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Positrons from 1.4-6eV Uranium-Atom Collisions

C. Kozhuharov, P. Kienle, and E. Berdermann
I'hysik -Department, TeeIEnische Universitat M~nchen, 8046 Gas@hing, Germany

R. Bokemeyer, J. S. Greenberg, ' Y. Nakayama, and P. Vincent
Geseltschaft fur Schwerionenforschung (GSI), 61 00 Darmstadt, Germany

H. Backe, L. Handschug, and E. Kankeleit
Institut fiir Xernphysih, Technische Hochschute Darmstadt, 6100 Darmstadt, Germany

I'Q, eceived 28 July 1978)

A large fraction of the number of positrons observed in collisions of 3 U+ 3 U, 38U+ 0 Pb,
pb+ Pb at relative velocities o/c =0.11 and for distance of closest approach R~;„

& 40 fm can be assigned to pair creation of nonnuclear origin, induced by the time-varying
Coulomb fields of the projectile and target charges. An order-of-magnitude increase in the
positron yield is observed by increasing the united-atom charge from 164 to 184.

A series of measurements have been carried
out' at Darmstadt to investigate positron creation
in heavy-ion collisions. Studies of Pb+ Pb colli-
sions, reported recently, ' were extended to the
heavier systems Pb+ U and U+ U for which at
small distances of closest approach the superim-
posed Coulomb fields of the colliding nuclei be-
come large enough that the binding energy of the
lowest electron state may exceed 2~c'. In a
heavy-ion collision, several sources of positron
production are expected. The time-varying Cou-
lomb field creates a 1so vacancy, which may de-
cay spontaneously, if embedded in the Dirac sea,
by emitting a positron and binding an electron. "
But even more relevant to our present observa-
tion, this time-changing field can produce a pair
by inducing a direct transition from the negative-
to the positive-energy continuum, which does not
involve intermediate bound states, ' or by a two-
step process, in which an inner-shell vacancy is
first formed and then decays through the excita-
tion of an electron from the Dirac sea into the
vacant bound state. In the latter process the posi-
tron is emitted and an electron bound. '*' It should
be noted that all three processes superimpose co-
herently because they have identical initial and
final states. We report herein the first measure-
ments of the dependence of the positron yield on
the charge and on the ion scattering angle in col-
lision systems with very large fields. A strong
increase in the positron creation probability with
the effective charge Z, +Z, was observed. The
observed dependences on the charge Z, +Z, and
on the scattering angle as well as the magnitude
of the positron yield measured are, within their
errors, in agreement with theoretical expecta—
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FIG. 1. Experimental setup in the "orange"-type P
spectrometer. I'ositrons are focused by the toroidal
magnetic field onto a cylindrical plastic scintillator
containing a NaI crystal. Scattered particles are de-
tected by an annular parallel-plate avalanche counter
with four concentric anodes.

tions for the coherent superposition of the posi-
tron production processes due to the time-depen-
dent Coulomb field, without taking into account
the spontaneous positron decay of a 1sa vacancy.

Figure 1 shows a schematic view of the "or-
ange"-type P spectrometer, ' which uses a toroi-
dal magnetic field produced by sixty current coils
to focus positrons emitted from the target be-
tween 40' and 70 relative to the beam direction
onto a 60-mm-diam~ 100-mm-long, hollow cylin-
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drical plastic scintillator detector. To further
reduce background one of the positron annihila-
tion quanta was detected by a 51-mm-diam& 100-
mm-long NaI (Tl) counter placed inside of the
plastic detector. Within the focused momentum
band of 15/o the positron detection efficiency was
2.6%. Scattered ions were detected in coincidence
with positrons using an annular parallel-plate
avalanche counter with four concentric anode
rings subtending scattering angles between 13.5'
and 15.7, 16.1 and 20.2', 20.6' and 26.5', and
26.9 and 32.3'. The detector rings were capable
of operating individually up to counting rates of
10' s ', thus permitting small positron yields to
be measured. The energy resolution —20% of the
energy loss—was sufficient to separate quasi-
elastically scattered ions from fission fragments
and light reaction products. Self-supporting, - 1-
mg/cm', metallic foils of "'U, "'Pb, "'Au,
'"Ta, and '"La were bombarded with 5.9-MeV/
amu '"U ions. "'I'b+"'Pb collisions were also
studied at the same relative velocities, i.e. , at
5.9-MeV/amu bombarding energy. y-ray spec-
tra, related to positrons from the pair decay of
nuclear excitations, ' were measured in coinci-
dence with scattered particles with a 76-mm-
diamx 76-mm-long NaI(Tl) detector positioned
perpendicular to the beam direction.

