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Abstract 
We describe our in-beam suberconductlng conversion electron 
spectrometer and Its use in a (t,p) proton-conversion electron 
coincidence mode. Several examples of completed and on-going 

strength from the 
" the J" « 

Cluster states 
... 21/£ isomer In , 3 / A u and , : , 3Au; and 

the cluster states of '"Au. Results of the study of odd-odd 
deformed z , f lAm are presented. The latter results performed using 
neutron-capture gamma-ray and conversion electron techniques are 
compared to recent developments In the modeling of deformed odd-odd 
nuclei. 

1. Introduction 
Investigation into the low-energy structure of heavier elements (A 

> 200) presents and opportunity to Investigate features such as new 
modes of excitation and the highest j-shell model states available. For 
example, in-beam conversion electron techniques have made possible 
measurement of the monopole strength of fission Isomers. The 
availability of exotic heavy element targets could allow the exploration 
by neutron capture Y-ray and conversion electron techniques of neutron 
(v) proton (IT) Interaction between Nllsson states originating from 
high j shell model states. However, In order to study the richness of 
this heavy mass region we must overcome the disadvantage the fission 
decay path brings. For example, we can estimate that for many cases for 
every Y-ray produced by a (particle XY) reaction there are about 100 
Y-rays produced by the particle, fission reaction. In order to 
minimize the fission channel we can use light 1on reactions. However, 
further enhancement Is needed. Hence particle Y-ray or particle 
conversion electron coincidence techniques have been developed. In fact, 
the latter, that of conversion electron techniques offer a strong 
advantage in this heavy element region as conversion coefficients for 



even the towest Multipolaritles are very high, particularly when compared 
to those of the Much lower Z fission product transitions. In order to 
perform in-beam conversion-electron Measurements, special equipment must 
be used. In one of the most successful Instruments In use so far, 
electrons are transported from the target to a S1(L1) detector through a 
solenoldal magnetic field. Here, we will discuss several Investigations 
using such a spectrometer with deutrons, tritons and heavy Ions In 
conjunction with complementary 1n-beam Y-ray measurements. Similarly, 
we will discuss recent neutron-capture Y-ray and conversion electron 
measurements for the Investigation of odd-odd nuclei. 

We first give a short description of our in-beam conversion electron 
spectrometer and one of its more recent improvements (Sec. 2). We then 
present several examples of the use of in-beam techniques to explore 
properties of new modes and properties of collective excitations (Sec. 
3.1); nucleon-nucleon and nucleon cluster properties (Sec. 3.2) and the 
interaction of nucleons and nucleon clusters with collective excitations 
(Sec. 3.3). Several of the cases have been presented In annual reports 
or are submitted journals; hence after each subsection a complete 
reference is given. 

2. In-Beam Conversion Electron Spectrometer 
2.1 The LLNL In-Beam Superconducting Electron Spectrometer [HEN82] 

In our spectrometers a superconducting solenoid generates a uniform 
field of up to 2.0 T in an evacuated cylinder of 85-mm diameter for 
transport of electrons from an 1n-beam target to an energy-dispersive 
Si(LI) detector. The magnet and vacuum chamber design are coupled with a 
computer control and data-acquisition system that permits operation in a 
variety of modes, including electron-electron and electron-gamma 
coincidence. The Initial operation of the spectrometer has been very 
successful, demonstrating the versatility of the spectrometer's control 
system, its wide dynamic range, good spectral resolution, and excellent 
background rejection. 

The spectrometer consists of two sets of superconducting solenoids, 
a cooled Si(Li) energy-dispersive detector, a target-changing mechanism, 
a separate mechanism for changing calibration sources (including the ruby 
scintillator used for beam alignment), and associated vacuum, cryogenic, 
and control apparatus. 

The magnetic field on the axis is uniform and has been operated up 
to 2.2.T. Field variation along the Inner wall of the vacuum chamber 1s 
±5X. The Inner and outer coils (with respect to the source position) 
can be separately controlled to give a variety of magnetic field 
configuration?. The bore is at room temperature and has a diameter of 
85 mm. The diameter Is large enough for convenient Introduction of 
specialized equipment such as baffles, shadow shields, particle 
detectors, and standard germanium detectors. 
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The target holder has adjustments In the x, y, and z planes, and can 
be rotated about its axis, allowing complete control of the target 
position. An Isolation section allows up to SO kV to be applied to the 
target to suppress delta electrons. The target can be withdrawn into a 
chamber and Isolated from the rest of the spectrometer. A door allows 
easy access to this chamber for changing targets. If necessary, the 
entire target-holding assembly can be removed, with the target under 
vacuum. A source holder, similar to the target holder, allows 
introduction of calibration sources and a beam-alignment ruby. The beam 
passes through a small hole In the ruby. The ruby can be viewed on a TV 
monitor, making 1t easy to turn the beam. 

