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Internal pair conversion in heavy nuclei
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Positrons and electrons from the internal pair convers$lB€) decay of states populated in near-barrier
collisions of very heavy ions have been studied using the APEX spectrometer. Using in&i%&itic 2°Pb
scattering at 5.90 MeV/nucleon, the gamma and IPC branches of the well-kBdwdecay of the first
J7™=3" state were kinematically reconstructed and the IPC-to-gamma branching ratio was determined to be
B=(4.0=0.7)X10 % We have also performed experiments with actinide beams or targ&ts+ 18Ta,
2089ppy1 238y, 209pp1 232Th, and 228U+ 2%2Th, which resulted in the observation of new gamma-ray transitions
from high-lying states irt*>Th and?%U. None of these were populated with sufficient strength such that IPC
could produce statistically significantly peaks in positron-electron sum energy spectra.
[S0556-2818@7)50106-3

PACS numbegps): 25.70.Bc, 23.20.Ra, 14.80j, 27.90+b

The emission of positrons and electrons from collisions ottheoretical and experimental point of view. The only well-
very heavy ions has been a subject of considerable interekhown physical mechanism for producing sharp sum-energy
for more than two decades. The overall yields and the shapes'e™ lines is pair conversion of a transition between two
of the spectra are, by now, quite well understood and arevell-defined nuclear states in a source at rest; the conversion
found to vary smoothly with energy and collision parameterscan be in the field of the emitting nucle(isternal pair con-

[1]. In dramatic contrast, the reported observations of sharpersion, IPQ or in the field of another nucleysxternal pair
lines in laboratory-frame positrof2] and positron-electron conversion. Although a physical origin for the lines now
[3-5] sum-energy spectra have been puzzling, both from appears unlikely{6-9], it is still of interest to determine
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whether any manifestation of pair conversion of discrete 3
transitions in the colliding nuclei could be evident in the 10
sum-energy spectra, even when kinematically corrected.

In this paper we report on the results of three separat
measurements of gamma rays and positron-electron pai 10
made using the APEX spectromef&6] and beams from the =
Argonne ATLAS superconducting accelerafdrl]. A pre- 2
liminary version of these results has previously appeared in é 10
conference proceeding42]. First, we have examined colli- ™
sions of 2°Pb+2%%Ph at 5.90 MeV/nucleon. This study was
aimed at populating a single state, ti€=3" level in
20%pp at 2648 keV, in order to measure the IPC branching
ratio of the well-known 1844 ke\E1 J"=3"—2" transi-

=

T
-

T I‘I-I.LI'

tion. This measurement allowed us to confirm the respons X | |

of our spectrometer to a known signal and also to demon 10 = 1000 ' 2000 ' 2000
strate the ability to correct for the severe kinematic broaden GAMMA-RAY ENERGY (keV)

ing due to the moving source. Second, we have conducted a

study of inelastic excitation of*?Th and 2% with a 2%%Pb FIG. 1. Spectra from thé®Pb+2%pPb reaction at 5.90 MeV/

beam at 5.80 MeV/nucleon using large-volume, high resolunucleon showing the Doppler reconstructgday spectrum. Tran-

tion, intrinsic germanium detectors to search for gamma-ragitions associated with thé*Pb(°Pb,2*Pb)**Pb reaction are

transitions in actinide nuclei which could have IPC branchegnarked @) and occur at a level of 1% of th&Pb(2"—0")

in the energy range of interesE,~1.5-2.0 MeV. Fi- Coulomb excitation. All other peaks arise from the decay of states
. in 20

nally, we have collected a large data setéoe™ pairs pro- M Pb.

