Development of a New Recoil Filter Detector for y-Detector Arrays
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A new device for the detection of evaporation residues in coincidence with y rays
in heavy-ion induced reactions is presented. This new detector mainly discriminates
against fission and allows Doppler corrections of the v spectra. As a first application,
the level schemes of the neutron deficient lead isotopes #*Pb and *Pb have been
studied for the first time at the VICKSI accelerator. Both nuclei exhibit a structure
different from heavier even-even Pb isotopes and show low-lying rotational bands.

I. Introduction

The operation of large arrays of Compton suppressed HP Germanium detectors in
coincidence with electromagnetic recoil mass separators (RMS) has allowed the inve-
stigation of many nuclei near the proton dripline and therefore yielded information
about the shell structure which stabilizes nuclei [1-3]. The observation of nuclei po-
pulated in heavy-ion induced fusion-evaporation reactions with only 10-3 of the total
cross section was possible because the y ray spectra were filtered with the Z and A in-
formation of the ¢évaporation residue. However, the price for this unique exit channel
selection is the low efficiency of the existing recoil mass separators. A considerable
improvement of v spectra can still be achieved when evaporation residues are detec-
ted in coincidence with v rays, even without Z and A information. This coincidence
suppresses y rays from competing fission or transfer processes, Coulomb excitation
and reactions with target contaminations and therefore cleans v spectra and impro-
ves the peak/background ratio. In addition, the determination of the velocity vector
of the evaporation residue allows Doppler corrections and therefore a gain in energy
resolution. With this in mind, a sturdy time-of-flight filter for evaporation residues
has been designed as an additional detector for the OSIRIS spectrometer consisting
of 12 Compton suppressed Germanium detectors. and a 48 element BGO v multiphi-
city filter {4]. The main application of this new detector is to suppress y rays from
fission products as the dominant source of background for the in-beam spectroscopy
of neutron deficient nuclei in the lead or actinide region.

II. Detector Development

A schematic diagram of the OSIRIS setup with recoil filter detector RFD is shown
in the upper part of figure 1. The RFD consists of two rings of 6 and 12 individual
detector elements mounted 73cm from the target under forward angles between 2.7°
and 12.1° to the beam axis.” At this distance, heavy evaporation residues (ER) pro-
duced with not to6o 'heavy beams are well-separated in time of flight from all other
reaction products. Since the RFD requires only a narrow forward cone (200 mrad), it
can be used with all 48 elements of the BGO ball, only the most forward Ge detector
had to be removed for mechanical reasons.
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In each RFD element, nuclei hitting a 2um thick aluminised Mylar foil produce n
secondary electrons which are electrostatically accelerated up to 20 keV and focussed
onto a thin (5 to 10um) plastic scintillator in which they produce a signal of nx20keV.
The geometry of the electron lens is shown in figure 1b. Electron yields of n=~200/ion
are expected from slow and heavy evaporation residues [5]. Since the heavy ion-
induced secondary electron yields are proportional to the electronic energy loss of the
grojectile [5,6], recoiling evaporation residues can be discriminated from scattered
eam not only via the time-of-flight separation but also from the pulse height of the
scintillator signal. This signal is fast enough (20ns double pulse resolution) to allow
the detection of evaporation residues even if scattered beam hits the detector before.
During experiment, 1-2% of the initial beam is scattered into the inner RFD ring
causing high countrates. Therefore, signals from scattered beam are suppressed by
selecting only RFD signals in a time window appropriate for evaporation residues
relative to the pulsed ieam. In a second stage a v-v-RFD coincidence is required.
Parameters measured are the time-of-flight with respect to the radio frequency of
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Figure 1: Schematic view of OSIRIS plus RFD. The 18 detection elements are
arranged in the detection plane on concentric rings as shown in (a), the central hole
holds the beam stop. For reasons of clarity only one detector element is drawn which
is magnified in (b).
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the VICKSI cyclotron and the responding detector element that determines the recoil
angle. Velocity and angle of the nuclei are measured well enough to correct the
Doppler shift of the y-rays to a much better accuracy than the resolution of Ge
detectors.

The RFD detection efficiency depends on the geometrical efficiency and on the
fraction of recoils scattered into the sensitive angular range of the device and thus
on reaction parameters and target thickness. The amount of beam and evapora-
tion residues scattering into the active RFD area (2.7° to 12.1°) can be calculated
using Monte-Carlo-simulations of ion-beam interactions with solids, e.g. the program
TRIM [7]. If one only considers (HI,xn) reactions with ER masses m~200 where the
momentum transfer of the evaporated particles is small, the multiple scattering in
the target is the dominant factor that determines the opening angle of the recoil cone
and thus the RFD efficiency. In the reaction 2*Sn(*Ar,5n)!*°Er at 185 MeV, effi-
ciencies between 20 % and 50 % can be expected from TRIM calculations for target
thicknesses between 0.5 and 1.4 mg/cm?. '
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Figure 2: Comparison of a vy projection with a recoil gated vy projection. For
details see text.
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First in-beam test experiments with only four Compton suppressed Ge detectors and
RFD were performed with the reactions “*Ar + 34Sg and *Ar + *3?Sm at 185 MeV.
In these runs, v single spectra and recoil gated ~ spectra were recorded. The recoil de-
tection efficiency determined from (recoil-v)/y intensity ratios was 31% in the first run
%using a 1.4 mg/cm? target) and 18% in the second run (with a 0.7 mg/cm? target).