A positron energy range between 0.44 and 0.55
MeV was selected for investigation where a max-
imum of the positron spectrum is expected to oc-
cur. ' ' Accidental coincidences were small and
were subtracted. y-ray spectra in coincidence
with scattered particles between 16.1 and 20.2
and 26.9 and 32.3' are shown in Fig. 2. All spec-
tra exhibit an exponential falloff of similar slope
up to energies of 6-7 MeV. They originate main-
ly from Coulomb excitation of the target and U
projectile nuclei. The inset of Fig. 2 shows the
ratios of positron to y-ray yields above 1.44
MeV. For the lower-Z targets they are indepen-
dent of nuclear species, scattering angle, and de-
tails of their associated y-ray spectra. However,
the higher-Z collision systems, U+ Pb and U+ U,
exhibit a pronounced increase in their positron to
y-ray ratios. Moreover, deta. iled examination of
the positron yields from the higher-Z systems
shows a correlation to the number of scattered
particles rather tha.n to the number of y rays.
This suggests two sources of positrons coinci-
dent with the scattered particles. One is related
to the number of scattered particles, N~, and the
other to the number of y rays coincident with the
scattered particles, N». With use of this pro-
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FIG. 2. y-ray spectra in coincidence with particles
scattered under angles (Q) between 16.1 and 20.2' and
(g) between 26.9 and 32.3' from collisions of 1.4-QeV
U ions with U, Pb, Au, Ta, and La targets. The inset
shows the ratio of the observed positron yield to the
observed p-ray yield above 1.44 MeV, both in coinci-
dence with the particles scattered under angles be-
tween (&) 13.5 and 15.7, (0) 16.1 and 20.2, ( ) 20.6
and 26.5', and (6) 26.9 and 32.3 as a function of the
sum of the projectile and target charges (Z f+Z2).

portionality, the number of observed positrons,
N, +~, becomes N, +~ =PN~+CNz~, with P being
the positron creation probability not associated
with nuclear excitations and with C representing
an empirical internal- pair-conversion factor,
which is, considering the data for the lower-Z
targets, apparently independent of Z and details
of the continuous y-ray spectra. These charac-
teristics exhibited by C were confirmed by a cal-
culation of the positron spectrum from the unfold-
ed y-ray yields using theoretical internal-pair-
conversion factors and positron spectral distribu-
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FIG. 3. Differential positron production probabilities
per scattered particle within a positron energy interval
of 100 keV centered around 490 keV as a function of
the c.m. scattering angle , ~ of the projectile and of
the distances of closest approach for forward scatter-
ing R ~;„ in units of the minimum distance for a head-
on collision, 2a. Positron background from nuclear ex-
citation is subtracted. The solid lines present the re-
sults of calculations performed by Heinhardt et al. (Ref.
13); the dashed line shows the extrapolation to the U-U
system. The inset shows the total number of observed
positrons per scattered particle (upper curve) together
with the calculated background from nuclear processes
(lower curve) for U-U collisions.

