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Positron and 6-ray spectra have been measured in coincidence with quasielastic scat-
tered particles and fission fragments from the bombardment of Pd, U, and Cm targets
with U beams of energies between 5.9 and 8.4 MeV/u. For collisions leading to a fission
reaction, the atomic positron and 6-ray spectra fall off more steeply at high energies
than expected from calculations based on pure Rutherford trajectories. A quantitative

analysis of this effect is in accord with a nuclear contact time of about 1072 s,

PACS numbers: 25.70.Cd, 25.85.Ge, 34.90.+q

It is now well established that atomic positron
emission in close Coulombic heavy-ion—atom col-
lisions~® (e.g., U+ U) originates from the excita-
tion of Dirac sea electrons caused by the mono-
pole part of the time-changing Coulomb field of
the collision partners. The nearly exponentially
decreasing high-energy part of the positron spec-
tra reflects the Fourier frequency spectrum qf
the pair-creation matrix element {f|3/at|i) <R({)/
R({) [R¢) is the radial velocity and R {¢) the dis-
tance of the colliding nuclei]. In first-order time-
dependent adiabatic perturbation theory, the Fou-
rier spectrum can be characterized by a scatter-
ing time* which only depends on the kinematical
variables of the Rutherford trajectory. If the col-
liding nuclei come close enough together that nu-
clear forces become important, the Rutherford
trajectory will be perturbed. This results in a
change of the Fourier frequency spectrum and,
consequently, the energy distribution of emitted
positrons will be altered. From a detailed anal-
ysis of deflection functions in deeply inelastic col-
lisions,*® nuclear interaction times of up to a few
times 10" % s have been deduced. For such long
“sticking times” [time for which R ()=0] model
calculations indicate intensity oscillations in the
positron* 7 and also 6-ray spectra® due to inter-
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ference effects between the ingoing and outgoing
channels. Additionally, at very long sticking
times (>1x1072° s) a K vacancy in a “supercriti-
cal” system (a dinuclear system for which the
electronic 1s separation energy exceeds 2m, %)
may decay spontaneously by emission of positrons
with discrete energies® (~ 300 keV). However,
only small intimations of these effects are expect-
ed if the sticking time is only of the order of 10~2!
s as calculated for the U+ U system from various
friction models.°" 2

In this Letter, we report on the search for such
effects of nuclear contact. The U+U (Z=184)
system was chosen for a detailed study. In addi-
tion, the U+Cm system was investigated in one
experiment to search for a narrow positron line.
Although it is much more difficult to prepare and
handle the radioactive ***Cm targets, its use is
advantageous in the study of this question since
the spontaneous 1s decay width should be en-
hanced” by more than a factor of 4. For both sys-
tems, a nuclear attachment with energy dissipa-
tion can be recognized experimentally by the de-
tection of fission fragments from the very fissile
U or Cm nuclei.

238y, 19%Pd, and ***CmF, targets with thickness-
es of 450, 1000, and 200 ug/cm?, respectively,
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were irradiated by U beams from the UNILAC in
Darmstadt with specific energies between 5.9 and
8.4 MeV/u (intensities < 1.5 particle nA). The U
and Cm targets were sandwiched between 30- and
55-ug/em? carbon layers; the Pd target was self-
supporting. Positrons and electrons were detect-
ed with a solenoidal transport system with Si(Li)
detectors for energy determination. The experi-
mental setup is shown schematically in Fig, 1.
To unambiguously detect the very few positron
signals in the Si(Li) detector in the presence of

