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Splintering central collisions: Systematics of momentum and energy deposition
for „17– 115…A MeV 40Ar
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Measurements are reported for fragment masses and velocities from the reactions (17– 115)A MeV
40Ar1Cu, Ag, and Au. Charged particle multiplicities were used to select the most violent reactions, and
systematics are reported for the momentum and energy deposition. These reactions are fusionlike for
&44A MeV 40Ar with a large fraction of momentum and energy deposition in the heavy nuclear system.
However, for*44A MeV 40Ar, a majority of the projectile energy and momentum is carried away by a
multibody spray of light ejectiles and only a minority is deposited in the heavy nucleus. Nevertheless heavy
composite systems are formed with up to 9–12 MeV per source nucleon for 115A MeV 40Ar.
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PACS number~s!: 25.70.Jj, 25.70.Pq
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Near central collisions between heavy ions can lead
very highly excited nuclei whose properties are currently
great interest. For mass asymmetric reactions at only slig
above barrier energies~e.g.,&10A MeV! there is essentially
complete fusion and essentially complete thermalization
a compound nucleus, e.g.,@1#. As the incident energy is in
creased from;10A to 35A MeV, the fractional momentum
transfer in such fusionlike reactions slowly declines, e
@2,3# and is accompanied by a small percentage of forwa
peaked, prethermalization particles, e.g.,n, 1,2,3H, and 4He.
For higher, but still intermediate energies,~e.g., ;35A to
150A MeV!, attention to date has been mainly focused
testing models for multifragmentation of the hot nuclei pr
duced, and a consistent picture has not emerged for the
namical mechanisms of energy dissipation and thermal
tion.

One class of experiments~emphasizing very heavy targe
projectile pairs! implies an essential domination by two
body, deeply inelastic reactions, even for the central co
sions, e.g.,@4,5#. Another implies a possible continuation o
incomplete fusion, possibly followed by very rapid and ev
explosive decay into fragment and particle emission, e
@5#. This latter process could~and is often assumed to! send
out a cloud of small ejectiles and leave no heavy resid
nucleus, e.g.,@6#. Such a situation is difficult to analyze sinc

*Present address: Battelle Pacific Northwest National Laborat
National Security Division, Box 999, K6-48, Richland, WA 9935
570556-2813/98/57~3!/1032~5!/$15.00
o
f
ly

o

.,
-

n
-
y-

a-

i-

.,

al

measurements of heavy residual nuclei provide the cla
probes of linear momentum and energy transfer, e.g.,@2,3#.
Their associated multiplicities for near isotropic ejectiles a
give major probes of the initial energy deposition, e.g.,@7#.
The combination of such measurements has not been jo
pursued for intermediate energy heavy ion reactions, part
larly including the rather slow moving, heavy fragments@8#.
In this experiment for (8 – 115)A MeV ~320–4600 MeV!
40Ar1Cu, Ag, Au, we measure mass and velocity of t
heavy residual nuclei in conjunction with near 4p detection
of light charged particles and fragments@9#. The results lead
to an overview of the evolution of incomplete fusio
@'(8 – 44)A MeV# into splintering central collisions
@'(44– 115)A MeV#, a new mechanistic classification. Im
portant insights are also given into the interplay betwe
deposition energy and prethermal ejectile spray.

The Michigan State University K1200 cyclotron delivere
40Ar beams from (8 – 115)A MeV, i.e., from near barrier to
well above Fermi energies. The MSU 4p array provided
both a multiplicity filter and an overview of angles, energi
and identities of charged particles, and fragments@9#. Along
with the basic ‘‘soccer-ball’’ array from;18° to ;162°,
three forward-angle detection devices were used:~a! the zero
degree detector~ZDD!, a ring of 8 plastic telescopes cove
ing polar angles of;0.5° to 1.5° @10#, ~b! the Maryland
forward array~MFA!, a second ring of plastic telescope
from ;1.5°–3° @11#, and ~c! a set of 45 Si detectors
(;2 cm32 cm3140mm) mounted'70 cm from the target
in front of the 45 telescopes~;3 °C to 18°! of the high-rate
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57 R1033SPLINTERING CENTRAL COLLISIONS: . . .
array~HRA! @9#. Bragg-curve ionization chamberDE detec-
tors were also used from;18° to 162° in front of each of the
170 telescopes in the ball@9#. Data from the plastic and ga
detectors were recorded as described elsewhere, e.g.,@12#,
but only if two or more telescopes fired in the ball. In add
tion, energy (E) and time of flight~TOF! signals were re-
corded from each Si wafer. TheE and TOF data from thes
Si detectors were corrected@13# and analyzed to give masse
~resolution 65 – 10 %! for the slow moving fragments
(A*10), while data from the other telescopes were analy
to give atomic numbers and energies for fragments
Z;1 – 18 @9,14#.