irst experiments using the full OSIRIS array plus RFD aimed at the spectroscopic
investigation of the lead isotopes 1%183Pb. The reactions !54136Gd(3%Ar,4n)!%-128Ph
at 175 MeV were used with 1.2 mg/cm? targets, yielding a RFD efficiency of 12%.
In all experiments only about half of the efficiency expected from TRIM calculations
was achieved. This is most likely due to a loss of electron transmission in the RFD
elements when nuclei hit the outer sections of the Mylar foil.

Figure 2 shows a yy-projection from the *Pb run compared to the corresponding
recoil-yy projection. The yv- data were gated with a BGO ball multiplicity m, >3,
already eliminating much background, and corrected for Doppler broadening using
the average recoil velocity and ée detector angles measured with respect to the beam
axis. The recoil-yy data were Doppler-corrected event-by-event using the measured
recoil velocity and angles between Ge detector and RFD element. The background
in the recoil-yy spectra is reduced by a factor of 85 compared to yy data. The effect
of Doppler corrections is most pronounced for a evaporation channels. It can be seen
from figure 2 that despite the low detection efficiency of only 12% the requirement of
recoil-yy coincidences effectively cleans the spectra from unwanted background and
improves the energy resolution.

ITI. Spectroscopy of *Pb and %Pb

Transitions in the previously unknown isotopes 1%8Pb and !%Pb were identified by
v-X-ray coincidences. Figure 3 shows a sum of coincidence spectra of the observed
188Pb lines, the inset shows the level scheme established from recoil-yy coincidences.
The 2+ —0* assignment of the 724 keV state is suggested for two reasons: (i) the
line at 724 keV is the most intense one and (ii) a 2+ energy of about 730 keV in
188Ph is expected from systematics.[8] All other Lines were placed in the level scheme
according to their intensities. Assuming that the line at 724 keV is the 38Pb ground
state transition, measured DCO ratios (table 1) indicate a stretched E2 nature of all
transitions shown in figure 3. The transitions 370, 434, 499, 558, 606 and 634 keV
thus seem to form a rotational band starting with fairly constant energy spacings of
AE,= 65 keV.

In a second experiment, a search for delayed y-rays in !88Pb was carried out. 18Pb
was populated again via !*Gd(3¢Ar,4n) at 175 MeV using a 10 mg/cm? target on a
50 mg/cm? gold backing. The separation between the VICKSI beam pulses was 330
ns. In this experiment, the level scheme shown in figure 3 could be confirmed and
three new transitions were found. These transitions are delayed and were observed in
a time window from 40 to 300 ns after the prompt v time peak. However, lifetimes of
the new levels could not be measured due to the weak intensity of the transitions. The
123Ph level scheme deduced from both experiments is shown in figure 4, a summary
of the measured ~ energies, intensities and DCO ratios is given in table 1. Arguing
from systematics of spherical 4+ states in 19-198Pb, the 472 keV transition feeding
the 724 keV state is most likely due to the decay of the spherical 4+ statein %Pb
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Figure 3: Summed coincidence spectrum of the labeled transitions in **Pb from
recoil-yy data. The inset shows the level scheme deduced from these data.

which is no longer yrast. The transitions of 336 and 345 keV both feed into the
rotational state at 2.368 keV. A tentative spin-parity I* = (9-) and (117) of the
levels at 2.7 MeV excitation energy is suggested from the systematics of 9~ and 11~
states in the heavier Pb isotopes.

Figure 5 shows a spectrum of coincident v rays assigned to !*¢Pb from recoil-yy co-
incidences recorded in the 3Ar + 15*Gd run. Again, the identification was supported
by X-ray-y coincidences. A tentative level scheme of !*¢Pb is shown in the inset of
figure 5. Again, the transitions 261, 337, 413 and 486 keV seem to form a rotational
band starting with constant energy spacings of AEy=T75 keV. However, due to the
weak intensities, DCO ratios could not be measured in this case and the spin-parity
assignments are only suggested from the similarities with 138Pb. In this experiment,
the detection of the designated !%Pb ground state transition at 662 keV would not
have been possible without recoil-yy coincidences.
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Figure 4: Deduced level scheme of #Pb.

