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Abstract : The lifetimes of the 21/2" state (1416 keV) and the 29/2+ state (2641 keV) in
211 At were measured to be rm = 50.7(10) ns and rm = 73.3(10) ns respectively using the 77-

time technique. Using these lifetime measurements a value for the quadrupole moment of the

29/2+ state was derived. The explicit inclusion of octupole coupling effects into a description

of the configuration for the 29/2+ level allows the extraction of an orbital independent

effective charge of ee// = 1.5 e. From this a nominal value for the quadrupole moment of the

7ri13/2 orbital can be deduced. New levels identified have allowed a determination of the

strength of the 7rii3/2 - 7r/7/2 residual interaction.

E

NUCLEAR REACTIONS 208Pb(7Li,4n)mAt, E=42 MeV; measured 7 - 7 ( 0 , E7,211At de-

duced levels, rm , reduced transition probabilities. Enriched targets, pulsed-beam, Compton

suppressed Ge detectors.

NUCLEAR STRUCTURE 211At; B(A), Semi-empirical shell model. Yrast configurations.

Residual interactions. Quadrupole moments, effective charges.

Preprint submitted to Nuclear Physics A 27 February 1995



1. Introduction

The empirical shell model has provided a particularly good interpretation of states in

nuclei in the translead region, see for example1) and references therein. One key to the

successful application to complex nuclei is the availability of comprehensive information

derived from simple systems near the doubly closed 208Pb core. Although empirical ener-

gies are relatively easy to derive, other properties, such as electrical quadrupole moments

are less tractable. In particular, an empirical quadrupole moment for the 7ri13y2 orbital

cannot be obtained from the single valence proton nucleus 209Bi, as the lifetime of the

13/2+ state is too short for a quadrupole moment measurement. The two and three va-

lence proton nuclei, 210Po and 21lAt, are the first nuclei to have states where the the 7ri13/2

quadrupole moment is accessible. Even in these cases the extraction of the quadrupole

moment for the 7n13/2 orbital is indirect. In 211At for example, the determination relies on

combining the results of a TDPAD measurement2) of the ratios of quadrupole moments

of states in the isotopes 209At and 210At, which have the proton configurations 7r[/ig,2] and

7r[/iL2ii3/2], with a measurement of the interaction frequency of the i"[Ji|/2*i3/2]29/2+ state

in 211At. The absolute quadrupole moment for the [̂̂ 9/2*13/2] state is then obtained using

the quadrupole moment for the n[hl/2]2i/2- state derived from the B(E2:y —» y ) and

by assuming that the ratio of the moments for the y and y states (11+ and 15" for
210At) obtained for the lighter isotopes is also valid for 211At.

The measurement of the 7ri13y2 quadrupole moment therefore depends on the measured

value for the lifetime of the — state in 211At. Several values exist for the lifetime of this

state3"6), and the value used by Mahnke et al.2) in previous quadrupole moment determi-

nations, is not that which is currently accepted in the latest nuclear data compilation7).

Given the central role of this measurement in the determination of quadrupole moments

in this region, we have chosen to remeasure this lifetime using the 77-time technique.

1 Joint appointment with the Department of Physics and Theoretical Physics, The Faculties.



This method allows the isolation of a particular state in the extraction of the lifetime.

The use of the 77-time method is particularly important in this case as the lifetimes of

the Y and y states are comparable in magnitude. Further, the states are relatively

close in excitation energy in the main yrast cascade with little additional side feeding into

the lower state. Consequently, the ability to isolate the lifetime from a particular state

removes many ambiguities which could be present in other techniques.

2. Experimental procedures and analysis

Excited states in 211At, were produced using the 208Pb(7Li,4n) reaction with 42 MeV

beams provided from the ANU 14UD Pelletron facility. An isotopically enriched, self

supporting 208Pb foil of thickness ~ 4 mgcm"2 was used. The beam was stopped in a

remote, shielded beam dump. The CAESAR detector array, consisting of six Compton

suppressed Ge detectors (s;25% efficient) and a single planar LEPS detector, was used in

the experiments, with slow rise time (SRT) rejection used on all the detectors to optimise

the time resolution.