Figure 1 shows results for heavier fragments from 2A
and 90A MeV 40Ar1Ag displayed as functions of longitudi
nal velocity Vi ~log scale! and mass number~for A>8!.
Comparison of results from various reaction systems is ai
by using the dimensionless variablesVi /Vc.m. and A/M sys,
whereVc.m. is the c.m. velocity~indicated for each reaction!,
and M sys5Atarget1Aprojectile. Figure 1 is divided into four
sets of four plots, for example 1~a!–1~d!; Figure 1~a! shows
a contour map in the plane ofVi /Vc.m. vs A/M syswhile Figs.
1~b! and 1~c! give the projections on each axis. Figure 1~d!
shows the overall multiplicity distribution for this reactio
with shading to indicate the multiplicity cut used for Fig
1~a!–1~c!. The velocity distributions@Fig. 1~b!# are separated
into a solid line for the heaviest fragment in each event a
a dashed line for other fragments. Random coincidences
elastically scattered projectiles were eliminated by a softw
cut onA>32 andVi>0.8Vprojectile. For all the plots shown

FIG. 1. ~a! Contour maps for mass numberA vs longitudinal
velocity Vi of fragments ofA>8. For uniformity we use dimen-
sionless variablesA/M sys and ViVc.m. ~log scale!. Arrows indicate
values for the projectile.~b! Projections from~a! onto the velocity
axis with solid line for the heaviest fragment and dashed for
other fragments.~c! Projection onto the mass axis.~d! Overall mult-
iplicity distribution with gate zone shaded. Additional gates on
total detected chargeZ were >75% of (Zp1Zt) and on the total
detected longitudinal momentumPi were >70% of the projectile
momentum. The quadruplets~e!–~h!, ~i!–~l!, and ~m!–~p! are for
other multiplicity cuts or incident energies as indicated.
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here we have required that the total detected cha
Zobs>0.75(Ztarget1Zprojectile) and that the total longitudina
momentumPi>0.7(Pprojectile).

Fragments from 27A MeV 40Ar1Ag are shown in Fig. 1
with a low-multiplicity cut in panels 1~a!–1~d! and with a
high-multiplicity cut in panels 1~e!–1~h!. First, for the more
violent reactions shown in Figs. 1~e!–1~h!, we see a domi-
nant peak for the well-known incomplete fusion process w
evaporation residue massA;90 andVi /Vc.m.;0.8 @e.g., 3#
In coincidence with these residues are lighter fragments w
A;10 and 0.3&Vi /Vc.m.&4. These intermediate mass fra
ments~IMF’s! are predominantly forward peaked in eith
the c.m. or the heavy fragment frame with about one IMF
heavy fragment for this particular case of 27A MeV Ar1Ag
@15#. Hence they are not ejected from an equilibrated co
posite system.

Next we turn to the less violent reactions shown in F
1~a!–1~d! where we see clear signatures of the well-kno
deep-inelastic reactions~DIR!. There is a projectilelike frag-
ment ~PLF! with velocity and mass near to that of the pr
jectile ~A;30, Vi /Vc.m.;3.7! and a targetlike fragmen
~TLF! with mass near to that of the target (A;90) and a
very slow speed of 0.25&Vi /Vc.m.&0.5. In addition, there is
a small shoulder in Fig. 1~b! for Vi /Vc.m.;0.8 that indicates
some remaining heavy nuclei from fusionlike reactions
spite of this low-multiplicity gate.

Turning now to the right-hand panels in Figs. 1~i!–1~p!
we can see how the reactions evolve from 27A to 90A MeV.
For the low-multiplicity cut@Fig. 1~i!–1~l!# the fast PLF’s
and slow TLF’s~here withVi /Vc.m.;0.18! are still dominant
as is the case for all of the more peripheral reactions for
targets and energies. By contrast for the high-multiplicity c
@Figs. 1~m!–1~p!# we see a heavy fragment withA;60 and
Vi /Vc.m.;0.3 along with very light IMF’s ofA;10 and a
wide range of velocities, 0.2&Vi /Vc.m.&4. It is this class of
reactions that we refer to as splintering central collisio
The projectile has been shattered or splintered into a num
of light fragments and particles, largely forward peaked
the c.m. frame~Fig. 3 discussed below! and with a wide
range of longitudinal velocities. A heavy fragment remain
moving rather slowly (Vi /Vc.m.;0.3), but carrying more
than 1/4 of the momentum from the collision. The major
of the momentum is distributed over the set of light ejecti
comprising a forward-peaked spray.