tions for E2 multipolarities. The value of C was
determined from all measurements of U+ La and
U+ Ta collisions and confirmed by a least-squares
fit to all data, assuming a power law for the de-
pendence of I'- on Z, +Z, . The inset in Fig. 3 dis-
plays the total yield of coincident positrons per
scattered particle from U+ U collisions, together
with the nuclear-positron contribution calculated
by multiplying the empirical conversion factor C

by the number of observed coincident y rays,
N~~. For U+ Pb collisions the background is dom-
inated by the U excitations, except for a small
contribution from the excitation of the 2.615-MeV,
3 state of "'Pb. The latter is the main source
of background for the Pb+ Pb collisions and was
determined by using a '"Pb source, as described
previously. ' The nuclear background for Pb+ Pb
collisions is roughly a factor of 8 lower than for
U+ Au collisions where it essentially dominated

the total positron yield.
Figure 3 shows the differential positron produc-

tion probabilities per scattered particle correct-
ed for positron background from nuclear excita-
tion as a function of the c.m. scattering angle of
the projectile for U+U, U+Pb, and Pb+ Pb col-
lisions. Also indicated in this figure is the dis-
tance of closest approach 8;„in units of the min-
imum distance for a central collisions, 2a. %e
have chosen to compare the data under the same
dynamic conditions, i.e. , the same relative ve-
locities and c.m. scattering angles. For such a
presentation we have to assume that the observed
positrons, coincident with particles scattered be-
tween 13.5' and 32.3', originate mainly from col-
lisions in which the projectile is scattered for-
ward through an angle B. Collisions in which the
projectile is scattered backward through an angle
g —a, while the recoiling target nucleus is detect-
ed, are expected" to contribute a minor fraction
to the positron yield observed, because the strong
decrease of the Rutherford cross section when
going from h to g —~ overcompensates the expect-
ed increase in the positron yield per scattered
particle, within the angular range considered.
The data of Fig. 3 suggest that the positrons are
created with nearly exponentially increasing prob-
ability when the distance of closest approach de-
creases from 5a to 3a, i.e. , from 40 to 25 fm
for U+ U collisions.

The most striking feature of the data is the in-
crease in the positron yield by a factor 2.6 when
Z, +Z, changes from 164 to 174, and by about the
same factor for a variation between 174 and 184.
It should be noted in interpreting this result that
the 1scr-vacancy production probability is, under
similar conditions, expected to decrease by about
a factor of 2 when Z, +~, increases from 164 to
184 in accordance with the first experimental re-
sults. "' Thus the strong increase of the posi-
tron production with Z is characteristic for the
production process itself. It reflects the fact that
while the energy transfer required to create a
pair remains essentially constant, the binding en-
ergy of the 1so state as well as the enhancement
of the electron continuum wave functions at the
origin and the delocalization of the positron wave
functions all become very strongly dependent on
Z in the region were the binding energy of the
lowest electron state approaches 2mc'. These
characteristics of very strong fields are corrob-
orated quantitatively in calculations performed
by Reinhardt et al, ,"which take into account co-
herently the direct as well as the two-step exci-
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tation mechanism via inner-shell vacancies for
the Pb+ Pb and Pb+ U systems. These calcula-
tions and the extrapolation for the U+ U system,
which does not include effects from the spreading
of the 1sa state in the negative-energy continuum,
reproduce the absolute positron yield as well as
its dependence on Z and on the distances of clos-
est approach within the limits of error.
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A large-amplitude ion-acoustic cylindrical soliton launched in an axisymetric cylindri-
cal system collapses at the center of the cylinder. The highly nonlinear nature of the
interaction is observed after the collapse, showing that many isolated pulses are emitted
abruptly and propagate out without clear evolution of their wave forms.

The solitary wave is one of the most interest-
ing phenomenon in nonlinear physics. " They are
known to relate not only to large-amplitude dis-
persive waves" in plasmas, including la,ser-
and/or microwave-pla. sma-interaction phenom-
ena, but also to the waves of hydrodynamics or

even to the oscillations in a lattice of solids. 4

Here we focus our attention on the ion-acoustic
solitons. It has been clarified that the solitons
do not interact strongly, i.e. , elasticity has been
observed in the collision process. On this point,
rather small-amplitude, one-dimensional solitons
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