In the first half of the measurement a pulsed beam was used with beam bursts of < Ins

separated by 856 ns intervals. In the latter part of the measurement a continuous beam was

used, with times referenced to an (arbitrary) rf pulse train. The different configurations

were used to evaluate the influence of random coincidences. In the subsequent analysis,

data from both parts of the experiment were combined.

A LeCroy 2228A 8 channel TDC, with 2048 channel conversion and a dispersion of

~ 0.601 ns/channel, was used to determine the detection time of the 7-rays. The common

start signal for the TDC was provided by a fast coincidence requirement. Event-by-event

data collection was employed, with both the energies and times with respect to the beam

related rf signal recorded on disk.

Detector efficiency was determined using an 152Eu source at the target position and



time calibration of the TDCs obtained using an Ortec 462 Time Calibrator.

In the off-line analysis of the data the time and energy signals were matched in order

to combine the data from all detector combinations. Subsequently, full 3-dimensional

77-(time-difference) matrices were then formed. Separate matrices were formed for those

events in which one of the 7-rays was observed in the planar detector. Individual time

curves were produced by gating on the populating and depopulating 7-rays of interest.

Backgrounds, chosen close to, and on both sides of the 7 transitions of interest, were

subtracted after an appropriate normalization to correct for different gate widths. In

order to confirm and extend the existing level scheme, 7-7 matrices with time gates of

± 300 ns and early-late matrices demanding 250-600 ns between two 7-ray events were

also constructed. Additional spectroscopic measurements were deferred to a later study

which will be reported elsewhere8).

The ability to measure short lifetimes is controlled by the determination of the shape

and position of the prompt response function. Time peak positions and widths were cali-

brated using 7—ray pairs in 211At associated with very short-lived states (with meanlives

less than Ins), complimented by previous measurements9) under identical conditions. The

time peak positions can be parameterized using the function:

D( IP TP \ t >• I I i « I I

with coefficients a<, = (0.02±0.02) ns, aj = (3.01±0.1) ns and a2 = (-0.82±0.18) ns . For

the width dependence a function was used which combined the separate detector resolu-

tions in quadrature, with the same energy dependence assumed for each of the detectors

namely:

= w?



where Wt is the energy dependent fwhm given by W, = b0 + biE, + b2E^.

The coefficients used in the present study are b0 = (12.2±0.4) ns, bx = (-0.020±0.001)

ns and b2 = (3.6±1.6)xlO~6 ns. It should be pointed out that for lifetimes much greater

than the width of the prompt response function the curve can be fitted away from time

zero and uncertainties introduced by the detector response are irrelevant.

3. Experimental results

3.1. DECAY SCHEME

The present work has been able to confirm all the previously known states observed

below the y state at 1416 keV7). The main yrast cascade between the isomeric states

at 2641 and 4815 keV agrees with that of Maier et al.4), with a minor adjustment to

the energy of the 1535 keV transition. As can be seen from the partial level scheme

shown in figure 1, a number of new transitions have been observed parallel to the 1535

keV transition and feeding into the main yrast cascade near the isomeric y state at

2641 keV. The time conditions and bombarding energy of the present experiment were

not optimised to observe coincidences across the Tm=6 ^s 39/2" isomer at 4813 keV,

though a recent experiment has confirmed this lifetime, and enabled the placement of a

number of new transitions feeding the 6 /xs isomer8).

3.2. LIFETIMES

The 77-time method allows the isolation of decays by gating on transitions immediately

above and below the level of interest. If the lifetimes of states contiguous in a cascade,

above or below the isomeric level, are also short, a number of pairs of transitions can

provide a determination of the lifetime of a particular level. Figure 2 shows decay curves

for the — state at 1416 keV. The gating transitions in each case are indicated. Also shown



in this figure is the time curve between the 254 and 1067 keV transitions, which feed and

decay from the 13/2" state, whose lifetime is <0.2ns. This curve gives an indication of

the time response of the system and data from this curve has been incorporated into the

response function parametrization described in section 2. The lifetime for the y state,

and others determined in the present work, obtained by taking the weighted averages of

the lifetime measurements from all available decay curves, are summarized in table 1.

