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Abstract The high-spin states of At have been studied in the '""Au (*C,3n) %At re-
action at '2C energies from 60 to 80 MeV using technique of in-beam Y-ray spectroscopy.
Measurements of Y-ray excitation functions, ¥-Y-t coincidences, and y-ray angular distri-
butions were performed. A level scheme for 2®At, including a 10™ isomer with a mea-
sured half-hfe of 908 = 400 ns, was established for the first time. The characteristics of
the 10  isomers in doubly odd ?®At nuclei were stressed.
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Isomers with J* =10~ were observed systematically in the Z =83, 85 doubly odd nuclei! 240
Configuration of [ xthg, vijzh ]107 , involving the 7,3, neutron intruder state, was suggested to
these isomers. The goal of the present investigation is to search for the corresponding isomer
in 2At. Before the pressent work, no excited states in 2®At were known.

The excited states in At were populated via the reaction 'Au (*C, 3n)?®At. The "> C beam
was delivered from the 13 MV tandem accelerator at the China Institute of Atomic Energy in Bei-
jing. In order to determine the optimum beam energy and to identify the transitions in At, the ex-
citation functions for producing ¥ rays were measured in the energy range 60—80 MeV using a
1 mg/cm?'’Au target. Then the beam energy of 63 MeV, at which the yield of At was a maxi-
mum, was chosen to populate the high-spin states in 2®At. In the later measurements, the
1 mg/em? '’Au target was replaced by a 10 mg/cm? *’Au target to increase the production of 2®At.
Y-7-t coincidence measurement was performed at this optimum beam energy with seven BGO (AC)
HPGe detectors and one intrinsic-Ge planar detector, the latter of which was used to detect low en-
ergy photons. Here, t refers to the relative time difference between any two coincident ¥ rays de-
tected within+ 470 ns. A total of 78 X 10® coincidence events were recorded event by event for off-
line analysis. After accurate gain matching, the ¥-Y coincidence data were sorted off-line according
to the energies of the two ¥ rays into three 4096 X 4096 matrixes with a prompt ( —51ns < ¢ <
51ns ), a prior-prompt ( —470ns < ¢t < —51lns ), and a post-prompt { 5lns < ¢ < 470ns )
time condition, respectively. In order to obtain information on the transition multipolarities, the -
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ray angular distributions were measured at six laboratory angles between 29° and 145" relative to the
beamn direction. The angular distribution coefficients, as well as the relative y- ray intensities, were
extracted from least-squares fits to the normalized photopeak areas.
3 Assignment of the observed 7 rays to At
i was based on the 7- ray excitation functions and on
D the observation of 7- X and 7- ¥ coincidences. The
o s excitation functions for some of the observed ¥
(o : rays are shown in Fig. 1. The excitation functions
/s W w686 e for the 616 and 686 keV ¥ rays showa maximum
. e at about 63 MeV ?C beam energy, shifting signif-
I{ | Tm e S icantly from the peaks for the ¥ rays of ““At"*’.
B L T This along with the fact that the 616 and 686 keV
7 rays were in coincidence with At K X rays mea-
sured with the planar detector, allows unambigu-
ous assignments of these transitions to “*At. Based
on coincidences with these intensive 7Y rays

of ™At, some weak ¥ rays could also be assigned to *At.
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Fig.1 Excitation functions for ¥ rays from

the products of the reaction C+ ' Au.
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Fig.2 7-ray coincidence spectra gated on the 686 keV transition (a) all the ¥ rays in coincidence with
the 686 keV transition, (b) the ¥ rays preceding the 686 keV transition by at least 51ns

Three gated spectra were obtained for each of the ¥ rays studied, under prompt, prior-
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prompt, and post-prompt coincidence time condition, respectively. These spectra greatly
helped to identify and locate the isomer of *At, and to place transitions into a level scheme
for ™At. In Fig.2, coincidence spectra are shown as typical examples useful in the construc-
tion of the ?At level scheme. Fig.2(a) shows the spectrum for ¥ rays within * 470 ns of the
gating 686 keV 7-ray, while Fig.2 (b) shows the spectrum for ¥ rays preceding the 686 keV
transition by at least 51 ns. The time delay between the ¥ rays in Fig.2(b) and the 686 keV
transition indicated the presence of an isomeric level. A level scheme for ™At, including an
isomer at 807 keV, is proposed as shown in Fig.3.