The 51(L1)-detector Dewar rests on a platform that can be moved In 
three dimensions. A bellows arrangement allows the S1(L1) detector 
Inside the vacuum chamber to be adjusted as necessary. A similar 
platform Is being built for a gamma-ray detector at the opposite end of 
the magnet. A fan-shaped lead beam-stop with Faraday cup allows constant 
monitoring of the beam current at all magnet currents. 
2.2 Electron Spectroscopy in Coincidence with Protons from the (t,p) 

Reaction [DEC83A] 
By operating our electron spectrometer 1n coincidence with a thin 

annual Si(Au) proton detector we can obtain conversion-electron spectra 
associated with the (t,p) reaction. Electrons are transported from the 
target to a S1(Li) detector through a solenoldal magnetic field 1n a 
two-loop baffle arrangement. In this way we obtain proton detection 
efficiencies of up to 14* with a 9 B M o target by optimizing the 
forward-angle position of the Si(Au) detector. 

Figure 2.1 shows the arrangement of the target and the annular Si 
(Ar) particle detector. The graphite absorber of 160 mg/cm z Is 
sufficient to stop tritons with energies up to 18 HeV. Protons from the 
(t,p) reaction, with energies generally exceeding 16 MeV for triton-beam 
energies of 16 MeV, lose 5 MeV or less In this absorber. We use an 
annular particle detector 70 mg/cm2 thick, with an outer diameter of 23 
mm and a hole diameter of 13 mm. Protons with energies above about 6.0 
MeV are not stopped by this detector. I.e., It functions more as a dE/dx 
detector than as a full-energy detector. Since lack of resolution Is not 
a serious deficiency, a thin detector has the Important advantage of low 
sensitivity to the background radiation of gamma rays, electrons, and 
neutrons. Another feature allows the distance between the target and the 
detector to be adjustable. Both the solid angle subtended by the 
detector and the range of angles contained within the solid angle are 
functions of that distance. This allows the maximum proton-detection 
efficiency to be obtained by adjusting the distance In order to achieve 
the optimum overlap between the solid angle of the detector and the 
principal maxima of the proton angular distribution. 
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Ha evaluated the performance of the proton detector fron prompt and 
random coincidence spectra obtained with test targets of s o M o . Figure 
2.2A shows electron spectra obtained during a run of 6 h wltb a 25-nA 
beam of 16-MeV trltons on a 9 8 M o target (enriched to 97.0% 9 B K a ) . 
Prominent peaks associated with the (t,p) reaction and with other 
reactions are labeled 1n F1g. Z.2B. The EO decay of the Inelastlcally 
excited (A state at 734 keV 1n 9 8 M o appears strongly 1n the 
ungated electron spectrum. In the proton-gated spectrum, peaks due to 
transitions 1n 1 0 0 H o are seen to be enhanced by two orders of magnitude 
or more compared to those due to competing reactions. 

The inset in F1g. 2.2B shows the time distribution of coincidences 
between proton pulses and the K electrons from £0 decay of the 0| 
state at 694 keV 1n 1 0 0 M o . These data yield an Improved value of 3.0 
± 0.1 ns for the half-Hfe of the 0$ state. 

3. Recent Studies of Heavy Elements by In-Beam Techniques 
3.1 Collective Properties 
3.1.1 Observation of an EO Isomeric Transition from the 2 3 8 U Shape 
Isomer [nftNBaj 

An EO transition 1n the decay of the 2 3 S U shape Isomer to the 
i "'u ground state has been Identified. The shape Isomer has an 
excitation eneeoy of 2558 keV, a spin of 0 , and a half-life of about 
200 ns." The Z 3 8 U Isomer was produced by means of the Z 3 8U(d,pn) 
reaction with a pulsed 18-MeV deuteron beam from the tandem Van de Graaff 
accelerator at the Los Alamos National Laboratory (Los Alamos, NM). 
Internal-conversion electrons were detected at 90° to the beam with our 
superconducting solenoldal electron spectrometer are operated In a 
two-loop lens mode. In these experiments we used a thin target with Its 
plane oriented parallel or nearly parallel to the beam direction, thus 
increasing by a "tilting factor," n, the effective target thickness seen 
by the beam. Hence fission products were able to escape from the target 
and the background was significantly reduced.. The target was depleted 
metallic (partly oxidized) uranium, 310 ug/enr thick deposited on a 
10-ug/cnr carbon backing. The target foil was 12 mm wide by 20 mm 
tall as was supported along the top and bottom edges by a frame made of 
0.5-mm-diam tungsten wire. A comparison for the observed and expected 
[FEI82] beta backgrounds shows that about 965! of the fission fragments 
escape from this target. Other sources of beta background were 
negligibly small. 

