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Low-lying dipole excitations in the odd-proton, midshell nuclé&Rh were investigated in photon scatter-
ing experiments at the Stuttgart Dynamitron facility using bremsstrahlung beams with end point energies of 4.1
and 2.4 MeV. In total, 106 excited levels, most of them unknown so far, could be observed in the excitation
energy range from 1.2 to 4.0 MeV. In addition to 106 transitions to the ground Satel{2), 20 transitions
to the low-lyingd™=3/2" level at 295 keV and 10 transitions to th&=5/2" state at 357 keV were detected.
For 20 photoexcited levels spins could be suggested from the measured angular distribution data. The reduced
ground-state transition strengths summed up in the energy range 2—4 MeV amaigk 8= (16.3+1.9)
meV/Me\f corresponding, under the assumption of an electric character for all excitations, to a total excitation
strength ofSB(E1)1=(15.6+1.8)x10 3 €?fm?. The fragmentation of the dipole strength and the decay
branchings of the photoexcited levels are discussed. The observed feedings of the 295 and 357 keV levels
result in a population inversion, the precondition for a possiblay laser.
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l. MOTIVATION quadrupole moments of the 3/2nd 5/2 states in*®Rh by
Gelberget al.[4] provided evidence for negative quadrupole

The nucleus'®Rh has 45 protons and 58 neutrons andmoments. Their results could well be explained by these au-
hence lies in a mass region rather far from the shell closuregors within a particle-core excitation model where the core
at Z_= 50 andN=50, but, on the other hand, is also outsideyas described by an interacting boson Hamilton[&i.
the islands of well deformed nuclgt]. Therefore, the explo-  sayeret al. [6] interpreted in 1972 their Coulomb excitation
ration and explanation of the excitation scheme of this oddyegyits in terms of a core-excitation model by the coupling of
mass transitional, midshell nucleus represents a real chaj Py, proton to an even-even®Ru core. Subsequent
lenge for nuclear structure studies due to its complicateqy_ y)-directional correlation data obtained by Bargholtz
diversg excitatior'\ possibilities and the various applicablgy 5. [7] could be explained successfully within the frame-
model interpretations. work of a unified vibrational moddi8,9].

The isotope'%Rh exhibits an interesting low-energy level  The negative quadrupole moments observed by Gelberg
scheme. Only about 40 keV above the stable ground statg; a1, [4] and hence the expected oblate ground-state defor-
(Jg=12") a long-lived isomer occursJ(=7/2", Ty,  mation easily explain the ground-state spin of 1&nd the
=56.1 min. On top of this isomeric state a nearby 9/2 existence of the low-lying, long-lived 7/2isomer since in
level exists at an excitation energy of 93 keV. The next exthe Nilsson level scheme for protofk0] a unique, isolated
cited states are the 3/2and 5/2" levels at 295 and 357 keV, crossing of the orbits 1{301] and 7/2413), expected for the
respectively, which considerably differ in their lifetimes  45th proton, occurs at a negative deformation parameter of
(9.7 and 107 ps Nearly identical level schemes were ob- ahoute,~ —0.122 (corresponding to a deformation param-
served in the neighboring, unstalde=58 isotone'®Ag and  eter of 5~ —0.125). Furthermore, investigations of the elec-
the stable, odd-mass Ag isotopt¥1°Ag [2]. This observa- tric giant dipole resonanc&DR) of 1%Rh in (y,xn) cross
tion is a clear hint to common low-energy structures andsection measurementsll] showed a slight deformation
excitations in these odd-mass nuclei. splitting of the GDR. Somewhat better fits to the broadened

Early Coulomb excitation experiments off®Rh and GDR shape could be achieved by fitting with two Lorentz-
107.10%g in 1954 by Heydenburg and Temmi&] ascribed ians, indicating a nonzero deformation &°Rh. Unfortu-
the spins 3/2 and 5/2° to the two higher-lying levels dis- nately, at this time the fits were performed with the con-
cussed above. These levels together with the IgPound  straint of a prolate deformation to avoid too many degrees of
state were interpreted aska=1/2" rotational band by these freedom in the fitting procedure. However, it seems to be
authors. Later reorientation precision measurements of thpossible to describe the broadened GDR¥Rh also by

assuming a slightly oblate deformation.
The aim of the present photon scattering experiments was
*Present address: Agilent Technologies Deutschland, D-7103#wofold. First of all, it was of interest to study the fragmen-