The lifetime of the 29/2+ state at 2641 keV is evidenced by the decay curves shown

in figure 3. Two long-lived, intermediate states (namely the 29/2+ and the 21/2" states)

occur between the gating transitions used for the upper spectrum in this figure so that the

decay curve has a complex shape. The solid line in this case is not a fit to the data, but is a

calculation using the values derived from fitting each of the two isomeric states individually

where a single exponential curve can be isolated, (footnote) J Table 1 also includes lifetime

limits for short lived states in the main cascade and a value for the meanlife of the 1270

keV state of 14±4ns. The large error in this case indicates the relatively small number of

counts in the 77-time curves due to the low population of states feeding the 1270 keV

level.

4. Discussion

4.1. LEVELS AND LIFETIMES

The main emphasis of the work is the determination of the lifetime of the 21/2~ and

29/2+ states, however the coincidence and distribution data have allowed the assignment

1 The extraction of a lifetime for the lower state from this double decay curve, even fixing the lifetime

of the upper isomeric state, still does not provide as useful a determination of the lifetime as does the

extraction of the lifetime from the case where the single exponential can be isolated. The error obtained

in such a fit is, at best, five times that obtained in the single isomer case, largely due to uncertainties

arising from the increased sensitivity to the time zero and response function determinations.



of new levels in 2 nAt. While a detailed discussion is not appropriate here, some treatment

of the states around the isomeric 29/2+ state is relevant as significant feeding across this

isomer could affect the shaoe of the observed decay curves where transitions other than

those immediately populating or depopulating the isomer are used.

Three new levels (namely 2693, 3288, and 3815 keV) with transitions running parallel

to the 1535 keV transition, have been found. The 52 and 77 keV transitions were directly

observed in coincidence spectra and are placed as de-exciting the state at 2693 keV. They

were further evidenced by the presence of prompt and delayed components in the 7 — 7-

time spectrum obtained by gating on the 594 and 689 keV 7-rays. The prompt nature of

the decay of the 2693 keV level, together with the low energy of these transitions neces-

sitates an Ml assignment for both these transitions. Thus, the most likely assignment for

the 2693 keV level, would be 27/2+. The presence of interconnecting transitions restricts

the spins of the levels at 3288 and 3815 keV level to be in the range 27/2-31/2, with the

31/2 spin unlikely because of the weak population of the states. The favoured spins, based

on shell model predictions (see below), are indicated in figure 1.

Three previous measurements exist for the meanlife of the 21/2" state: the 72(7) ns

result from Bergstrom et a/.3), the ~72 ns result from Maier et al.4),and the 49(7) ns

value from Hausser et al. 5). The first two reports present lifetimes as parts of general spec-

troscopic measurements using HI,xn reactions, while the results of Hausser et al. are part

of a report of g-factor measurements, with unfortunately no information provided about

the details of the measurements. The present result for the 21/2" state, 50.7(10) ns, is in

accord only with the Hausser value. Similarly, our result for the 29/2+ isomer, 73.3(10) ns

is in reasonable agreement with the Hausser et al. resulf '78(4) ns), but is lower than those

given by Bergstrom et al.10) (101(7) ns) and Maier et al.4) (~101 ns). While we cannot

identify the source of the discrepancies, it is stressed that in the present measurements

the isolation of the levels provides an unambiguous result.



4.2. SHELL MODEL CALCULATIONS

Calculations using empirically derived interaction matrix elements and pure wavefunc-

tions to describe the states in 2UAt have been successful3'4'11). Empirical shell model

calculations similar to those described in ref 1) have been performed for 211At and these

results are shown in figure 4. These calculations include mixing between states of the

same spin obtainable by various couplings of particular orbitals, but mixing between con-

figurations involving combinations of different orbitals is not considered. The agreement

between the calculations and the observed states is very good, particularly for the low

spin states. Part of the purpose of these calculations is to demonstrate the relative purity

of the states, a necessity if the extraction of the quadrupole moment is to rely on a shell

model identity. Extended calculations performed using the OXBASH code12) confirm the

purity of the states with, for example the lowest 21 /"2~ and 17/2" states predicted to have

7r/ijw2 amplitudes over 98.7%.

Beyond the 7r/ig/2 multiplet the agreement between the calculations and experiment

remains good with the yrast members of the ?r [̂ 9/2*13/2] and ^[^-9/2/7/2] configurations

being well reproduced. The energy of the newly observed state at 2693 keV is in excellent

agreement with the predicted energy, 2697 keV, for the 27/2+ state from the Tr[hg,2ii3/2}

configuration.