IV. Discussion

The occurence of low-lying 07 states in neutron deficient lead isotopes is known [8,9]
and ascribed to a shallow oblate minimum in the potential energy surface (PES) of
these nuclei arising from the excitation of two-quasiparticle h} ,s;7, proton intruder
states. Although the 0 levels are the first excited states in 19-1%4Pb, these states
or rotational bands built on these states have never been observed in heavy-ion in-
duced reactions. It was shown by Van Duppen et al. [9] that the 0} energies in
19%6-190P} can be calculated quite well from the positions of the (1qp) wi9/2[505}9/ 2-
and xsy/3(400]1/2+ bandheads in the neighbouring odd-A Tl and Bi isotopes using
the equation

E.(0f APb)=E.(9/2- A-Tl) + E.(1/2+,4*1Bi) + A.. (1)

Table 2 shows a comparison between experimental and calculated 0 energies in
188-196Ph, The experimental 0F energies in 18%18Ph have been extrapolated from the
rotational bands assuming a constant moment of inertia. The calculated values give
a minimum of the 0} energy in '*Pb, but the experimental results show a continuin
drop of the measured 2+ and extrapolated 0} energies in *Pb where the measur
2+ energy is even lower than the calculated 0} energy. Thus, the bands in 818P}
do not seem to follow these systematics and might have a different structure.
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Figure 5: Summed coincidence spectrum of ¥Pb from recoil-yy coincidences. The
inset shows the tentative level scheme deduced from the observed coincidences.

Calculations using the Strutinsky shell correction method with a Woods-Saxon poten-
tial and a monopole pairing interaction have predicted well developed prolate minima
of the potential energy surface in all Pb isotopes with N<108 [10] which are ascri-
bed to a (xhg,3[541]1/2+)3(s,,3[400]1/2+)~2 structure. The lowest predicted excitation
energy of the prolate second minimum is 1.5 MeV in %Pb with a calculated deforma-
tion parameter 8; = 0.26. Experimentally, the lowest rotational levels in 1%6:188P}, are
found around 1 MeV. Rotational structures very similar to these observed in 186:188Ph
are known in the isotones 1#41%Hg [12,13]. The rotational properties of these bands
are in agreement with a prolate shape with 8; ~0.26 and a rotational structure deter-
mined by vi,3/2, vhe/2 and xi,3/; quasiparticle excitations. Similar to the lead isotones,
the energies of the rotational levels in **Hg decrease compared to *Hg while the
energy spacings AE, of the lowest observed transitions increase. Thus, the rotational
bands in !#%1%Pb might be the first experimental evidence for a prolate PES mini-
mum in neutron deficient lead isotopes. The decrease in AE, in the 1%:!38P}b bands
at higher spins associated with a rise of the dynamic moments of inertia can then be
attributed to a band crossing due to the rotational alignment of a vi3/; pair.
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Table 1: Measured v energies, intensities and DCO ratios in *¥Pb. The DCO ratios
are defined in the following way:

Y(~; at 0° with gateon v, at 90°)

Roco = Y (1 at 90° with gateon v, at 0°)°
E, I 4 Rpco
723.9 100 100 0.96(7)°
3408 91 82 0.96(7)¢
3703 92 80 1.06(10)?
4344 75 43 1.07(9)°
499.4 60 35 1.10(11)¢
557.7 35 17 1.22(16)°
606.1 22 1.07(20)¢
634 9
336.2 10¢
344.3 6°
472.2 20°

@ v intensities from the thin target run.

b o intensities from the backed target run measured with the OSIRIS detectors
centered around 0° and 180° and within a 300 ns time window.

¢ DCO ratio measured in coincidence with the 341 keV transition.

4 DCO ratio measured in coincidence with the 724 keV transition.

¢ delayed v transitions only observed in the backed target run.

Table 2: Calculated 0F energies in !*-1%Pb. The 9/2~ and 1/2* energies in the Tl
and Bi isotopes were taken from [11].

E(0F)esp E(9/27,47'T1) E(1/2%,A+!Bi) E(0F)®
1%ph 1143 483 500 1143
1%4phL 926 365 401 930
192py, 766 299 307 769
1%ph, 683 281 242 658
188pp, 5204 335 92 587
186py,  477° 454 60 674

¢ extrapolated from rotational levels.
b calculated from (1) with A.=160(8)keV [9].

68



V. Summary

A new detection technique was developed for the in-beam spectroscopy of nuclei in
heavy-ion induced reactions. The measurement of recoil-yy coincidences was shown
to be an effective filter against v rays from fission processes. Thus, a RFD is a helpful
additional detector for Germanium detector arrays with respect to background sup-

ression and exit channel selection. This is particularly true for the spectroscopy of
Eea.vier nucle where fission dominates. Although the measured efficiencies are still
somewhat low compared to expected values, first experimental results obtained with
the RFD look very promising. We have observed yrast states in the isotopes 1%.188P}
for the first time. Unlike tge heavier even-even lead isotopes, these nuclei exhibit
low-lying rotational bands very similar to their isotones 1#4.:3Hg. This highlights the
influence ﬁiﬁieformation-driving neutron levels when approaching the middle of the
neutron shell.
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