Boblingen, Germany. tation of low-lying dipole strength in this odd-mass, transi-
TPresent address WNSL, Yale University, New Haven, CT 06520tional nucleus. As is well known, in even-even nuclei various
8124, enhanced dipole modes occur. Outstanding examples are
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the orbitalM 1 excitations in deformed nuclei, the so-called hc\2 Tl
scissors mod@12] (for a compilation of data see, e.g., Ref. lsi=9| 7] 1)
[13]) or theE1 two-phonon excitations to thE'=1" mem- v

ber of the quintuplet built by the coupling of the 2and 3~ wherely, T';, andT" are the decay widths of the photoex-

phonons. Such excitations have been observed in the puresieq state with spid to the ground staté&spinJy), to a final

form in semimagic, spherical nuclei such as Me 82 iso-  |5er.lying state(spin J;) and its total width, respectively.
tones(see Ref[14] and references thergiand theZ=50tin  1pa statistical weightg=(2J+1)/(2J,+1) is called the

isotopes_[lS]. The_ fragm_entation of these common excitat_ionuspin factor.” The productgl’, can be directly extracted
modes in the neighboring odd-mass nuclei were extensively o, the measured scattering intensities. It is proportional to

studied both experimentally and theoreticdl}6—27. Also 14 reduced excitation probabiliti@& E1)" or B(M1)1:
for more y-soft nuclei such as the patfBa/**3Cs[28,29 or P &EDT (MD)T:

the vibrational nuclei of the Cd isotopic chaiB0,3] the Zc\3
fragmentation of the dipole strength was studied in system- B(I11)T=g B(Il1)| = K(E_) (gl'p) 2
atic photon scattering experiments at the Stuttgart Dyna- T\ Ey
mitron facility [13]. Therefore, it was of interest to investi-
gate this medium-heavy, transitional nucled€Rh in
sensitive photon scattering experiments especially since this
nucleus has been stu_died o) fgr only in rather crude, low- B(El)T=0.9559—F0[10‘3 e?fm?] 3)
energy photon scattering experimenis, £1.65 MeV) [32] 3
in 1981, where only two photoexcited states at 803 and 1277
keV could be detected. gr
Another attractive feature of the low-energy level scheme B(M1)T= 0_0864—30[M§l], (4)
of °Rh is the existence of the two levels at 295 and 357 ES
keV, where the upper one has a considerably longer lifetime
of 107 ps as compared to 9.7 ps for the lower one. Thigvhere the excitation energiés should be taken in MeV and
situation represents a promising condition to generate e ground-state transition width% in meV.
population inversion of excited nuclear states via the feeding Unfortunately, in the case of odd-mass target nuclei the
from a higher-lying photoexcited level. Therefore, an addi-angular distributions of the scattered photons are rather iso-
tional aim of the present study was the search for such H‘OpiC. Therefore, in general, except for the favorable case of
population inversion by photopumping which is the precon-a ground-state spid,=1/2 and strong transitionsee Sec.
dition for a pumpmg scheme in view of a possib}eray |||), no unambiguous Spin assignments to the photoexcited
laser[33—36. states are possible in present day experiments and hence the
spin factorg is unknown. It should be mentioned that the
vanishing anisotropy in the angular distributions in addition

and in numerical form

Y

Il. EXPERIMENTAL METHOD leads to rather low polarizations of the scattered photons.
_ This implies that also no parity assignments are possible by
A. The nuclear resonance fluorescence technique polarization measurements as in the case of even-even nu-