4-2.1. The 7r/7/2-7ri13/2 residual interaction: Two additional states at 3288 and 3815

keV are observed to feed states arising from the 7r{/i|J2H3/2] multiplet. Although a definitive

assignment is not possible based on the results of the present study, it is probable that they

are the 27/2+ and 29/2+ states of the 7r[/i9/2ii3/2./V/2] multiplet. The empirical shell model

calculations mentioned above use 7ri13//2-7rfyy2 residual interactions from the calculations

of Kuo and Herling13) ( as compiled by Lonnroth14)) and underestimate the position of

these states by about 100 keV in the case of the 27/2+ state and 350 keV in the case of the

29/2+ state. In the neighbouring N=126 isotones states of the 7r[/i£;2i13/2/7/2] multiplet
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have also been identified and are similarly poorly reproduced. (See for example 212Rn 1S),
213Fr16), and 214Ra17). ) An alternative approach is to these newly identified states in
2:1At to define the ^ii3/2~7rf7/2 residual interaction, since the remaining interactions are

well known. This yields 777 keV for the 10" coupling and 110 keV for the 9~ coupling, in

contrast to the Kuo and Herling values 420 keV and 240 keV respectively. Accepting these

values the energies of all observed states of the ^[^9/2^13/2/7/2] multiplet in the 212Rn, 213Fr

and 214Ra isotones can be reproduced with an accuracy of better than 90 keV, and the

splitting of states arising from the ?r[̂ 9/2^13/2/7/2] and 7r[/ig
lt2

1ii3/2] configurations in these

nuclei are reproduced to better than 16 keV.

Using the new values for the vr/7/2-7rzi3/2 interaction the expected location of states in
210Po can also be determined, with the 10" and 9~ states of the [̂̂ 13/2/7/2] configuration

expected to occur at 4468 keV and 3801 keV respectively. ( Inspection of the currently

known states in 210Po indicate states at 4469 keV and 3792 keV, however these have

been tentatively assigned by Groleau et a/.18) as 6+ and 2+ states from the 7r[/i9/2/5/2]

coupling.)

4.3. DETERMINATION OF THE iviu/2 QUADRUPOLE MOMENT.

4-S.I. Pure configurations: For 21/2" and 17/2" states arising from a pure 7r/ig/2 con-

figuration, the quadrupole moment may be deduced from the B(E2) value of the transition

connecting these states using the expression:

^9/2) = y — [B{E2;21/2- -> 17/2")]'

The B(E2) value from the present lifetime gives a quadrupole moment of 52.4(10) e-fm2.

Using the values of the ratio of moments for the 21/2" and 29/2+ states obtained in the

TDPAD experiment by Mahnke et a/.2) and the LEMS measurement of Scheveneels et

al.19), Q(2^-)/Q(2^)=0.52(2), a quadrupole moment of absolute value 100(5) e-fm2 may



be derived for the 29/2+, 7r/ig/2i13/2 state. (In the remaining discussion we will adopt a

negative sign for these quadrupole moments on the basis of shell model expectations.)

Accepting the configuration of the 29/2+ state at face value, the quadrupole mo-

ment of the Tti\3/2 orbital may be obtained using the relation Q = ^3 Qi, together

with the quadrupole moment for the 7r/iL2 coupling. From the shell model identity

Q(/i^,2):Q(/i|,2)=8:7 we obtain Q(7r/ig,2)= - 60(1) e-fm2. In comparison, analysis of the

B(E2) data from various Po nuclei2O-21) favour a value of Q(irkL2)= -56(1) e-fm2. Adopt-

ing the average of these would imply a quadrupole moment for the 7rii3/2 orbital of

Q(w*i3/a)= - 44(6) e-fm2.

The quadrupole moments for the ^h\,2 configuration can further be reduced to a

quadrupole moment for the nh9/2 orbital since Q(hg^2):Q(hl,2)=3-A, giving Q(7r/i9/2)=

- 42(1) e-fm2 and Q(7r/i9/2)= - 45(1) e-fm2 from the polonium and astatine measure-

ments respectively. The approximate equality between these 7r/i9/2 values and the i^i^/i

quadrupole moment deduced above is in contradiction with the naive shell model pic-

ture from which a larger 7rz13/2 quadrupole moment (by about thirty percent) would be

expected. This discrepancy has been pointed out in the work of Becker et. al. 22), who

discuss the implications in terms of orbital dependent effective charges.

