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Abstract

Two-fragment reduced-velocity and azimuthal-angle correlations have been
measured in °Ge 4 27Al reactions at £/A = 22 and 35 MeV. The mixed-
fragment (3 < Z < 9) emission time scales extracted from comparisons with
schematic three-body trajectory simulations are in qualitative agreement with
predictions of a sequential evaporation model. However, the inferred emission
time scales decrease strongly with increasing fragment charge, in disagreement
with predictions by the model and with published results based upon pre- and
post-scission neutron multiplicites. The decay of an emitted primary fragment
into two observed secondary fragments is investigated as a possible cause for

the apparent charge-dependence of the fragment emission time scale.
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Correlations between emitted nuclear fragments provide information about the lifetime
[1-8] and collective behavior [6,9] of excited nuclear matter. While much experimental work
has demonstrated that the time scale for multiple fragment emission becomes very short at
bombarding energies of E/A > 50 MeV [2,4,5], there has been no determination of the time
scale for fragment emission near the threshold for the process. Although multiple emission
near threshold may represent only a small fraction of the total reaction cross section, such a
study would investigate most sensitively whether the fragment emission time scale evolves
in a manner predicted by sequential, statistical decay mechanisms [10,11].

Additional properties of the decaying systems may be obtained from the dependence of
two-fragment correlation functions on observables such as the fragment energy [7] or the
orientation of the fragment-fragment relative velocity vector [3]. Studies of pre- and post-
scission neutron multiplicities have indicated a strong mass dependence of the fragment
emission time scale, presumably associated with a pre- or post-saddle dynamical hindrance
[12-14]. Two-fragment correlation functions gated on fragment charge may allow the mass
dependence of the emission time scale to be quantified and provide an additional probe into
the dynamics of nuclear collective motion.

To study multiple fragment emission near the threshold for the process, a series of ex-
periments was performed at the Tandem Accelerator Superconducting Cyclotron (TASCC)
Facility at the Chalk River Laboratories. Beams of "°Ge with energies of E/A = 22 and
35 MeV and intensities of 0.2 and 0.1 nA, respectively, impinged upon 27Al targets with
thicknesses of 1 mg/cm? (E/A = 22 MeV) and 2 mg/cm?® (E/A = 35 MeV). Fragments
with Z < 20 were detected and identified with a 48-element phoswich array [15] located
at O = 6.9° — 24°. Typical detector thresholds were E/A = 8.5, 14.5, and 17.5 MeV for
fragments of Z = 2, 6, and 9, respectively. Energy calibrations were performed with the
procedure of Ref. [16], and are estimated to be accurate to approximately 10%. Additional

fragments and particles were detected in a 32-element CsI(T1) array [17] located at ;. = 24°



to 45°. In the E/A = 22 MeV reaction, 24 thin CsI(T]) detectors [18] covered approximately
70% of the solid angle between 8,,, = 45° and 154°. The CsI(T]) detectors at 6, > 24°
provided additional multiplicity information for particles and fragments with E/A > 2 MeV.

The two-fragment reduced-velocity correlation function R(v,.q) is defined as the ratio of

the coincidence to the singles yields:

le(Vth)

1+ R(vea) =C Y Vv Ya(va)' (1)

where v; and va are the laboratory velocities of the two fragments, v,eq is the reduced
relative velocity, vreqa = (V1 — Va)//Z1 + Z2, and C is a normalization constant equal to
V;’z UZ Yi(v1)Y2(v2)/Yi2(v1,v2). The background yield, ¥1(v1)Y2(v2), is constructed by
s;iect;:g fragments from different events.

Correlation functions gated by atomic number are shown in Fig. 1 (E/A = 22 MeV) and
Fig. 2 (E/A = 35 MeV) for fragments detected between 6., = 6.9° and 24°. Gating on
charged-particle multiplicity does not affect the experimental correlation functions signifi-
cantly, which suggests that in these reactions the emission of two fragments may be a better
event selector than the charged-particle multiplicity.

In order to quantify the fragment emission time scales, the data were compared with
predictions of three-body trajectory simulations [3]. Calculations assuming a source charge
Zs = 25, a source radius Rs = 8 fm. and a source velocity, vs, intermedate between the
beam velocity and the center of mass velocity, are shown in Figs. 1 and 2 (curves) for
different mean fragment emission times. The mean emission time inferred for fragments
with 3 < Z;, Z; < 9 decreases from = 500 fm/c in the E/A = 22 MeV reaction (Fig. 1(a))
to &~ 200 fm/c for the E/A = 35 MeV reaction (Fig. 2(a)).

These extracted time scales can be compared with predictions from a sequential decay
model [8]. Nucleon transport model calculations (BNV) [19] were performed to provide input
for the Expanding Emitting Source (EES) model [11]. The predicted fragment emission time
scales of 300-400 fm/c for the E/A = 22 MeV reaction and 200-300 fm /c for the E/A = 35

MeV reaction are in reasonable agreement with the time scales extracted from the three-body
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trajectory calculations.