Photon scattering off bound states, nuclear resonancgel- ) ) ) )
fluorescencéNRP), represents the most sensitive techniqgue FOr the comparison with ﬂle strengths in even-even nuclei
to study low-lying dipole excitations in heavy nuclei, both of We introduce the quantityI's*:
electric and magnetic charactéRef. [13] and references
therein. Precise excitation energi&s,, ground-state transi- ed_ Lo
tion widths I'y, but also decay branching ratids can be 9l IQE’ (5)
extracted from the spectra of the scattered photons measured

in NRF experiments. These quantities can be converted int@ich js proportional to the reduced dipole excitation prob-
reduced transition probabilitieB(E1)T, B(M1)T, or life-  gpiities [see Eqs(3) and (4)].

times T For nuclea_r structure investigat_ions additi(_)ljally The decay branching ratios of the photoexcited states

model mdepgndent information on the spins and parities ()hje);(pt to lower-lying states labeled bijk are defined as the

thelphotoex_cned Ievelg can be deduced from angulqr_ d'S’t”r'a'ﬁio of the corresponding reduced transition probabilities

bution and linear polarization measurements, respectiuely

the favorable cases of even-even nucl&éhe formalism de- B(IIL: J—J) T, 3

scribing photon scattering experiments is outlined in more expt_ "~ Vi) " vk

detail in previous review§13,37. PEUB(IIL; J—d) Ty ES,
In experiments using continuous bremsstrahlung as a pho-

ton beam one automatically integrates over the resonancethe branching ratios contain, in particular in the case of

Therefore, the integrated scattering cross sections, the scateformed nuclei, valuable information on the sgirf the

tering intensities, are measured. The total scattering intensityhotoexcited statéfor known spins); andJy). Furthermore,

I+ for a decay of the photoexcited state to a final levelthe K quantum number of the photoexcited state can be ex-

labeled byf, integrated over the full solid angle, is given by tracted within the validity of the Alaga ruld$8].

(6)
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16000 T o The efficiencies of all three detectors amounted to about
q 103RHK |- 100% each, relative to a standard 7.6>m6 cm Na(Tl)
12000 F E detector. The energy resolution was typically about 2 keV at
b 3 a photon energy of 1.3 MeV and about 3 keV at 3 MeV. The
8000 ¢ ~ E total effective time of data collection was about 140 h.
E 3 g
2000 E Ill. RESULTS
: 2 . el A. Spectra of photons scattered off'®Rh, observed
m 800 - 2 - excitation strengths
g 600 Figure 1 shows the spectra of photons scattered BRh

detected under a scattering angle of 127°. In the upper part
the spectrum is depicted as measured using a bremsstrahlung
beam of an end point energy of 4.1 MeV. In the lower part
the corresponding spectrum for an end point energy of 2.4
E T e, . MeV is shown. In both spectra the photon flux calibration
1600 2000 2400 2800 lines ¢Al) and the background line@G) stemming from
Energy [keV] natural environmental activity’$3Pb) are marked. All other
peaks correspond to transitions ifRh. The comparison of
FIG. 1. Spectra of photons scattered &ffRh, measured at a hoth spectra clearly documents the considerably enhanced
scattering angle of 127° using bremsstrahlung beams of endpoifjeak-to-background ratio in the lower spectrum taken at a
energies of 4.1 Me\upper pantand 2.4 MeV(lower par}, respec-  reduced end point energy of 2.4 MeV. This allows us to
tively. Calibration lines {Al), and background line$BG: *Pb)  getect and to identify inelastic transitions and to measure
are markedsee text branching ratios of higher-lying levels with improved sensi-
tivity.
One of the main goals of the present experiments was the
The present NRF experiments df°Rh were performed study of the populations of the two low-lying levels ##*Rh
at the bremsstrahlung facility of the Stuttgart Dynamitronat 295 and 357 ke\(see inset of Fig. Rby feeding from
accelerator{13,17. Two measurements at bremsstrahlunghigher-lying photo-excited levels. These two levels with
end point energies of 4.1 and 2.4 MeV were carried out tespins J7=3/2" and J7=5/2" differ considerably in their
achieve an optimal sensitivity in a broad range of excitatiorlifetimes (9.7 and 107 ps Since the higher-lying level has
energies, and to enable the detection of decay branching réne substantially longer lifetime, the nucletf§Rh seems to
tios. The dc electron currents used in the present experimenk® a good candidate to search for a population inversion of
had to be limited, due to the thermal capacity of the radiatoexcited nuclear states, the precondition for a pumping
target, to about 25QtA. The scattering target consisted of scheme of a possible-ray laser[33—-36. In the present
high purity, monoisotopic, metallic Rh with a total mass of experiments several strongly photoexcited levels could be
2.950 g sandwiched by’Al discs (0.510 g; diameter 16 detected, which show a considerable feeding of the two
mm), serving for the photon flux calibratidr89]. The scat- abovementioned low-lying levels of interest. This is shown
tered photons were detected by three high-resolution Gexemplarily in Fig. 2. Here a section of the spectrum of
y-ray spectrometers installed at angles of about 90°, 127%cattered photongnd point energy 4.1 MeVis depicted
and 150° with respect to the incoming bremsstrahlung beantogether with a simplified low-energy level scheme!8iRh