We centered the momentum-acceptance window of the spectrometer near 
2.4 MeV in order to observe the K conversion line of the 2514 keV gamma 
ray reported by [RUS75]. With this setting, the total energy efficiency 
[i.e., the transmission of the solenoid times the intrinsic 
full-energy-peak efficiency of the Si(Li) detector], in the energy range 
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2.1 to 2.8 NeV, Is More than IX and reaches a maximum of 2.8X at 2.4 
MeV. (He Measured the efficiency at 2.301 MeV directly by using the 
conversion-electron line from the 2.319-KeV E5 transition In the decay of 
the 9 0Nb calibration source.) After a six-day data-collection period, 
corresponding to almost 10 1' fissions produced In the target, the E2 K 
conversion line was not observed. The upper limit for the production 
cross section of such a line (corresponding to 2 std dev) was 80 nb, 
assuming a half-life of 200 ns. This corresponds to an upper 11ml . of 50 
lib 1n the gamma-ray production cross-section, which Is clearly smaller 
than the value of 90 ± 25 vb reported by Russo et al, [RUS75]. On 
the other hand, we observed a prominent line (see Fig. 3.1.1A) with a 
half-life consistent with 200 ns at 2442.4 1 2.0 keV, which, 1f 
converted 1n uranium, corresponds to a transition energy of 2558 ± 2 
keV, in excellent agreement with the excitation energy of 2559 keV of the 
shape Isomer proposed. 

Our results are summarized 1n Pig. 3.1.IB. The EO Intensity given 
represents the total Intensity, Including L, M, ... conversion and 
internal-pair formation contributions of 16 and 15X, respectively. The 
deduced value of the monopole strength parameter p* Is 1.7 x 10" 9, 
the smallest known; the value of about 0.4 for X(E0/E2) Is typical of the 
actinide region. 
3.2 Nucleon and Nucleon Cluster Properties 
3.2.1 Electromagnetic Properties of Isomers 1n 2 1 Q P b [DEC83B1 

In this study we [DEC83B] measured the lifetimes and magnetic 
moments of the J « 8 and 6 isomers in z l 0 P b we have used 
gamma-ravj>erturbed-angle-distr1but1on technique. The levels populated 
in the Z 0 8Pb(t,p)' , 0Pb reaction, we are found to have g factors for 
the 8 + and 6* states of -0.31Z + 0.008 and -0.312 ± 0.015, 
respectively. The deduced the magnetic moment y for the 2gg/2 
neutron orbital was found to be -1.42 ̂ 0.07 Vg- Lifetimes ire 290 + 
25 ns for the 8 + state and 71 _+ 9 n s for the 6* state. We found 
<g9/2l|M(E2)l!g9/2 * -39 + 2 e fn/, and an effective charge of 
(0.88 + 0.05) e for the 2gg/g neutron orbital. 

The 2 0 8Pb(t,p) 2 1 0Pb reaction and time-differential perturbed-
angular-dlstrlbution (DPAD) method was used to determine the g factors of 
these Isomers and to Improve the accuracy of the lifetime measurements. 
Time distributions of the gamma rays were measured at angles of + 135° 
with respect to the beam direction. The resulting Larmor precision 
frequency uii corresponds to a g factor of -0.311 + 0.005; the value 
of the angular-distribution coefficient Ag, + 0.28 ± 0.04, Is 
reasonable for a stretched E2 transition. It 1s Important to note that 
the same frequency 1s obtained for fits over different regions of the 
time distributions. Since these distributions have contributions both 
from the 6 and 8 Isomers, we can conclude that the g factors of 
these states are the same within approximately 2%. This Is predicted by 
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the additlvlty principle for states with pure (J) n configurations. 
After correcting for the Knight shift and dlamagnetic shielding, we obtain 

9 , " -0.312 + 0.008 . 
8 

We determined the lifetime of the 8 + state by fitting the sum of the 
normalized time distributions from the two detectors to the function I 0 exp(-t/x) for t > 300 ns. In this range the contribution from the 
6 + state should be negligible. This results in Tg+ » 290 + 25 ns, 
which Is about 30% larger than the previously reported values for which 
the measuring range was limited to less than 500 ns. He determined the 
lifetime of the 6 state by fitting the entire time range to the 
function that describes successive decay through two isomers with 
different lifetimes. Figure 3.2.1 shows the fit with the experimental 
data for the 297-keV transition. He find that the mean lifetime of the 
6* state 1s 71 i 9 ns. 

Assuming the 8 + state in z l 0 P b has only the vgS/p 
configuration, our measured g factor gives -1.40 +_o.0"4 y^ for the 
magnetic moment of the 2gg;g neutron orbital. Th¥ effects of small 
admixtures of other configurations can be taken into account by 
uncoupling the two-particle wave functions and summing over the 
contributions of the single-particle matrix elements. Using the wave 
functions of Kuo and Herling [KU071] we find u(vgg/-|) - -1.46 + 0.07 y N [BAB72] for u(vgg/2), extracted from the (ihg/jngg/j,?-) ~ 
isomer in z*°Bi. The Schmidt value for the gg/s neutron orbital is 
-1.91 UJJ. The deviation between the Schmidt value and the measured 
value Is largely due to corepolarlzation effects. Petrovich [PET73] used 
an effective operator formalism to calculate the magnetic moments for 
several single-particle orbitals in the z o a ? b region. His result of 
-1.42 p N is in excellent agreement with the experimental values, 