While the three-body calculations fail to reproduce the enhancement in the correlation
functions at v,eq = 0.02¢, they do reproduce the observed rise for heavy fragment pairs at
vrea > 0.03¢ (panels (c) and (d)). This rise is a consequence of the (high) recoil velocity
of the Zg = 25 source following emission of the first fragment; calculations assuming a
more massive source of Zg = 45 (open circles) do not reproduce the rise. Because the
heavy fragment correlation functions are most sensitive to the source recoil velocity, the
rise at vyeq > 0.03c suggests only that the source charge for the heavier fragments is Zg ~
25. Lighter fragments and particles could be emitted from more massive sources. This
mechanism would be consistent with a decay chain in which the light particles and the light
fragments are emitted earlier, on average, that the heavy fragments [12-14].

In contrast, the rising portion of the correlation functions (v,eq < 0.02 ¢) imply that
the fragment emission time scale decreases strongly with increasing charge. The inferred
decrease from 1000 fm/c or more for 3 < Z;,Z; < 4 (panels (b)) to 100-200 fm/c for
7 < Zy,Z2 <9 (panels (d)) is insensitive to changes in the parameters of the trajectory
calculations. Previous experimental work has also suggested a slight decrease in the emission
time scale with increasing fragment charge [1]. However, these results are in contradiction
with studies of pre- and post-scission neutron multiplicities which indicate an increase in
emission time with increasing charge [12-14], and with the EES calculations which predict
no significant change in the characteristic emission time with charge. In order to explain
this inconsistency, we have investigated other effects which can influence the time scales
extracted from two-fragment correlation functions.

Nuclear collective motion strongly affects two-fragment correlation functions, partic-
ularly in non-central collisions where the angular momentum is largest [6]. To investi-
gate the magnitude of nuclear rotation, azimuthal-angle correlation functions (not shown)
were constructed for like-fragment pairs detected between 6.9° and 24°. The effect of
rotation was schematically incorporated into the three-body trajectory calculations by

weighting the relative azimuthal emission angle between the two emitted fragments as
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P(A@) x 14X, cos(2A¢) [9]. Calculations with A, # 0 provide improved agreement with the
azimuthal angle correlation functions over those with no in-plane focussing. However, the
trajectory calculations cannot fit the azimuthal angle correlation function at both A¢ = 0°
and 180° without including effects of both rotation and directed transverse motion (flow)
which enhances the azimuthal correlation at A¢ = 0° [9].

For asymmetric reactions at bombarding energies of 22A and 35A MeV, the directed
transverse motion should be small. Recently, the influence of secondary decay on light-
particle correlation functions has been demonstrated [20,21]. Secondary decay into fragment
pairs should also affect two-fragment correlation functions.

To investigate the magnitude of this process, we have performed calculations with the
sequential-decay code GEMINI [10] using input parameters predicted by the BNV model.
The correlation function predicted by GEMINI for the E/A = 22 MeV reaction is shown as
the solid curve in Fig. 3(a). Fragment pairs were found to be produced by two mechanisms:
1) primary pairs emitted sequentially from the cooling compound nucleus (dashed curve),
and 2) secondary pairs produced by the division of a primary parent (“mitotic” pairs, dotted
curve).

The correlation function for the mitotic pairs shows a strongly peaked distribution cen-
tered at a value of v,.y corresponding to the average Coulomb barrier between the two
fragments. The correlation function for the other (non-mitotic) fragments is similiar to the
correlation functions predicted by the three-body trajectory calculation for very long emis-
sion time scales. In order to introduce realistic fragment emission time scales into GEMINI,
the charge, energy, and angular distributions predicted for the non-mitotic pairs were sam-
pled with the three-body trajectory calculation, and two-fragment correlation functions were
generated with mean emission times of 0, 200, 500, 1000, and 5000 fm/c (Fig. 3(b)). As
with the calculations shown in Figs. 1 and 2 which used the experimental distributions, best
agreement is obtained for a mean emission time of 500 fm/c, although, as above, the bump
in the correlation function near v,.y = 0.02¢ i1s not reproduced.

Comparison of the data with the complete GEMINI calculation in Fig. 3(a) (solid curve)
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indicates that the calculation greatly overpredicts (40%) the amount of secondary decay (mi-
totic pairs) which contributes to the two-fragment correlation functions. However, smaller
admixtures of secondary decay allow improved agreement with the data. In Fig. 3(c) cal-
culations for E/A = 22 MeV with 7 = 200 and 500 fm/c are shown (from Fig. 3(b)), along
with a 7 = 200 calculation which includes an 18% admixture of pairs produced by the mi-
tosis mechanism (solid curve). The agreement of the latter calculation with data is much
improved over that of any of the three-body trajectory calculations. Improved agreement
with the data can be obtained for the E/A = 35 MeV reaction with an emission time scale of
7 =0 fm/c and a 9% admixture of mitotic pairs (Fig. 3(d)). Similarly good agreement with
the azimuthal-angle correlation functions may be obtained by allowing an atomic number
dependence of the mitosis fraction.

