:

(i) The initial momentum distribution of target
nucleons, fr(p), is a Fermi sphere of radius p F
= 268 MeV/c. The initial momentum distribution
of the beam nucleons, f~(p), is a similar Fermi
sphere in the projectile rest frame, For beam
energies per nucleon E~/A ) 2p F'/m =153 MeV,
where m = 938 MeV is the nucleon mass, the tar-
get and projectile distributions are disjoint and

there is no ambiguity in satisfying the exclusion
principle. Depletion of these distributions during
the collision is neglected.

(ii) Interactions between target and projectile
nucleons result in independent binary scatterings
allowed by the exclusion principle, These scat-
terings are governed by the spin- and isospin-
averaged free nucleon-nucleon elastic scattering
cross sections. In this Letter I consider only
beam energies where inelastic nucleon-nucleon
scattering is unimportant or kinematically forbid-
den, but note that both Tl production' and modifi-
cations to the nucleon spectrum due to isobar de-
cays may be simply included in the present
scheme.

(iii) The average binding energy of the nucleons
is accounted for by assuming that all scatterings
occur in a potential well of depth V,. I take V,
=44 MeV, as determined from quasielastic elec-
tron scattering on heavy nuclei. ' Refractive ef-
fects of this potential are ignored.

With the above assumptions, the cross section
for a target (T) and beam (8) to produce knock-
out protons with laboratory kinetic energy E at a
laboratory angle 8 may be written in the factor-
ized form

d'o/dQ dE = os+~r Z/A F(e, E, E ~/A).

The experimental ion-ion total reaction cross
section is 0».' N» is the impact-parameter-
weighted average number of knock-out scatter-
ings per collision, and the factor Z/A = 2(Z~/As
+Zr/Ar) involving the charge-to-mass ratios Z/
A. of the ions accounts for the fact that only pro-
tons are observed. The universal function I' de-
scribes the knock-out kinematics and is given by

&(e,E, Ea/A) =&jap dp'fr(p)fs(p')
own pip'

x nrt PPIP 0 Q(k kI) (2)dQcgE

Target and beam nucleons with momenta p, p'
scatter to fina1 momenta k, k'=p+p'-k. The mo-
mentum k is oriented to an angle 0 relative to the
beam direction and has a magnitude given by (k'
+m2)'i'-m =E+ Vo [cf. assumption (iii) above].
The cross section for this scattering is d'o„„/
dO dE. The total nucleon-nucleon cross section
is v„„.The function Q(k, k ) limits the final mo-
menta to those consistent with the exclusion prin-
ciple, and the normalization constant N is deter-
mined by'

f "dE fdnZ(e, E,E,/A) =2, (3)
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FIG. l. Knock-out model fits (so1id 1ines) to the in-
clusive proton spectra of Ref. 1. Data at various lab-
oratory angles are denoted by 0 —30', & —60', and

g —90'.

since two knock-out nucleons are produced at
each binary scattering. The integrand of Eq. (2)
has been weighted to approximate the limit in
which all beam nucleons in the overlap region
scatter (a,ssuming A ~ (A r ). We confirm this
fact from the data below.

We have calculated the knock-out proton spec-
trum from ONe+ U and 4He+ U collisions using
Eqs. (1)-(3), with N» determined by normaliza-
tion to the data. The integral (2) has been com-
puted using Monte Carlo techniques and polynom-
ial fits to the experimental nucleon-nucleon cross
sections. " In Fig. 1, we compare the results
with the data of Ref. (1). At Es/A = 250 MeV, for
E ~ 80 MeV, the flatness of the 30 spectrum is
wel1. reproduced by the knock-out model. This is
in contrast to the fireball model and explains the
unusually high center-of-mass velocities obtained
when the proton spectra are fitted with a Maxwell-
ian distribution. The slope of the 60 data and
their normalization relative to the 30' spectra
are also reproduced. For angles 6I =90 and
greater (not shown), the calculated spectra are
far below the data, as is consistent with the kine-
ma, tical regions in which the model is expected to
apply. The failure at 30' for E~/A = 400 MeV