duced in?*U+2%Th collisions at 5.90 MeV/nucleof6] to  two-neutron transfer reactions were also observed, but only
ascertain whether IPC from such high-lying states can bat the 1% level compared to Coulomb excitation of the first
observed in the reaction where sharp sum energy lines weksxcited state ir?°Pb.
previously reported3—5]. No such signal is evident. As the gamma-ray data were accumulated, positrons and
In the 2%Pb+2°%Ph study a 1 mg/cn? target of 99.76%  positron-electron coincidences were also measured using the
enrichment was bombarded with a beam of 1 pna intensitpPEX spectrometer. The laboratory sum-energy spectrum of
for 40 h. Gamma rays were measured, in this case, with gositron-electron pairs coincident with two heavy ions is
single 70% intrinsic germaniuniGe) detector operated in Shown in Fig. 2a). Kinematic broadening, due to emission
coincidence with heavy ion detectors. The Ge detector wafom 2°%b ions, which have velocities up =0.11, results
mounted 82 cm from the target to provide good angle defiin a pair sum-energy peak for the 1844 keV transition with
nition of the detected gamma rays. Twenty-six gamma-rayan expected width of 130 keV, which is barely visible in the
transitions deexciting 14 states #*Pb were identified in the
Doppler corrected spectrum gated by scattered ions corre- 50

sponding to near elasti®Pb+ 2°%Pb collisions(Fig. 1). The a0 wax @ ’ ‘°°283EE%§ED )
characteristic shape of the lines in the reconstructed spectrum - - 80 ]
arises from the analysis procedure. In a symmetric or near 30 | 1 e -
symmetric heavy ion collision, it is not possible to determine 201 4 40 |
which ion was excited and thus emitted the gamma ray. The B ' -

analysis must therefore be performed twice, assuming inturn = 3 10 B ! 1 20 ! 7]
emission from each ion. This process doubles the total num- o o " 822KV I, | o & 822keV "oy
ber of events, but correctly gives the number of eventsinthe 5 0 400 800 1200 0 400 800 1200
discrete transitions. The miscorrected events from discrete 2 gof- DOPPLER (© - SIMULATION  (d)
transitions appear as the bell-shaped background under each 8 = ORRECTED 1 100~ -
sharp line. These are particularly clearly visible near 800 40 Terer 1 g0k -
keV in Fig. 1. The correctly reconstructed lines have a width 301 -

of 9 keV at 1 MeV. This width is dominated by contributions I 1 8 7]
from multiple scattering of the heavy ions and thheangle 201 ] 40 ]
segmentation of the heavy ion detectors. The decays from 10f- - 20 ' .
the firstJ™=2" and 3~ states in?°Pb dominate the spec- ol 822 keV 1, 822 keV
trum. Using known matrix elemenfd 3] the yields of most 0 ' 400 800 1200 0 400 800 1200
transitions were reproduced to better than 10% by calcula- SUMENERGY (E ,4+ E.-) (keV)

tions with the multiple Coulomb excitation code Watku

[14]. The ?®PbJ7=3" state was populated with a measured g 2. Sum-energy spectra frof?®Pb+2°%Pb at 5.90 MeV/

cross section of 6t4 mb for ions scattered in the range nycleon.(a) The raw data(b) after Doppler correction for emission
20°—-68°. By extrapolation, assuming pure Coulomb excitafrom each of the scattered ior(s) with a further selection on small
tion, this yield corresponds to a total population cross sectiopositron-electron opening angles, afbl a Monte Carlo simulation

of 71+5 mb (predicted 68 mp Gamma rays from one- and of (b).
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raw sum-energy spectrum. Correction of the broadening re-
guires knowledge of the angles and velocities of the scattered