Using the lifetimes of the 8 + and 6 + states, we calculated the 
B(E2) values for he two transitions. The resulting B(E2) values were 46 
+ 5 e zfm 4 for the 8 + + 6+ transition, and 158 + 20 e zfm 4 

Tor the 6 * 4 + transition. The reduced E2 maTrlx element 
<6 |jM*E2)||8+> « 28 + 1 e fm' can be usad to extract the 
reduced matrix element for the 299/7 neutron by recoupling procedure 
similar to that used for the magnetic-moment analysis. We obtain 
<gg/2l iM(E2)| |g9/2> • -39 +_ 2 e fm z, which 1s in good agreement 
with the value of -38 + 4 e fm z from Z'°B1. We can also use the 
B(E2) value to determine the quadrupole moment of the 299/2 neutron 
orbital as -29 + 2 fm*. The additlvity of effective charges suggests 
that this represents the quadrupole moment of the ground state of 
Z 0 H P b . Proetel et al. [PRP73] performed calculations of this state, 
allowing for admixtures of the 2 + and 3" core states of Z 0 8 P b . 
Their wave function, 
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|'u:,PS>,g.s.> - -0.95|g 9 / 2> 

+ 0.1312* 0g 9 /2> + 0.2413" 0 j 1 5 / 2 > + ... , (3) 
yields a value of -35 + 3 e fm 2 for the reduced E2 matrix element. 
They used experimental-values for the core states and zero charge for the 
vgq/2 orbital. The second term in the wave function provides almost 
90S of the value. Their result is In good agreement with our Measurement. 

Our data on the Isomers of the vg§/? configuration in 210pb 
represent the first measurements of the electromagnetic properties of 
this single-particle neutron orbital that do not depend on measurements 
of proton properties. The results reinforce the applicability Qf-the 
tdditivity of anomalous g factors and effective charges 1n the ' 0 B P b 
region. This applicability is reflected both in the magnetic-moment 
measurements, in which we observe that the g factors of the 6 + and 8 + 

states are equal, and in the agreement between our value for the 
v(?gg/2) magnetic moment and that extracted from the 
•"ho/g^gg/? Isomers in 2'°B1. Similarly, there Is consistency 
between the reduced matrix elements <9g/alIM{E2)IIgg/g' o f o u r 

work and those from Zl°Bi. Furthermore, our results provide a good 
test of the shell-model wave functions calculated for these 
"two-particle" nuclei, and thereby of the nucleon-nucleon Interactions 
used to generate them. 
3.2.2 "Nuclear Structure of 2 ^ A m Excited with the (n.-y) Reaction 
rEGiB4,~Hsrg?rr —~ 

Detailed level scheme Information for odd-odd nuclei, which are the 
most complex of nuclear species, can yield valuable Information on the 
coupling of single-particle states for the unpaired nucleons and the 
interaction between these nucleons. Therefore, many odd-odd nuclei have 
been studied carefully. In deformed nuclei the proton-neutron residual 
interaction is manifest in the Gallagher-Moszkowski splitting and the 
Newby shift. These effects have been discussed and compared with 
theoretical calculations recently by Boisson, Plepenbrlng, and Ogle 
[B0I76] for the rare-earth region. In spite of this Inherent interest 
few deformed odd-odd nuclei have been studied in detail In the actinlde 
region. The structures of several nuclei have been characterized from 
alpha and beta decay studies, and a few nuclei have bean examined with 
(d,p) and (d,t) reactions. Just three level schemes for actinlde nuclei 
have been established with the (n,-y) reaction, namely those of Z 3 a N p , 
2* 2Am, and «°Bk. 

All experiments were performed with 2 4 3 A m targets undergoing 
thermal neutron capture In the high-flux reactor at the Instltut 
Laue-Langevin at Grenoble. Secondary gamma-rays in the energy range 
30-400 keV were measured with the GAMS 1 curved crystal spectrometer and 
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In the energy range 200-1200 keV with the PAMS 2/3 curved crystal 
spectrometer. The target consisted of 50 n«g Mfmz (99.9% Isotoplc 
purity). Primary gamna-rays were measured with a pair spectrometer 
Installed at the same beam tube and looking at the same target as for the 
GAMS spectrometers. The conversion electron spectrum of secondary 
transitions was scanned with the beta spectrometer BILL. The target for 
this spectrometer consisted of 4 mg Z 4 3Am. The spectrometers, standard 
measuring procedures, and data analysis methods have been described 1n 
[K0C78], 

Experimental evidence has been found that the lowest energy low-spin 
band has K" « 1 +, 1n contrast with previous assumptions, and that a 
K71 > 1" band exists at 173 keV. This hypothesis Is supported by 
two important experimental facts: 1>) complete population of the 1-1-4 
levels 1n an 85-keV band by primary transitions (presumably El 1n 
character) which decay from the f'2~ or 3" capture states and 
2.) complete population of the f'Z'S levels 1n a 173-keV K M " 
band by the (d,p) reaction (denoting a 5/2 [523] Nllsson configuration 
for the spectator proton). The energy of this 1 Isomeric state has 
been set at 85.0 + 3.0 keV, based upon the energy of the primary 
gamma-ray feeding~th1s level and a neutron binding energy of 5363 + kev. 