400 §

200

B. Experimental setup

T T T T T S B B
2880 keV 4

2000 * P wvg-J. vt eer 103Rh E FIG. 2. Part of the!®Rh(y, y") spectrum ac-
&> F o= | _T=91ps wow P 1 quired using bremsstrahlung of an end point en-

g 1'?50; e Lrnmssim | wmo r 3 ergy of 4.1 MeV. A background peak2.614

0 c e ] . ] MeV transition in 2°Pb) is labeled(BG). All

- 1500 E ] other peaks are due to transitions'fiRh. Peaks
~ 12505 E exemplarily marked by asterisks correspond to
n F ] the ground-state transition of a level at 2680 keV,
"5 1000 E E which considerably feeds the two low-lying states
° E ] at 295 and 357 keV, respectively, and the two
© 750 F ] corresponding feeding transitions. The inset
E ] shows the simplified low-energy level scheme of
500 E . 10%Rh and the decay branching of the 2680 keV

5106 aRe0 Eeco oo level

Energy [keV]

2300
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(see inset The strong peak at 2680 keWmarked by an values of these ratios are plotted for different spinsgether
asterisk corresponds to the ground-state transition of a phowith the experimental results for states with probable spins
toexcited level which exhibits a strong feeding to both levelsJ=1/2. Only these data are shown for the sake of clearness.
(at 295 and 357 keV, respectivelyThe corresponding in- For photoexcited states with=1/2 the angular distribution
elastic feeding transitions of 2385 and 2323 keV are als@f the scattered photons is exactly isotropic resulting in a
marked by asterisks. The measured decay branchings are dislue of 1 for both intensity ratioshown as a full square in
cussed in more detail in Sec. IV B. Fig. 3. For spinsJ=5/2, corresponding to pure electric
The results are summarized in numerical form in Table l.quadrupole transitions, one expects the value shown in Fig. 3
The quoted quantities are the excitation ener@igéwith an by a full hexagon. In the case df= 3/2 the situation is more
estimated total uncertainty €1 keV), the integrated scat- complicated. The expected intensity ratios strongly depend
tering intensitied 5o, the productgI’y of the spin factor and on the quadrupole/dipole mixing ratié resulting in the
the ground-state transition width, and the prodgf&® of  curve plotted in Fig. 3. The intensity ratios for sorieval-
the spin factor and the reduced ground-state transition widtH/es, characterized by different symbols, are given in the inset
These quantities were converted into the reduced excitatiofif Fig. 3. In addition to the levels, to which a probable spin
widths B(E1)T andB(M1)T using Eqs.(3) and (4). These  ©f J= 1/2 was assigngd, there are many others whgre a spin
values are given in the last columns. If no decay branching@Ssignment ofl=3/2 is probable, however, not unique. It
was observed in the present experiment exclusive ground;_hould be mentioned, that, at least in principle, in the case of

state transitions of the photoexcited levels were assumetPin @ssignmentd=3/2 and a finite mixing ratia a nega-
(To=T). Since spins)>1/2 of the excited states, mixing tive parity has to be allocated sinc€Ed/M 2 mixing can be

ratios 8 and parities could not be determined unambiguously&xcluded.