might be attributed to multistep processes. The
fitted values of K» are 10.4 and 13.3 for the "Ne
collisions at Es/A = 250 and 400 MeV, respec-
tively, and 3.8 for the 4He collision, The geo-
metrical considerations of Ref. 1 determine the
impact-parameter-weighted average number of
projectile nucleons in the overlap region to be
9.9 for 'PNe and 2.4 for 'He. Considering the 20
uncertainty in the absolute normalization of the
data, I conclude that most of these nucleons un-
dergo at least one scattering, and that the geo-
metrical scaling in Eq. (1) is approximately sat-
isfied. In this connection, I also note the re-
markable empirical fact that at all angles for E
2100 MeV, the E~/A=400 MeV "Ne and 'He data
are in the ratio 5:1. The importance of the ex-
clusion principle may be judged by noting that
38/0 and 26% of the contributions to the integral in
Eq. (2) are blocked at E~/A = 250 and 400 MeV,
respectively. All of these features are essential-
ly unchanged if dv„„/dQis assumed to be isotrop-
ic.

Considering the simplicity of our model, knock-
out appears to be a viable alternative to the fire-
ball in certain kinematical regions. The radical-
ly different equilibrium assumptions of these two
pictures then make a determination of the correct
reaction mechanism imperative. One definitive
test of the knock-out picture is the presence of
proton-proton azimuthal angle correlations. We
consider the correlation function"

d'o &n)'

oar dPIdV'P
(4)

Here d'v/dy, dy, is the differential cross section
for producing a coincident proton pair with azi-
muthal angles p, and y, relative to the beam
direction. It is a function of the relative angle
y=y, -y„which I take to range from 0 to Pm.

The proton multiplicity is n and (. . .) denotes
average over all collisions. The integral of C(q)
from 0 to 2& is C, = (n(n —1)) —(n} .

For completely uncorrelated proton emission,
as is assumed in the fireball model, C(y) =C,/2w
is independent of y. En contrast, pairs of knock-
out protons are strongly correlated at y= r. This
can be seen in Fig. 2, where I show [C(y) —(C,
-Z/A)/2m](Z/A) for the simple model presented
above. The nonnegligible size of the Fermi mo-
mentum relative to the beam momentum makes
the back-to-back correlation less than perfect and
results in a peak of width -v/3 at 9t =m. It is then
apparent that this peak should narrow with in-
creasing E~/A.
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FIG. 2. Two-proton azimuthal correlation functions
as calculated in the knock-out model. The curves are
symmetric about y = z and vanish for y & ~ 7(. and y ) 35 z.

The knock-out peak in C(y) could be enhanced in
an experiment by requiring one or both of the de-
tected protons to be emitted with high energy at a
forward angle, where the knock-out process
should dominate the spectrum (Fig. 1). However,
three factors may result in an experimental cor-
relation which is weaker than that shown in Fig.
2. First, shadowing by the surrounding nuclear
matter may block one member of the knock-out
pair, although the relatively large values of N»
found above indicate that in certain kinematic re-
gions most knock-out protons manage to escape.
Second, refraction by the nuclear mean field may
weaken the correlation. This effect will become
smaller as the proton energy increases. Finally,
for processes such as the fireball or evaporation
which involve equilibrated systems, overall mo-
mentum conservation forces a kinematic excess
in C(y) in the range m/2 ( y (Sm/2. However, to
the extent that the recoil from proton emission is
absorbed by many nucleons, this excess is ex-
pected to be a broad rise in the backward hemi-
sphere, in contrast to the narrow peaks of Fig.
2. Some or all of these three features are in-
cluded in current microscopic calculations. A
detailed study of C(y) in these models therefore
seems worthwhile.