Assuming that the spins and parities of the 85-keV 1 + band members 
and of the 173-keV 1" band members are well-established, additional 
levels were Identified by use of the Ritz combination principle and 
correspondence with level energies defined by primary gamma transitions 
and (d,p) reaction population. The quantum numbers K and I are proposed 
for many levels by looking for the best agreement with the Alaga rule. 
On tnis basis a level scheme containing 42 excited levels was established 
(Fig. 3.2.2). 

A prediction of the level structure of an oud-sdd deformed nucleus 
can be obtained if the following assumptions are made: 

1) Each quasiparticle excitation energy of the odd-proton and 
odd-neutron is similar In an odd-odd nucleus and In the adjacent 
odd-proton and odd-neutron nuclei. 
2) The effective moment of Inertia of each rotational and band 
consists of the effective moment of Inertia of the even-even core 
plus effective additional contributions from the odd-proton and the 
odd-neutron. 
3) Gallagher-Moszkowski splittings and Newby shifts can be 
calculated by assuming a form for the proton-neutron residual 
Interaction. The strength of this Interaction 1s found by fitting 
calculated results to experimental data. 
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The effective Moments of Inertia were derived for each band from the 
rotational parameters A • tr/28 1n the even-even core and the 
odd-mass neighbors with the formula 

eodd-odd " e p * e h " 9even-even * 
The excitation energies of levels 1n the odd-odd nucleus are calculated 
with the formula 

E I • E qp + ESp + "^odd-odd t « W ) - K2] ± V -

«K.0<- 1 , !V 
where it denotes the parity of the states as Introduced in [60176] and 
Is + 1 for positive or negative parity. This calculation produced 
results that are completely predictive; no experimental Information from 
the odd-odd nucleus Itself Is Included. 

The results of the calculations for 2 4 4 A m are displayed 1n 
Fig. 3.2.2 along with the experimental level energies. .Odd-nucleon 
guaslpartlcle excitations and rotational parameters In Z 4 3Am, "'Am, 
Z 4 3 P u , and ' 4 b C m were taken from Ref [LED78], Even-even rotational 
parameters were obtained from " 4 F P u and z " C m . The 
Gallagher-Moszkowskl splittings and Newby shifts were calculated by 
Plepenbring and Bolsson [PIE83] assuming a delta force between proton and 
neutron. For configurations where calculated values were not available, 
values of 80 keV for E Q H and 30 keV for Efj were assumed. 

The levels In z 4*Am were Interpreted 1n terms of coupled proton 
and neutron Nilsson configurations by comparison of the experimental 
level scheme with the model prediction just discussed. The (d,p) data of 
Grotdal et al. [GR076], can be related to the present scheme 1f an 
absolute energy error of about 10 keV Is attributed to the (d,p) 
measurement. Six Nilsson configurations can be unambiguously assigned to 
rotational bands with band-head energies below 400 keV, while assignments 
at higher energies are less certain. 

It 1s demonstrated In Fig. 3.2.2 that the level energy predictions 
obtained with the simple sem1-emp1r1cal model described previously agree 
very well with the experimental results. The average deviation between 
experimental and predicted band energies and moments of Inertia are 18 
keV and 7%, respectively. This agreement Is much better than for odd-odd 
nuclei in the rare earth region. Thus, neither the quaslpartlcle energy 
nor the effective moment of Inertia of an unpaired nucleon Is affected 
appreciably when another unpaired n-^lecn of opposite Isospln Is added to 
the nucleus. The main reason for this Is the rigid and well deformed 
even-even core of an actlnlde odd-odd nucleus. It Is Interesting to note 
that even the Corlolls Interaction 1s relatively unmodified by transfer 
from an odd nucleus to an odd-odd nucleus, as evidenced by the effective 
moment of Inertia. 
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Since the (n,r) reaction excites mainly levels with 1 < • 4, few 
band heads with larger values for the K quantum number have~been 
Identified in Z f l 4Am; thus, only two pairs cf bands representing both 
couplings of the proton and neutron configurations have been observed. 
The extracted Sallagher-Moszkowskl splittings are compared with 
theoretical values in Table 3.2.2. The experimental values tend to be 

good. The 
+26 

..but it Is 
In disagreement with the calculated value EM * -14 keV of Plepenbring and Bolsson [P1E83]. The experimental value for the 7/2+[633]-7/2+[624] band is E« • +32 keV; no corresponding calculated value 1s available. 

The results of this experimental study of z W A m levels are 
described in greater detail In [EGI84]. 