Figure 2 shows the evolution with energy of the viole
collision group for40Ar1Ag. We see that the heaviest frag
ment group changes with energy in a very regular way.
average velocity ratioVi /Vc.m. drops steadily from;0.9 at
17A MeV, ;0.3 at 115A MeV, and similarly its average
observed mass numberAobs drops from;110 to;55. The
linear momentum transfer drops below 50% for incident e
ergies of*44A MeV, and for 65, 90, and 115A MeV the
major part of the momentum is carried away by the comp
spray of light ejectiles. This behavior is very similar for ea
target.

As shown in Figs. 1 and 2 the light fragments from t
high-multiplicity reactions are really quite different from
PLF’s. Their average masses are much smaller (A;10), and
their velocity distributions are much broader. Their avera
velocity ratios ^Vi /Vc.m.& are greater than unity, but the
have broad peaks spreading far away from the projectile
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locities, unlike the PLF’s from the more peripheral reactio
Figure 3 addresses the momentum balance and multiplic
for 40Ar1Ag. In panel 3~a! we show the average velocit
ratios and in 3~b! the average multiplicities for various ejec
tiles. In each case~Fig. 3a! the heaviest fragment grou
(A.50) moves more slowly thanVc.m., while all the light
fragments and particles have^Vi /Vc.m.&;1.5– 2. This angu-
lar asymmetry is the hallmark of prethermal ejection, driv
by the early reaction dynamics. These lighter ejectiles co
prise the spray that carries away an increasing fraction of
momentum with increasing energy. As the incident energ

FIG. 2. Same as Fig. 1 for incident energies as indicated.

FIG. 3. ~a! 40Ar1Ag: Average velocity ratio^Vi /Vc.m.& for
heavy fragments ofA>50 ~i.e., an average over each relevant pe
in Fig. 2! and for lighter ejectile groups in correlation with the
~averages over 4p sr!. ~b! Average observed multiplicities of thes
light fragment groups in coincidence with a fragment ofA>50.
.
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increased, the multiplicities increase for all the light ejectil
and correspondingly for the heaviest fragment the value
^Vi /Vc.m.& decreases steadily. Roughly speaking the lig
ejectiles comprise only;10% of the total mass for
17A MeV ~e.g., see Table I in Ref.@3#!, while they increase
to ;50% for 115A MeV. Correspondingly the mass of th
typical observed heavy fragment decreases from;90% to
&50% of the total mass.

It is this complex of light ejectiles witĥ Vi /Vc.m.&>1,
mainly attributable to the spalled projectile, that carries aw
most of projectile’s linear momentum in the central col
sions~for *65A MeV). The patterns in Figs. 2 and 3 dem
onstrate a continuous evolution for these most violent co
sions from essentially complete fusion or^Vi /Vc.m.&;1 at
8A MeV ~not shown! to more incomplete fusion at 27A and
44A MeV and then to splintering central collisions for 65A
to 115A MeV. There is no dramatic signal designating
exit from the ‘‘fusion compound nucleus domain’’ or an e
try into the ‘‘Fermi energy domain.’’ However, there is
strong and definite evolution observed in the velocity rat
for the heavy residual nuclei@Fig. 3~a!# that changes ove
from majority momentum acceptance to minority momentu
acceptance, at;44A MeV. The projectile seems to hav
been shattered in the reaction zone into nucleons and o
light fragments whose velocities are degraded and spread
as they traverse the target and assault the mean field ba
to their escape. Some of the splinterlike ejectiles of th
shattered projectiles successfully penetrate through the
rier, and we see them in one of the detector arrays. Cer
others are captured into a composite nuclear system, whic
collisionally driven toward thermalization. Over the span
8A to 115A MeV for these40Ar1Ag reactions, the fraction
of transferred momentum decreases from;100% to;30%
~Fig. 3!, and the multiplicity of the forward peaked ligh
ejectiles strongly increases.