The experimental identification of knock-out
processes would provide several possibilities for
improving our understanding of relativistic nu-
clear collisions. Knock-out protons are indica-
tive of a highly nonequilibrium situation and must
be taken into account in any attempt to determine
equilibrium features from the experimental data.
In addition, because knock-out nucleons can be
generated deep within the interaction region,
their subsequent escape might serve to probe the

condition of the surrounding nuclear matter. A
sudden decrease in the knock-out component with
increasing bombarding energy might signal the
onset of the critical opalescence phenomenon pre-
dicted by m-condensation theories. " Finally, the
knock-out mechanism is characteristic of only
the first step in the equilibration process. The
use of microscopic calculations to establish spe-
cific spectral features associated with nucleons
undergoing two or more collisions would aid in
determining further details of relativistic colli-
sion dynamics from the experimental data.
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The '~ ' '86pt nuclei were Coulomb excited with ' 6Xe projectiles. Strong excitation
of the ground-state band (up to spin 10+) and the "y" band (up to spin 8+) were observed.
Excitation of the upper members of the y band is shown to be sensitive to the y softness.
The observed Coulomb-excitation yields imply B(F2) values which follow the rigid-tri-
axial-rotor relation. This contradicts current calculations which predict considerable
y softness.

The collective properties of nuclei in the Os,
Pt, and Hg region have been the subject of many
recent experimental and theoretical studies.
These nuclei are in the shape-transitional region
between the well-deformed rare-earth nuclei and
double-closed-shell '"Pb, and several different
collective models have been used to account for
the properties of their lowest-lying states. These
models range from the triaxially deformed rigid
rotor, ' through various rotation-vibration models
about triaxial' or axial shapes, ' to the y-unstable
(shape-unstable) model. ' Collective-model cal-
culations with the complete Bohr Hamiltonian
have been performed by Kumar and Baranger us-
ing potential-energy surfaces and inertial pa-
rameters calculated within the pairing-plus-quad-
rupole model. ' They predict a prolate to oblate
shape transition in the Os —Pt region. In addition,
they predict shallow deformation potentials, es-
pecially soft to y vibrations. Calculations using
the deformed-oscillator model and the Strutinsky
normalization procedure also give shallow poten-
tials. '

The experimental evidence for nonaxial collec-
tive motion in these nuclei is quite convincing. ' "
The static electric quadrupole moments of the
lowest 2' states strongly suggest a gradual pro-
late to oblate shape transition, that is, from a
ground state y=20 in "'Os to y—-35'in 'Pt.
An analysis of unique parity spectra in adjacent
odd-A nuclei within the rigid triaxial rotor plus
particle model" implies similar values for the
triaxial deformation parameter y. The location
of the collective second 2' state below the first
4' state in these doubly even nuclei is in agree-
ment with triaxial deformation. The average val-

ues of the deformation parameters (P') and
(P' cos3y) appear to be well defined by the ex-
perimental data but the spread about these aver-
age values, that is, the softness is essentially
undetermined. " The only evidence on the soft-
ness comes from the surprising constancy of the
y values extracted from the unique parity spectra
in adjacent odd-A nuclei, which suggests rather
stable triaxial shapes. However, the level ener-
gies are not a very good probe of the nuclear
shape; they are rather insensitive to softness
and are sensitive to the inertial parameters
(whose y dependence is usually taken to corre-
spond to irrotational flow) in addition to other ef-
fects such as Coriolis antipairing. In contrast,
the E2 matrix elements are a more direct mea-
sure of quadrupole deformation of the nuclear
charge distribution. For a nucleus having y val-
ue around 30 there are three sets of comparably
large B(E2) values. They are the I-I —2 transi-
tions in the ground band, the I'- I' —2 transitions
in the y band, and the I'- I transitions between
the bands. The higher spin members of the last
two sets are sensitive to the y softness as are the
transitions to the 0' double-y vibrational state. "
The goal of the present work was to determine
the y softness of the Pt nuclei from measurement
of these E2 transition strengths by heavy-ion
Coulomb excitation.

The Pt iostopes were Coulomb excited using a
"'Xe beam from the SuperHILAC of the Law-
rence Berkeley Laboratory. The targets consist
of -1-mg/cm' self-supporting rolled metallic
foils of isotopically enriched ' 'Pt(57. 3%),
'"Pt(97.4%), and "'Pt(97.5%). Three silicon de-
tectors were used to detect scattered Xe ions at

684