Table 3.2.2 Theoretical and experimental Gallagher-Moszkoski 
splittings EQM and Newby shifts EN. 

EGM(keV) EN(keV) 
Configuration Exp talc Exp Calc 

5/2-[523]+7/2+r624] 199 189 
." 5/2-[523F5/2+[622l 87 +25 -14 5/2-T523Tn/2+r631] 69 55 

5/2-[523]+7/2-[743] 87 36 -54 
63 

5/2+[642T+5/2+r6221 
5/2+[642]+l/2+t631] 
7/2+[633]±7/2+[624] +32 
a) Calculated by Plepenbrlng and Bolsson [PIE83] and reduced 

by a factor 0.6. 

3.2.3 Single-Particle, Cluster, and Intruder States of 2 3 r > Studied 
by Gamma-Ray. Conversion-Electron, and Alpha Measurements of 2 1 % a and 
2 1 7 m A c Decay TMEY831 

In order to determine the levels of the N « 126, Z • 87 nucleus 
2 1 3 F r we used heavy-Ion production techniques and in-beam gamma-ray and 
conversion electron In coincidence with alpha particles from 
29/2* z , 7 l nAc. This allowed the identification of a l3/2 +(1 l 3/ 2 level at 1105 keV above the 9/2"(hg/2) ground state. To complement 
this we also investigated the decay of 2.7-min 2 1*Ray by means of 
gamma-ray and conversion-electron coincidence and single studies. 
z l 3 R a electron-
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capture data were used to Identify a 498-keV 7/c~[f7/z) f* r s t excited 
state as well as higher-energy Members of the h§/7 states. The 
observed z , 3 F r level structure compares well to shell-model 
calculations and demonstrates the preservation of explicit three-particle 
clusters. There Is evidence for the presence of the P3/2 and Intruder 
sj/2 a n d d3/2* n o 1 e states. ' 

The odd-proton nuclei beyond z 0 % b . with N « 126, fill the ha/2 
orbital with higher-lying states Involving the f^M >"d 113/? 
shell-model orbitals. For Z • 85, the nucleons f6rm explicit 
three-particle (W/2)Aclusters, which yield a higher level density below 2 MeV than In Z" 9B1 with 83 protons. Few cases exist in which 
the preservation of the explicit three-particle hg/2 cluster can be 
investigated. The excited states of z l 3 F r offer the opportunity to 
extend the N • 126 odd-proton-nuclei systematics to five nucleons beyond 
' 0 8 P b . Unfortunately, the only states known to date are the 0/2" 
ground state and high-spin states from heavy-1on 1n-beam gamma-ray 
studies. In or,der to investigate the level structure of z'3Fr, we 
performed In-beam alpha-decay studies of the '''Ac, 29/2 isomer and 
electron-capture-decay studies of z l 3 R a with OF of,1^2". These 

,in z l 3 F r , which allowed 
"At with three-parti;le 

doubly closed shell and 
with shell-model calculations. 

Figure 3.2.3A shows a schematic of the experimental arrangement for 
measurements of the alpha decay of z l 7 m A c . We [MEY83] used a 75-MeV 

UC beam from the VICKSI facility at the Hahn-Me1tner Institute 
(Berlin, FRG). The beam was focused on a target of Z 0 9 B 1 about 1 
mg/cnr thick. The recoil products were caught downstream by a catcher 
foil on the axis of a superconducting conversion-electron spectrometer. 
Two Si(Li) and alpha detectors measured electron-electron and 
alpha-electron coincidences. 

The z M P b ( 1 3 C , 4n) reaction was used to produce z 1 3 R a 
activity. Two separate arrangements were used in these experiments: one 
for the measurement of conversion-electron and gamma-ray coincidences, 
and one for gamma-ray coincidence relationships. In one a carbon catcher 
foil 0.5 rug/cm2 thick was placed Immediately behind the target to catch 
the recoil products from the * 0 4Pb{ , JC, k In) reaction. This catcher 
full, one of 21 equally spaced foils, was secured to a movable belt; 
after an irradiation period of 20C s, the beam was shut off for 10 s 
while a stepping motor advanced the foil to the front of the counting 
station where 1t was counted for 200 s. In the other arrangement for the 
measurement of conversion-electron-ganma-ray coincidences, the foils were 
transported into the superconducting conversion-electron spectrometer, 
which was placed off-line. The superconducting solenoid was identical to 
the one described earlier. A germanium detector replaced one of the 
S1(L1) detectors of Fig. 3.2.2A. For gamma-gamma coincidences, the 
catcher foil was transported to the center of four germanium detectors. 
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In both configurations, we monitored the position of the catcher foil by viewing It through a port with a TV Monitor. 
The strongest alpha branch from 2 1 7*Ac, with the 