4-3.2. Octupole mixing and Universal Charges: In reality, the 7rti3/2 orbital is not pure,

and the importance, in particular, of the inclusion of octupole vibration components in

the decay strength and energies of these states has been emphasised (see for example

ref.23) and references therein). In order to include the effect of the octupole coupling, the

wavefunction of states including the 7rz13/2 orbital must be expanded to include explicitly

the octupole vibration. With this expansion of the configuration space it becomes more

appropriate to introduce a universal charge for all orbitals24).

In this approach the 29/2+ state in 211At can be written as 0.91|h2i) + 0.41|h2f®3~),

where |3~) denotes the octupole vibration. The quadrupole moment for this state may

10



then be expressed in terms of a state independent effective charge, ee/y, as:

/ 2 9 + \
Q\T ) =a2[4/3(5(7r/l^)e'// + ^(7rW)e

e//)]

+/32[4/3Q(7r/l9/2)ee// + g(7r/7/2)ee / / + Q(3")] e • fm2

where a and /3 are the amplitudes of the two components in the wavefunction.

Using the mean square radii tabulated by Sagawa and Arima25) with Q(j) = ffi+i) (r2)

e-fm2, the experimental value of the 3~ quadrupole moment of -34(15) e-fm2 measured

by Spear et a/.26), and the appropriate squared amplitudes, we can write:

/29+\
Q[~2 ) = 0 - 8 3 [ 1 - 3 3 3 ( - 2 6 - 4 e

e / / ) + (-33-8e=//)]
+0.17[1.333(-26.4ee//) + (-23.7ee / /) - 34] e • fm2

In order to reproduce our experimental result of Q(~ )=- 100(5) e-fm2 an effective charge

of eejj =1.4(1) e is required. Using the results of experiments performed to measure the

quadrupole moment of the 11~ state in 210Po by Becker et al.22) and Dafni et al.27),

together with an equivalent analysis, produces eey/ = 1-4(2) e. A summary of results from

the bismuth, polonium and astatine nuclei are presented in table 2. Although there is some

variation, their overall consistency supports the suggestion that, provided the expanded

configuration space is considered explicitly, a universal charge is appropriate.

Adopting an average value of ee/y =1.5 e, it is of interest to determine what would be the

quadrupole moment of the 13/2+ state in 209Bi, ie. for the state arising from the octupole

mixed 7nu. orbital. The mixed amplitudes are similar to those for the 29/2+ state given

above and the expected quadrupole moment would be Q(7rii3.) = -53 e-fm2. It should be

emphasised that although this is appropriate as a quadrupole moment for the effective

7riis. orbital it is not sufficient to calculate quadrupole moments for more complicated

configurations simply by incorporating this value in a linear fashion, but rather one must

expand the wavefunction to explicitly include the octupole admixtures.

11



5. Conclusions

The present measurement provides a definitive determination of the meanlife of the

21/2" and 29/2+ states by the isolation of single decay curves using the 7-7-time tech-

nique. The results support an earlier measurement by Hausser et al., but are in disagree-

ment with the currently accepted value. Using these lifetime measurements a value for the

quadrupole moment of the 29/2+ state was derived and the result discussed in terms of

effective charges. The results reinforce the need to consider the expanded octupole coupled

wavefunctions in the interpretation of the quadrupole moments of the states arising from

the occupation of the 7ri13/2 orbital. The complexity introduced by the use of expanded

wavefunctions is however compensated for by the simplicity gained by using an orbital

independent effective charge. As a byproduct of the study, newly '̂ dentifed states have

allowed an estimate to be made of the 7r/7/2-7rii3/2 residual interaction.
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TABLE 1

Measured mean lives and transition strengths in 211At

Level
Energy
(keV)

1067

1270

1320

1416

1928

2616

2641

2693

3288

3815

4176

4380

4815

13/2-

(15/2-)

17/2-

21/2"

23/2"

25/2+

29/2+

27/2+

(27/2+)

(29/2+)

31/2+

33/2+

39/2-

(keV)