Good fits to the experimental correlation functions can be obtained for a range of emission
time scales and mitosis fractions, thus making time scale determinations difficult. However,
combinatoric arguments suggest that the mitosis fraction should be larger at lower energy
where the fragment multiplicity is lower *.

GEMINI predicts an approximate charge-independence of v,.q for mitotic decay (= 0.015
c) in contrast to the observed shift of the rising part of the correlation function to smaller
Vyeq With decreasing fragment charge. Mitotic decay may also occur for smaller values of
Ured Via a barrier penetration process which is not considered by GEMINI. The Coulomb
transmission probabilities for several symmetric decays have been calculated with the WKB
approximation [22]. For decays with [ = 0 the transmission probability at v,es &~ 0.012 is
approximately 0.1 for symmetric 1>C decay as compared to approximately 0.01 for symmetric

decay of Mg and 3¢Ar fragments; with [ > 0 the transmission probability at vses ~ 0.012

1For a fixed fraction of secondary decay, f, and a fragment multiplicity NypF, the fraction of

secondary pairs contributing to the correlation function will be f/(NimF — 1)



is & 0.05 for *2C decay as compared to 0.01 for Mg and 3¢Ar decay®. The increased
probability for sub-barrier mitotic decay may explain the observed shift of the rising portion
of the correlation function to smaller v,.q with decreasing fragment charge.

Along with modification of the inferred emission time scales, secondary decays also mimic
the effect of directed transverse motion and may introduce uncertainties into the extraction
of flow parameters [9]. It should be noted that an extraction of flow from the in-plane
transverse momentum [23], which is a global event variable, is less sensitive to contamination
from secondary decays than an extraction from two-particle correlations functions.

In conclusion, we have analyzed two-fragment correlation functions in £/A = 35 and 22
MeV ©Ge + 27Al reactions. Comparison of the data with schematic three-body trajectory
calculations indicate mixed-fragment emission time scales of 500 and 200 fm/c for the lower
and higher energy reactions, respectively, in qualitative agreement with predictions of a
sequential decay model. The comparisons also suggest a charge-dependence of the emission
time scale which is not predicted by the model nor consistent with the charge-dependence
of fragment emission times extracted from pre- and post-scission neutron multiplicities.
Secondary decays of emitted primary fragments affect the shape of correlation functions
at vreg < 0.02 ¢, and provide a possible explanation for the anomalous dependence of the
inferred emission time scale on fragment charge.

We thank the TASCC Operations Group for providing the E/A = 35 MeV "°Ge beam
which was outside the designed operating range of the cyclotron. This work was supported

in part by the Natural Sciences and Engineering Research Council of Canada.

2For the decays with I > 0, the orbital angular momentum was assumed to be proportional to

mass (I = 1, 2, and 3), in accordance with a thermal partition.
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FIGURES

FIG. 1. Reduced-velocity two-fragment correlation functions in E/A = 22 MeV ©Ge + 27Al
reactions (solid points) for fragment pairs with (a) 3 < 71,7, < 9, (b) 3 < Z;,7Z; < 4, (¢)
5< Z1,Z2 < 6,and (d) 7 < Z1,Z, < 9. The curves correspond to three-body trajectory cal-
culations for 7 =100, 200, 500, and 1000 fm/c, assuming Zs = 25, Rs = 8 fm, and vs = 0.18c.
The open points in panel (d) correspond to a three-body trajectory calculation with 7 =200 fm/c,

Zs =45, Rg = 8 fm, and vg = 0.16¢. See text for details.

FIG. 2. Reduced-velocity two-fragment correlation functions in E/A = 35 MeV °Ge + 27Al
reactions (solid points) for fragment pairs with (a) 3 < Z;,Z, < 9, (b) 3 < Z1,Z; < 4, (¢)
5 < Z1,Z2 < 6,and (d) 7 < Z1,Z; < 9. The curves correspond to three-body trajectory cal-
culations for 7 =100, 200, 500, and 1000 fm/c, assuming Zs = 25, Rs = 8 fm, and vs = 0.23c.
The open points in panel (d) correspond to a three-body trajectory calculation with 7 =100 fm/c,

Zs =45, Rg = 8 fm, and vs = 0.20c.

FIG. 3. (a) Two-fragment (3 < Z < 9) reduced-velocity correlation functions predicted by
GEMINI. The solid curve corresponds to all emitted pairs, the dotted curve to “mitotic” pairs (see
text), and the dashed curve to other (non-mitotic) pairs. (b) The experimental correlation function
(solid points) compared with three-body trajectory calculations (curves) with the charge, energy,
and angular distributions predicted by the GEMINI, and varying mean emission time scales, 7.
(c) The experimental correlation function (E/A = 22 MeV) compared to three-body trajectory
calculations with mean fragment emission times, 7, equal to 200 and 500 fm/c (from (b)), and a
prediction with 7 = 200 fm/c including an 18% admixture of mitotic events. (d) The experimental
correlation function (E/A = 35 MeV) compared to three-body trajectory calculations with mean
fragment emission times, 7, equal to 0 and 200 fm/c, and a prediction with 7 = 0 fm/c including

an 9% admixture of mitotic events.
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