800

heavy ions, the positron, and the electron. Such a reconstruc- 600 i
tion of the events in Fig. (@) results in the spectrum shown 1780 keV
in Fig. 2(b). A peak at 822 keV, corresponding to the pair 400

branch of the?*Pb 1844 keV transition is now clearly ap-

parent. The width of the peak in the reconstructed spectrum 200

is 38+ 3 keV. As was the case for the gamma rays, the total

number of events in the corrected spectrum is double that in 0

the raw data. Further selection of events, by choosing small 8000

opening angles between positron and elecffég. 2(c)] en-

hances the peak-to-background ratio by a factor of 2 and 6000

follows the expectations of IPC and Coulomb excitation

theory. The contribution to these data from external pair pro- 4000

duction by 1844 keV gamma rays in the lead target was =

calculated to contribute less than 0.5% of the IPC decay. The = 2000

intensity and shape of the 822 keV pair line reflects a con- >

volution of the properties of IPQts branching ratio, energy 2 0

sharing between the positron and electron, and the relative 3 6000

angular distributiop with the response of the spectrometer. ©

A Monte Carlo simulation of the 1844 ke¥1 IPC decay 4000

from moving 2°®Pb nuclei with the intensity and impact pa-

rameter dependence deduced from theay data and the 2000

theoretical IPC-to-gamma branch and correlatiphs] has

been carried out. Many detailed features of the decay, includ-

ing the opening angle distribution, the forward-backward in- 8008

tensity, the energy sharing, the overall yield, and the ob-

served width are all reproduced to within the statistical 6000

precision of the measurement. The efficiency of the spec-

trometer for the 1844 ke¥1 IPC was determined from the 4000

simulation to be 0.330.04%. In addition to the many ef-

fects included in simulating radioactive source ddfa, this 2000

simulation was also sensitive to the electronic timing resolu-

tion of the silicon detectors, as this is an important compo- 0 T 1 ] I
nent of the precision of the angle reconstruction. A measured 0 1000 2000 3000 4000
value of 3 ns, averaged over the operational detectors and GAMMA RAY ENERGY (keV)

lepton energies in the acceptance, was used. The peak-to-
background ratio in the positron-electron sum-energy spec- FiG. 3. Gamma-ray spectra Doppler reconstructed from heavy-
trum is not as good as that of the gamma-ray spectrum, as, iBn collisions of actinide nuclei(a) Uraniumlike events from
addition to the poorer energy resolution, there is an addi2%pp on 2% at 5.80 MeV/nucleon(b) uraniumlike events from
tional background arising from pairs originating from other 233 on *®'Ta at 5.95 MeV/nucleon(c) uranium- and thoriumlike
production mechanisms. As the correlated peak IPC eventsients from?*U on 2%2Th at 5.95 MeV/nucleon, an) thorium-
(122+ 19 counts constituted only 8% of the total number of like events from**®Pb on#**Th at 5.80 MeV/nucleon. All the ura-
events, this smooth continuum background can be effectivelgiumlike spectra show a prominent transition at 17@keV.
simulated 6] by selecting positrons and electrons from sepa-
rate eventg“event mixing”) and analyzing them in the nor- ments, up to five intrinsic germanium detectors were used,
mal fashion. This event-mixed background is shown with theeach with relative efficiencies between 25% and 70%. A
expected IPC signal added in Figid2 With the simulated summary of these results is given in Fig. 3 which displays
response, this procedure allows us to extract an IPC-togamma ray spectra which have been Doppler reconstructed
gamma branching ratio ¢g8=(4.0=0.7)x 10" % in compari- assuming emission from the actinide nucleus which, in the
son with the theoretical valuel5] of 4.17x 10 4. asymmetric cases, could be separated from the reaction part-
Next, we address the issue of which states in actinideer. In the?*8U+2%2Th system[Fig. 3(c)], where this is not
nuclei may be strongly populated in low-energy heavy-ionpossible, the spectrum is a composite of gamma rays from
collisions and whether they could produce peaks in the paiboth nuclei. At the lower gamma-ray energies the ground
spectra similar to that studied in ti@%Pb experiment. We  state rotational bands are clearly visible. In order to enhance
have searched for discrejeray transitions between 1 and 4 the acquisition of data for gamma rays of the highest ener-
MeV in 2%y and #?Th in studies of 2%®Pb+23%Th and gies, an electronic scaledown was used for the low-energy
208+ 238y at 5.80 MeV/nucleon,?®®U+1®Ta at 5.95 portion of the spectrunjusually by a factor of 20 which
MeV/nucleon, and®®®U+2%°Th at 5.90 MeV/nucleon. The gives rise to the reduced vyield in the spectrum below 600
239 targets were 30Qug/cm? UF, and the 2%2Th and keV [Fig. 3a,d] (1 MeV [Fig. 3b,0]).
181Ta foils were 70Qug/cm? rolled metal. In these measure-  In all cases, strong transitions were observed in the 1-2
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MeV region. Of particular prominence, and interest in the