1066.9

146.8
203.3

253.5

95.9

511.2

688.9

24.4
713.3

52.3
77.0

594.4
646.7
670.8

526.9
1121.4
1173.8

361.1
1535.0

203.8

435.2

(ns)

<0.2

14(4) »)

<0.1

50.7(10)

<0.3

<0.4

73.3(10)

<0.4

<0.1

<0.3

<0.5

<0.4

6060(580)

JBR Mult
(%)

100 E2

31(2) (E2)
69(2) (Ml)

100 E2
c)100 E2

100 El

100 El
d) 79(1) E2

21(1) E3

75(3) e) Ml
25(3) e) Ml

54(5)
39(3)
2(2)

28
29
43

2

Ml
Ml
Ml

Ml
Ml
Ml

5(.5] (Ml
95(.5) Ml

100 Ml

1) 100 E3

0.00692

1.61
1.72

0.226

9.58

0.0103

0.0057

7270
0.0425

16.4
4.7

0.0932
0.0748
0.0680

0.128
0.018
0.016

) 0.3530
0.0067

1.71

0.187

or n*Nim2L-2

>3

100(25)
[1.2(5)]xlO"4

>6xlO3

187(4)

>2xl0~5

>5xl0"6

140(4)
l51(3)]xlO3

> 0.043
> 0.014

>lxlO"3

>8xlO-4

>3xl0"5

>3xlO"4

>4xl0~5

>5xlO~5

>9xlO-5

>3xlO~5

>6xl0~3

[82(7)] xlO3

M\2

(s.p.u.)°)

>4xl0~2

1.4(5)
[7(3)] xlO-5

>85

2.50(5)

>7xlO~6

>2xlO"6

1.88(5)
19.2(8)

>2xlO"2

>8xl0"3

>7xl0-4

>4xl0"4

>2xl0"5

>2xl0~4

>2xl0"5

>3xlO~5

>5xlO~5

>2xl0"5

>3xl0~3

31(3)

°) For A = 211 the single particle units are:
Bw(El) = 2.285 e2fm2

Bw(E2) = 74.62 e2fm4

BW(E3) = 2644.5 e2fm6

Bw(Ml) = 1.7905 njf
b) BergstrSm et al.3) 19(2) ns, McDonald et al.6) 16(4) ns
c ) Bergstrom et al.3) 72(7) ns, Hausser et al. s) 49(7) ns
d) BergstrSm et al.10) 101(7) ns, Hausser et al.5) 78(4) ns
e ) Inferred from prompt and delayed components in 594-689 gate
' ) From Maier et. al.4) Not measured in present work.
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TABLE 2

Summary of effective charges

Nucleus Level

2 1 -
2

29 +
2

8+
11-

9 -
2

Nominal
Configuration

7r"9/2l13/2

*" ̂ 9/2*13/2

7^9/2

IQI
efm2

52.4(10) °)
100(5) °)

56(1) b)
86(10) c)

40 d)

e.///e

1.70(5)
1.4(1)

1.59(5)
1.4(2)

1.5

211At

210po

a ) Prom present work
b) Weighted average using B(E2) from Hausser et. al. 20) and Mann et. a1.21)
CJ Weighted average from Becker et. al.22) and Dafni et. al.2T) using Q(8+)= -56 e f̂m2

) Averaged value from Holmgren et. al. 28) (No Sternheimer correction has been applied)



Figure Captions

Figure 1: Partial level scheme of 211At. The widths of the arrows represent the relative

7-ray intensities observed following the 2O8Pb(7Li,4n) reaction at 42 MeV.

Figure 2 : 7 — 7-time spectra The labels indicate the "start" and "stop" transitions, with

a decay curve to the right of the prompt position indicating that the isomeric state is

below the start transition. The uppermost figure shows a time curve indicative of the

response function of the system, with the shape of the remaining spectra depending on

the lifetime of the 21/2" state.

Figure 3 : 7 — 7-tirne spectra (see figure 2) The shape of the lower three curves depend

only on the lifetime of the 29/2+ isomer. The upper panel shows the combined effect of

the 29/2+ and 21/2" isomers.

Figure 4: Empirical shell model calculation of levels in 211At. Even parity states are

indicated by straight lines and odd parity states with dashed lines. The experimental

levels are starred and the connecting lines indicate the yrast transitions.
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