a high §-electron counting rate, the 511-keV an-
nihilation radiation of the positron was measured
coincidently by a fourfold-segmented Nal ring
crystal surrounding the Si(Li) detectors.® The
target electrons were detected by two Si(Li) di-
odes at the opposite end of the solenoid. The
very intense low-energy background electrons
below 250 keV travel in between the detectors
and, in this way, are excluded from detection.
Scattered particles or fission fragments from the
target were detected with a 50-um NE104 plastic-
scintillator (PS) ring counter accepting labora-
tory scattering angles 35°<8 <55° with respect to
the beam direction. The full energy sum peak of
the quasielastic events has a relative width of
about 25%, thereby allowing a separation from
the broad distribution of fission events. At pro-
jectile energies of 5.9, 7.5, and 8.4 MeV/u, the
quasielastic contribution (no sequential fission)
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FIG. 1. Experimental setup with the calculated mag-
netic mirror field configuration on an axis of the sole-
noid providing a large collection efficiency for posi-
trons, Insets (a) and (b) show cuts perpendicular to
the solenoid axis at ¢ = 102 and 5 cm, respectively.
The geometrical suppression of 6 rays in (a) and of
low-energy electrons in (b) is indicated by the pro-
jected electron orbits. Dimensions of the Si(Li) detec-
tors: diameter 19.5 mm, thickness 3 mm; of the Nal
ring crystal: inner diameter 90 mm, outer diameter
204 mm, length 150 mm.

in the U+ U scattering system was about 100%,
30%, and 0%, respectively. The positron spec-
trum was recorded requiring the following coin-
cidence conditions: (Si,°* U Si,°*) N [(Nal, N Nal,)
U(Nal; N Nal,)] N PS. Detector-response-func-
tion—unfolded and efficiency-corrected positron
spectra are shown in Fig, 2.

It is well known that the separation of atomic
and nuclear positrons is a major problem.!” 313
The technique we applied was to measure the tar-
get y rays of the U+U and U+Cm scattering sys-
tem with a 7.5%X 7.5-cm Nal(T1) detector in coin-
cidence with reaction products and then convert
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FIG. 2. Number of positrons per detected plastic-
scintillator fission event and positron energy interval
dP,./dE , for the U+ Pd system at 8.4 MeV/u, and the
U+ U system at 8.4 MeV/u and at 7.5 MeV/u. The
dashed curves N indicate nuclear positrons as derived
from target y-ray spectra. The bottom part of the
figure shows the spectra of atomic positrons in a semi-
logarithmic representation. Included also is the U
+ Cm system scaled by a factor of 5. The heavy lines
are calculations based on the assumption of Rutherford
trajectories. The dashed line includes effects of a
nuclear contact time (Ref. 7) of about 10~ 2! g,
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this y-ray spectrum to a positron spectrum using
theoretical pair conversion coefficients.’* The
unknown y-ray multipolarity was adjusted with
the U+Pd system for which only nuclear posi-
trons are expected. A y-energy-independent
mixing ratio of 45% E1+55% E2 at 7.5 MeV/u

and 30% E1+70%E2 at 8.4 MeV/u was found to
reproduce the measured positron spectrum; see
Fig. 2. (The assumption that the y-ray spectrum
below 1.5 MeV is dominantly of E2 multipolarity
yields within 10% the same shape of the positron
spectrum.) This mixing ratio was kept constant
in the conversion procedure of the U+U and U
+Cm y-ray spectra. The correctness of this pro-
cedure can be tested with electron spectra record-
ed in coincidence with positrons {(Si, U Si,® 7)
N[(Nal, N NaL) U(Nal, N\Nal,)] N PS}. We observe
from Fig. 3 (upper part) that even in the heaviest
systems, the high-energy tail is still dominated
by electrons from nuclear pair decay. The coin-
cident-electron spectra dP,./dE,. can be well re-
produced by the sum of pair-decay electrons
dpP,.,/dE, ., calculated from the target y-ray
spectrum in complete analogy as for pair-decay
positrons, and uncorrelated coincidences of posi-
trons with the 6- and conversion-electron spec-
trum dP,./dE,. :

dpP,./dE,. = (N,,***/N,)@P,./dE, .)
+€,,,@P,_,/dE, ). (1)

Here, N,,®? is the number of experimentally de-
tected positrons in the Nal ring counter, and N,
in the plastic-scintillator particle counter. €ory
is the mean detection efficiency for nuclear posi-
trons.