3000 T T T T U T T T T T T T T T

present context, is a line at 178@ keV in 233U which @ DOPPLER ook ® 8.4 - <90°]
stands out above the continuum background. This may col B CORRECTED - ere
respond to a line previously reported at 1782 keV in > B 800 -

238+ 181Ta scattering16]. This peak is shown in the insets S 2000

in Fig. 3. The total population cross section for this transition R 600 -

varies between 273 and 34-4 mb, and follows the expec- %

tations for Coulomb excitation, both for impact parameter 8 1000~ 400~

dependence and variation with beam and target. A transitio 200 ;

at 1782 keV from a]"=2" state has been reported in in- 758 ke
elastic alpha particle scattering ¢f&U by McGowan and o 0L
Milner [17], but we calculate that their reporté&t2 matrix 0 400 800 1200 0 400 800 1200
element would lead to a peak eight times smaller than ob SUMENERGY (E,+ +E-) (keV)

served in our data. Recently, a fluorescence experifdat

has also populated a state at 1782 ke\*{fU, which was FIG. 4. Doppler reconstructed sum positron-electron spectrum

reported to be a dipole excitation. Both of these previousrom 23U +2%°Th at 5.95 MeV/nucleon(a) Shows the total data
studies find strong decays to the ground state and to the firahd(b) those events with a positron-electron opening angle of less
excited state. We observe only a single line, presumably théhan 90°, a selection which enhandes IPC.
ground state transition. Thus, the structure of the states lead-
ing to the 1780 keV gamma rays observed in our measureworse than this, due both to poorer energy resolution and to
ment is unclear. One possibility is that the peak we see fronthe large additional contribution from the combination of
233 may actually arise from several transitions of near equatlynamic positrons and electrons which give rise to an ad-
energy crossing between the ground state band and a badiional continuum background. Between the cases of
with the same moment of inertia built on the 1782 keV band-2°Pb+ 2%%Pb and?3®U-+ 232Th, the contribution of positrons
head. The measured width of the 1780 keV line in our data ignduced by the dynamics of the collision process rises by a
almost a factor of 2 larger than that expected from the reconfactor of 8 causing a similar rise in the contribution from
struction procedure and also changes with heavy-ion scattewncorrelated pairs. Figurg@ shows the kinematically cor-
ing angle in a manner which would support this conjecturerected positron-electron spectrum frofd®U +232Th colli-
Confirmation of this hypothesis would require several newsions, and Fig. é) shows those events selected according to
and different measurements. TR&¥Th spectrum, Fig. @), the same criterion which produced the cleanest line in the
shows similar intensity in the 1700-1900 keV region, but2°%Pb experiment, that is, those with small positron-electron
distributed in a series of smaller peaks. opening angles. Converting the measured gamma yield into
We now turn to the question of the observation of sharpghe expected pair yield by assuming the 1780 keV transition
peaks in spectra collected following reactions of actinide nuio be anE1 transition (the case with the largest pairs
clei. In laboratory spectra, without Doppler correction, sharpbranch, indicates an expected peak with 80 counts with a
peaks are not expected, either for gamma rays or positrorwidth of 40 keV. This corresponds to a signal at thelgvel
electron pairs emitted from these swiftly moving ions due toin our data. A recent calculation &fl1 transitions[15] in-
the broad range of angles and recoil velocities associatedicates that the positron-electron angular distribution is more
with inelastic scattering as is evident from tA®Pb+2°Ph  isotropic than forE1 decays, but that the conversion coeffi-
data. The fraction of positron-electron events which are emiteient is slightly lower. Overall these effects reduce our sen-
ted with a combination of angles and energies so as to hawsitivity to M1 IPC pairs by about 30%, as compared to an
canceling Doppler shifts is sufficiently small X3L0 %) that  E1 transition. All higher multipoles have IPC-to-gamma
sharp peaks from these events would not be visible in thi$ranches which are smaller than 6t decays, so would be
type of experiment even if it were somehow possible to seeven more difficult to observe.