41!il3/2v99/2» 29/2 >, proceeds to an 1105-keV level 1i 
2 1 3 F r , which we determined to be an M2 transition to 

structure 
1n 
the hg/2 ground 

state. This Is, therefore, the 1 l 3 / 2 single quasi-particle state. Likewise, the beta decay gives the f 7>o state at 498 keV and a candidate for the p 3/j state at 2610 keV. As seen In Fig. 108, the excited sIngle-particTs states are lowered by 400 to 500 keV compared 
with 2 0 9 B 1 . This trenti 1s expected from pairing. Preliminary 
evaluation of the beta-decay data suggests that the 2632- and 2950-keV 
levels are the si/2 and dyz single-proton-hole Intruder states. 
Their excitation energy Increases slightly with proton number. Apart 
from the energies of possibly five single-particle levels, we find 
candidates for the 3/2", 5/2", 7/2", and 9/2" states of the 
hg/2 configuration with seniority 3, which is now complete except 
for the 11/2" level. This multiplet 1s very similar to Z 1 1 At 
[LED78]. Also, the shell-model calculations with a surface-delta 
Interaction, by Zwarts and Glaudemans [ZUA83] agree quite well, as 
Fig. 3.2.3B shows. 

ns 
3.2,4 The J 1 - 5" Isomers in Odd Mass Au Nuclei [NAI82]. 

Our in-beam (t,2nY) studies-of 197,199a.u revealed a 6 + 2-n: isomeric state at 1836 keV in , y'Au; a similar Isomeric stale In 
'"Au was not cbserved. This level In l 9 /Au has been assigned a 
spin-parity 21/2" because,J± has properties similar to those of the 
21/2 states observed in O I . ' ^ ' S O A U . The systematic features of 
this level and those of a 5" state In the underlying even-even mercury 
core nucleus suggest that the 21/2 state has the three-particle 
configuration: [ M 13/2.VP3X2)5"! n hH/2]21/2 +- T h e 

lifetime of this state in i ? 9Au Is estimated to be <2 ns, which 
explains why the level was not observed in our experiments. 

Isomeric states with spin 21/2 and positive B«1ty n a v e b e e n 

observed in in-beam gamma-ray studies of '91.193,1?5A U [LED78]. Also a 
half-life of 15 + 2 ns for the 21/2 + Isomer 1n 1 9 3 A u and an upper 
limit of 2 ns for the 21/2 level In 1 9 1 A u Has been reported as well 
as 21/2 + level In 1 8 9 A u (but half-life could be associated with the 
decay of this state). In each case, the 21/2 + state 1s depopulated by 
an El transition to the first 19/2" member of the tin/? collective 
band. In ' 9 3Au, the Isomer is also observed to depopulate to the 
15/2" state associated with the hn/2 band. 

In our studies of the 1 9 6« 1 9 8Pt(t,2m:) 1 9 7» 1 9 9Au reaction, we 
observe a 6 + 2-ns half-life associated with an 1836-keV level In 
1 9 7 A u . Moreover, the level decays strongly to a 19/2" state, which 
is a member of the hn/2 collective band. These features are 
characteristic of the 21/2 + Isomeric states in 191.183, 195A U and, as 
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a result, the 1636-keV state 1s tentatively assigned a spin-parity of 
21/{L* A state with these or similar characteristics Is not observed 
In l y yAu. In Fig. 3.2.4, the energies of the known 21/2 + states 1n 
the gold nuclei are plotted along with those of the 5" states 1n the 
even-mass mercury nuclei. The figure Indicates that the energy trends of 
these levels strongly correlate as a function of mass number. 

On theJ>as1s1pf these systematics, one can Interpret the 21/2* states In , : # lAu, l w A u , and n " A u In terms of a proton 1n the 
hn/2 single-particle orbital coupled to the 5" state In mercury. 
The 5" state 1s believed to result from coupling of the I13/9 * n d 

P3/2 neutron orbitals to give the two-particle configuration 
[vil3/2»vp3/?]5-. The 21/2+ Isomers In gold are then 
three-particle states that have the configuration 
[{vil3/2.vp3/2)5-.i'hn/2]2}/2+ . The 5" state In 
mercury could also result from the two-proton configuration 
["n11/21*51/235'; however, t M s could not be used to explain 
the 21/2+ state In gold, since the Pauli exclusion principle limits the 
maximum spin of the [(nhn/s.nsi/pk-.irhii/o] configuration 
to 19/2 +. 