Nuclear-background- and efficiency-corrected
positron spectra are shown in the bottom part of
Fig. 2. The error bars include, besides statis-
tics, a 10% uncertainty due to background sub-
traction. An additional error of about + 20% has
to be assumed, originating from normalization,
The spectra exhibit the typical exponential drop-
off at high energies indicating the importance of
collision dynamics in the positron-production
process. No statistically significant structures
have been observed in this experiment in which
particles are accepted over the full angular range
between 35° and 55°. For the U+ U system at 5.9
MeV/u taken in coincidence with elastic scattered
particles, calculations on the basis of pure Ruth-
erford trajectories reproduce the shape of the
spectrum. This, however, is not the case for
the spectra taken in coincidence with fission
products (i.e., after nuclear contact) which drop
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FIG. 3. Upper part: Number of electrons coincident
with positrons per detected plastic-scintillator event
and electron energy interval dP,, /dE,. as a function of
the electron energy E,.. The dashed line indicates the
calculated nuclear-pair-decay electrons; the dashed-
dotted line, the uncorrelasted contribution of 6- and
conversion electrons, The heavy line is the sum of
both. Lower part: é-electron spectra for the U+U
scattering system at 5.9 and 7.5 MeV/u in coincidence
with quasielastic scattered particles and at 7.5 MeV/u
also in coincidence with fission fragments. The heavy
lines are calculations (Ref. 7) assuming Rutherford
trajectories; the dashed line includes effects of a nu-
clear contact time of about 102! s for a collision at 7.5
MeV/u.

off much steeper. Such an effect can be caused
by a time delay during the nuclear contact and,
therefore, should also be present in the 6-ray
spectra.

To check this, electron spectra have been re-
corded in the same experiment under the identi-
cal coincidence condition with respect to the plas-
tic-scintillator particle counter as for the posi-
tron spectra. Various efficiency-corrected spec-
tra are shown in Fig. 3 (lower part). The conver-
sion electrons can be calculated again from the
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target y-ray distribution. An upper limit for this
contribution was estimated to be 7% of the yield,
having nearly the same slope above 0.8 MeV as
the observed electron spectra. Possible EO con-
tributions which obviously appear around 1 MeV
in the spectrum taken at 5.9 MeV/u seem to be
negligible at 7.5 MeV/u. Therefore, no correc-
tion was applied to the data. The contribution of
electron-electron sum coincidences was also
found to be negligible. Of particular interest are
the electron spectra taken for U+U at 7.5 MeV/u
in coincidence with quasielastic and fission events.
It can clearly be seen in Fig. 3 that, for the lat-
ter, the intensity between 1 and 1.7 MeV is re-
duced, even though the impact-parameter depen-
dence (for Rutherford trajectories) would imply
just the opposite effect. Again, this is consis-
tent with the idea of a time delay during the nu-
clear contact. To estimate its order of magni-
tude, we have made the simple model assumption
of a linear delay-time distribution ranging from
0 at the grazing impact parameter bgr =7 fm to
an adjustable value AT for central collisions.
Furthermore, we assume that the 5-ray spectra
are dominated by electrons originating from the
excitation of the 2p,,, shell. With these assump-
tions we obtain from the experiment, using first-
order time-dependent adiabatic perturbation the-
ory, a delay time AT between 1 and 1.5x 10"?! s,
A detailed coupled-channel calculation of the pos-
itron and 8-ray spectra, in the presence of a nu-
clear time delay on the basis of the friction mod-
el of Ref. 10, has recently been performed by
Reinhard et al.” (see Figs. 2 and 3). When com-
pared with these calculations, the nuclear-time-
delay effect was found experimentally to be larg-
er in the positron and smaller in the 6-ray spec-
tra. The reasons for these discrepancies are
not presently understood. Possible causes in-
clude experimental uncertainties, especially in
the nuclear-background subtraction procedure,
and possibly approximations made in the calcula-
tions. However, these calculations again indi-
cate quantitatively a nuclear time delay AT =10"2
s. Such small contact times in deep-inelastic
collisions rule out an observable contribution of
spontaneous positrons. This agrees with the ex-
perimental finding that the positron spectrum for
the U+Cm system differs from that for the U+U

system only by a constant factor but not in shape
(see Fig. 2).

We conclude that strong evidence for a nuclear
contact time of about 10"%! s was found in U+U
collisions with fission fragments in the exit chan-
nel from both the positron and 6-ray spectra.
Such effects may provide an atomic clock for the
measurement of time scales in nuclear reactions,
supplementing the techniques which have so far
been used: analysis of deflection functions in
deeply inelastic collisions™® and proximity ef-
fects in the fission of medium heavy nuclei.’®
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