lect this type of event. Inspection of the uncorrecteday Finally, we should briefly mention the possibility of the
spectrum for sharp lines shows that less thanl® 2 of the  population of excited states which do not have a gamma
ions stop in the target. decay, but still produce paif®.g., excited spin 0 statedn

Even in kinematically corrected spectra, IPC brancheshis case, it is more difficult to reach definitive conclusions
from the discrete states populated in collisions of actinideas there is less to measure in experiment. It is clear that the
nuclei lie at the edge of our sensitivity. Compared to theabsence of an electromagnetic decay matrix element would
206pp + 298P experiment, thé33U +232Th discrete gamma- also tend to suppress the Coulomb excitation of such states.
ray photopeak to background is much worse. In the case dfurther, strong multistep electromagnetic excitation, most
206pp-206ph collisions we observe the 1844 keMray tran-  probably through the first excited state, would also result in
sition with a peak-to-background ratio of 4:Fig. 1) observable deexcitation gamma decays through the same
whereas in the case 6f8U+2%2Th the 1780 keV transition path, which we should see. We have performed a series of
has a peak-to-background ratio of 1fg. 3(c)]. Both peak model dependent calculations based on the known systematic
and background are comprised of gamma rays which caproperties of actinide nuclei in order to estimate the popula-
create pairs, therefore the degradation of peak to backgrourtibn of spin zero states at about 1.8 MeV #fU by Cou-
in the gamma spectrum of a facter24 should translate lomb multistep excitation. We find the population of these
directly to the IPC component of the pair spectrum. In thehypothetical states to be less than a few millibarns. As the
pair spectrum, the peak-to-background ratio is actually fadecay of spin zero states in very heavy nuclei is dominated
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by internal conversioiilC), with an IC-to-IPC branching ra- result in statistically significant peaks in the kinematically

tio of more than 400:119], the pairs cross section could corrected positron-electron spectra, and not at all in the labo-
never be more than Ab/sr averaged over the solid angle of ratory spectra. We therefore conclude that the previously re-
our heavy-ion counters. Without kinematic correction, a tranforted sharp sum-energy peaks do not arise from any nuclear
sition of this intensity emitted from a fast-moving ion could source. More precise tests of IPC theory in higluclei,

never result in an observable peak. Even with kinematic corespecially of magnetic transitions, appear to be both desir-
rection, this level of cross section is at the limit of our sen-able and possible, although light ion reactions or source mea-
sitivity. surements may prove more promising to reach an interesting

In conclusion, we have used the APEX spectrometer tdevel of precision, as they aVOid. the high. positrqn_ and elec-
study IPC from fast moving heavy ions in collisions near thelf®" Packgrounds encountered in heavy-ion collisions.
Coulomb barrier. In the case 8f°Pb+2%%Pb, the IPC branch ~ This work was supported by the U.S. Department of En-
of anE1 transition was reconstructed and the branching ratiergy, Nuclear Physics Division, the U.S. National Science
measured. New high lying states were found®Th and  Foundation, and the Natural Sciences and Engineering Re-

238, but were not populated with sufficient cross section tosearch Council of Canada.
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