2903
206 Ay 257 i e e il 2797
2646
| 2553 505

693 3()‘ -
831 Y 2292
(AN — 2252

gz 238 & o 259 »
1

1961 319 289 At (14_:"_’ 2003
(14°) 188 B
P Th O T % =

¥ 122 ¥ 5 I 2 .
1393 546 1348{‘:2_) v 1423

— $ W :
(1) 1276
541 616
580 et

(107) Tz =908 ns 807
() 21 ol
(71 o

Fig.3 The proposed level scheme for At

The half-life of the 807 keV isomer was extracted from the y-y-¢ data. Fig.4 shows the
time distribution between the two Y-ray groups, which lie above and below the isomer, re-
spectively. A half-life of 908 + 400 ns was obtained for the isomer at 807 keV from an expo-
nential fit to the curve in Fig. 4.

Two-quasiparticle excitations are expected at low-lying states in *At, namely those aris-
ing from the configurations of who,vfs, » ®hg,viry, and so on. The [whg,viph ] 107 iso-
meric states were observed systematically in the odd-odd Bi and At nuclei’"*'. From the sys-
tematics of the 10” isomers in doubly-odd At nuclei, the isomer at 807 keV in ™At is most
probably of the why,viyy), configuration. Assuming an electric dipole character for the 121
keV transition depopulating the 807 keV isomer, a reduced transition probability B(E1) of
1.22x 1077 Weisskopf units (W.u. ) could be obtained for the 121 keV transition from the
measured half-life of 908 ns, indicating a hindrance of 8. 19 X 10° over the Weisskopf esti-
mate for the 121 keV transition. This hindrance is very close to that for the corresponding
E1 transition in ®At, and is typical for E1 transitions in the lead region. The above argu-
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ment strongly supports the assignment of the rthg,vi 3}, configuration to the 807 keV isomer,
and suggests the spin and parity values of 9" to the state at 686 keV. In Ref. [1], it was
suggested that the 9° state in At arises from the configuration of (whg,vfys )®2° or
(mhapvpis )R0" , sothe 9” state in At might originate from the same configuration. From
the result of the y-ray angular distribution measurement, a quadrupole character is obtained
for the 686 keV transition which feeds the lowest energy level in the level scheme. Consider-
ing the low-lying level structures in ® Bi'> and *At, the Theyvfs, configuration may be as-
signed to the lowest level, to which a zero energy was set as a reference in the present work.
The spin and parity value of 5° was assigned to the ground state in *At'*'. Maybe, the tran-
sition energy linking the 7” state and the ground state is too low to be observed in the present
work.
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Fig.4 The time distribution between the two ¥-ray groups in *At,
which lie above and below the isomer, respectively

In each of the odd-odd 2*?®%21° At nuclei the low-lying isomeric 10~ state has a spin
next to the highest in the [1thg,vi 3, ] J* multiplet'!'* . All of the states in this multiplet are
two quasiparticle states with their energies and energy spacings determined by the interac-
tions between the kg, proton and the 73, neutron hole. The ground states of the odd-A At
nuclei have the spin and parity 9/2” determined by the kg, proton. The degeneracy energy
E, of the [rho,vipy, ] J© multiplet in the odd-odd At nucleus (*At) can then be written in
terms of the binding energies of the odd-odd At nucleus (*At), odd-even At nucleus
(**"At) ,even-even Po nucleus (“Po), and the excitation energy E[vi 132 ] of the i3, neu-
tron hole state in the even-odd Po nucleus (* ' Po) with binding energy B[* ' Po] in the
ground state as'’’

E,=B[*At]+B[*Po]l - B[**'At] - B[* 'Po] + E[vi,], (1)
in the absence of a residual interaction between the nhg; and viyy,. Here, B is the binding
energy of the particular nucleus described in the bracket. The two-body interaction then
breaks the degeneracy in the multiplet giving a final energy E; to each energy level in the
multiplet that depends on its spin J. The energy difference E, = E; — E, is then a measure
of the interaction strength between the nhy;, and vi 3.

Such degeneracy energies E, and interaction energies E, for the 10” states in two odd-
odd nuclei #%2°A¢'"*2 have been determined and tabulated in Table 1. The average of these
interaction energies E; over the-two At isotopes was assumed to be the appropriate energy for
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the 10" isomer in 2@At. The energies for At given in the right column of Table 1 then re-
sulted in an estimated excitation energy of 817 keV for the 10° state in *At. This estimated
excitation energy for the 10 isomer in **At is in good agreement with that measured in the
present work. The agreement strongly supports the assignment of the configuration of nthg,
-1 - . . 206
iy, to the 107 isomer in “"At.
Table 1. The degeneracy energies E, of the multiplet and the two-body interaction energies E; for
odd-odd *'***At. The column headed by **At contains the corresponding energies for ™At

20 A, W8 A 26 A
E, 1651 1035 770
E 38 55 47
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