A state with.tiie.cliaracterlstlcs of an Isomeric 21/2+level as noted i n I9".193,195,197AU w a s n o t observed 1n 1 9 SAu. In 1 9 7 A u , 
the 21/2 + state decays by a strong 429-keV transition to the 19/2" 
state at 1406 keV. If this depopulation transition Is assumed to be pure 
El, then we obtain a ttalue for the reduced transition probability of 
Bt|l) « (9 1 3 ) x 1 0 - 9 e*b. We assume that the 21/2 + str.te 1n 
, 9 9 A u would have a very similar value of B(E1). To obte n a half-life 
value, we need an estimate of the El transition-energy. In F1g. 3.2.4 we 
note that the energy of the 5" core state 1n z ? $ g 1s 1852 keV. 
compared tgq1636 keV In 1 9 8Hg and 1757 keV 1n i 9 6Hg. The 21/2* 
state in '"Au should therefore be roughly 200 keV higher In excitation 
energy than the isomeric state In , 9 7 A u . Assuming the 21/2 + state In 
l 9 SAu decays predominantly to the first 19/2" state at 1605 keV, the 
energy of the El transition would be about 650 keV. Using the B(E1) for 
the 429-keV transition In 1 9 7 A u , the estimated half-life for the 
21/2* state In 1 9 9 A u Is just under 2 ns. The minimum half-Hfe that 
could be observed In the pulsed-beam experiments 1s about 4 ns; 
therefore, even if the 21/2 state 1n '"Au 1s strongly populated by 
the (t,2n) reaction, Its lifetime would not have been determined In the 
present experiment. It would be Interesting to restudy 1 9 9 A u using 
experimental techniques capable of measuring shorter half-lives to 
determine whether a state with a half-life of 2 ns can be observed. 
3.3 Interaction of Nucleon Clusters with Collective Excitations 

The Z*79 Au nuclei with three holes 1n the Z«82 shell should provide 
a good test of models that account for the interaction of explicit 
clusters of nucleons with the quadrupole excitations (CUM model of Pacer 
[PAA77]). A rigorous test of such a model would be the accounting of 
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both positive and negative level spectra. Unfortunately, as shown 1n 
F1tj. 3.3A, the hg/2 Intruder state [HEYS3] rapidly decreases 1n energy 
and It and Its rotational levels becone Intenalngeled with the bii/z -
cluster vibration levels in nuclei with A < 195. However, for 1 , 9 K u 
the ho/;- intruder band level 1s at 1900 keV. Thus the level structure 
of ' 9 9Au could provide the basis for a good test of the CVM which 
predicts a much higher level density of negative parity states at 1- to 
2-MeV of excitation than simpler Models such as the tri-axlal rotor model 
[MET751.. 

He used the 1 9 8Pt(t,2n y) reaction to study the levels of 
'"Au (see also Sec. 3.2.4 and [NAI82], The preliminary results of 
these studies are compared to the CVM calculations of Paar [PA77] In Fig. 
3.3B for both the positive and negative parity states. In general, the 
level density we find agrees with that suggested by the CVH rather than a 
lower level density at l to 2 MeV suggested by earlier models. However, 
our results should be considered preliminary as further refinements of 
the data are In progress as are CVH calculations with a larger space. 
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Target foil 

F1g. 2.2A S1(Au) particle-detector assembly and target foil. The 
triton beam Hne coincides with the centerline (axis) of 
the annular detector assembly. 
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2..?B Electron spectra from a 93Mo target bombarded with 
16-MeV tritons. The top spectrum Is the complete electron 
spectrum with no coincidence gating, and the bottom 
spectrum Is of electrons 1n coincidence with pulses from 
the particle detector. Peaks are labeled according to the 
reaction (top), or the transition and Its energy 1n kev 
(bottom). The inset shows the time distribution of 
coincidence between protons and the K electrons from tne 
6g4-keV EO transition In 1 0 0 M o . The Indicated half-life 
of the 05 state Is 3.0 + 0.1 its. 
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Fig. 3.1.1A Electron spectrum from 2.3 to 2.5 MeV, obtained during the 
time interval 44 to 357 ns after the beam pulses of 18-MeV 
de'iterons. A long-lived background, obtained In the 
delayed-tlme window from 1.08 to 6.05 us, has been 
subtracted. A least-squares fit of a second-order 
polynomial to the background points 1s shown. The 
position of the K electron peak from 2514-keV E2 
transition is Indicated by the arrow at 2397 keV. The 
inset shews the decay of the 2442.4-keV peak due to the K 
electrons <.-m the 2558-keV EO transition. 
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Fig. 3.1.IB Partial decay scheme (not dravm to scale) of the * 3 8 U 
shape Isomer» based on re-evaluated data of Ref. 2 and on 
our results. The accuracy of the estimated intensities 
may not be better than a factor of 2. 
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F1g. 3.2.1 Sum of the time distributions for the 297-keV transition 
for +135* and -135°. The time calibration Is 3.44 
ns/channel. 
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F1g. 3.2.2 Rotational bands and Nllsson configurations In 2 4 4 A m . 
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(right) lev's* energies. Tentative levels are Indicated by 
dashed lines. 



Fig. 3.2.3A Setup for alpha and electron measurements in the decay of.217mAC. 
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Fig. 3.2.3B Experimental level scheme of 2 1 3Fr compared with 2 "At, selected states in z o % 1 , and a shell-modi 1-model 
calculation. 
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H g . 3.3A Systematics of the levels of 1*19 Au nuclei from A = 185 
to 199. 
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studies compared to Initial CVN calculations; LEFT: 
Positive parity; RIGHT: Negative parity. 