In Fig. 4~a! we summarize for all targets the pattern
average observed masses and velocities for the heaviest
ments from the more violent collisions. The average m
number of the light fragments is; 10 for all reactions~high-
multiplicity cut!. The average mass observed for the hea
fragment group, decreases monotonically with incident
ergy for each target as does the average velocity r
^Vi /Vc.m.& as shown in Fig. 4~b!. The behavior is very simi-
lar for Cu, Ag, and Au targets.

From the values shown in Fig. 4 we have estimated
average momentum and excitation energy deposited into
heavy composite nuclei. For simplicity we use the straig
forward one-dimensional approximation; one assumes th
fraction f of the projectile massAp , chargeZp , and momen-
tum fuses with the target ofZtAt into a composite nuclea
system ofZcAc :

~ f Zp , f Ap!1~Zt ,At!→~Zc ,Ac!1Qf and Ac5 f Ap1At .

Then one has

Vp~ f Ap!5Vi~Ac! and E* 5 f Ep@At /~At1 f Ap!#1Qf

in contrast to the case for complete fusion, where

Vp~Ap!5Vc.m.~At1Ap! and E* 5Ec.m.1Q.
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We measureVi /Vc.m. and thus can obtainf , Ac , andE*
for each heavy reaction system. This initial heavy compo
system is then assumed to emit fragments and parti
nearly isotropically giving a final observed system with ma
numberAobs as reported in Fig. 4~a!.

These estimates of the masses and reaction energetic
summarized in Fig. 5. The average initial massesAc of the
heavy composite nuclei are shown in Fig. 5~a!; they vary
rather slowly with energy. The excitation energy per sou
nucleonE* /Ac is shown in Fig. 5~b!; it increases regularly
with incident energy. The average mass ejected by these
nuclei can be obtained from the differenceDA5Ac2Aobs
and is shown in Fig. 5~c!. It increases with target mass an
incident energy following the initial excitationE* .

For 17A MeV 40Ar one obtains heavy nuclei excited t
;2 – 3 MeV/nucleon; this excitation increases to 9–12 Me
nucleon for 115A MeV @Fig. 5~b!#. The initial composite
system mass decreases with energy also, but by a relat
small amount@Fig. 5~a!#. These central collisions can be sa
to change gradually from incomplete fusion~IF! with capture
of most of the projectile@e.g., 3# to splintering central colli-
sions~SCC! with capture of only a minority fraction of the
projectile nucleons. The early reaction dynamics genera
multibody spray of nucleons and fragments ejected in
forward direction~i.e., that of the Ar projectile!. One might
say that the relationship of SCC to IF for the early react
history is analagous to the relationship of statistical mu

FIG. 4. 40Ar1Cu, Ag, Au: ~a! Average mass number^A&obs for
the heaviest observed fragments for the high-multiplicity cut~high-
est 15%! with gates as shown in Figs. 2 and 3. Bars show the
width at half maximum.~b! Average velocity ratioŝ ViVc.m.& for
the same fragment group. For clarity triangles for Cu~circles for
Au! are displaced horizontally by14A (24)A MeV. Bars show
statistical uncertainties.
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fragmentation to statistical evaporation for the late react
history.

To summarize this study of (8 – 115)A MeV 40Ar1Cu,
Ag, Au, we have presented measurements of near 4p detec-
tion of light charged ejectiles along with slow movin
heavier nuclei. These heavy fragments provide an invalua
probe for the momentum balance. For (8 – 44)A MeV the
results for the most violent collisions show majority mome
tum transfer typical of complete and incomplete fusion. F
(65– 115)A MeV the most violent reactions exhibit majorit
momentum retention by a multibody ejectile spray fro
splintering central collisions. This spray consists of a co
plex collection of light charged ejectiles, forward peaked, b
with a wide range of velocities that is very different from th
incident projectile. Analyses and models of multifragme
emission must address these prethermal ejectiles. By u
the central collision group as described above, one can
duce heavy composite nuclei with large and system
changes in their excitation energy, but rather limited chan
in their average initial mass. This can be of great utility
the search for nuclear liquid-gas phase changes, curren
very controversial topic@16#.

ll

FIG. 5. ~a! Average mass number of the initial heavy compos
nucleus. ~See text.! ~b! Average initial excitation energy pe
nucleon in the groups of heavy composite nuclei.~c! Average mass
ejected from the initial heavy composite nuclei,DA.
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