an isotropic angular distribution of the scattered photons was 1he data from the angular distribution measurements are
assumed in the analysis and the reduced excitation probabifummarized in Table Ill. Given are the excitation energies

ties are given for dipole excitations of both electric and magFx, the intensity ratios W(90°)/W(127°)  and
netic character. W(90°)/W(150°) for ground-state transitions, and some ten-

tative spin assignments in the last column. The ordering of
the proposed spins is according to their probability. Unprob-
able assignments are given in brackets.

y-ray decay branchings were identified from the mea-

B. Decay branchings

sured y-singles data on the basis of the Ritz combination IV. DISCUSSION

principle. In Table Il the results are summarized for observed

decay branchings of the photoexcited state$%#Rh. Given A. Dipole strength distribution

are the level energies,, the total photon scattering intensi-  Figure 4 shows the observed dipole strength distribution

ties for decays to the ground state §), to the excited level jn 10Rh. Plotted are the products of the spin faajdimes
at 295 keV (s4), and to the excited level at 357 keVs().  the reduced ground-state decay widfH§® as a function of
Furthermore, the corresponding decay branching r&§  the excitation energy in the range of 1.2-4.0 MeV. The
andR5¢" are given. As can be seen from Table Il there areguantitygI™® is directly proportional to the reduced excita-

four |e\'/e|S at 1969, 2680, 2801, and 3820 keV, which ShOV\ﬁon probabi”ties[see Eqs(3) and (4)] Numerica”ygrged

a considerable feeding of both states of interest at 295 and 1 mev/Me\® corresponds  to B(E1)]=0.955<10 3
357 keV, respectively. A direct population of the lowest- o2 32 or to B(M1)]=0.0864 u2 . A strong fragmentation

. - . 10 - -
lying excited Wstate n Rh, the long-lived isomer Tu2  of the dipole strength is obvious with some concentration in
=56.1 min, J7=7/2") at 39.8 keV(see inset of Fig. 2 yyo bumps around 2 and 2.7 MeV, respectively. Transition

could not be observed. strengths marked by asterisks correspond to the excitation of
levels which considerably feed both low-lying levels at 357
C. Angular distributions and 295 keV.

As already mentioned, spin assignments from angular cor- When investigating the total dipole strength and its frag-
relation measurements in NRF experiments are very difficuffentation in odd-mass nuclei, the detection sensitivity is of
in the case of odd-mass nuclei, due to the rather isotropi€rucial importance. The detection limits in the present pho-
angular distributions of the scattered photons. Only for isofon scattering experiments are shown in Fig. 5. In this figure
topes with a ground-state spig=1/2, as for!%Rh, and for the minimal reduced ground-state transition Wiﬂtﬁd, mul-
the favorable cases of strong transitions, enabling measuréplied by the spin factog, is plotted as a function of the
ments with good statistics, some conclusions on the pin  €xcitation energy, needed for levels to be detected in the
the photoexcited states can be drawn. In the present expefiresent experiments. The highest sensitivity in the experi-

ments the scattered photons were detected at only three sc8ent using a bremsstrahlung endpoint energy of 4.1 MeV

tering angles of 90°, 127°, and 150°, respectively. Therecan be reached for excitation energies around 3-3.5 MeV.
red

fore, in the analysis the intensity ratia#(90°)W(127°)  The achieved value afI'5°~0.01 meV/MeV? corresponds
and W(90°)/W(150°) for ground-state transitions were de-to B(E1)71=0.955<10 ° e?fm? or 0.864x10 3 u%. The
duced as detected by the various deteci@mmrected for reduced ground-state transition strengths summed up in the
solid angles and relative efficiencjesn Fig. 3 the expected energy range 2—4 MeV amount B, , yey 9'F%=(16.3
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TABLE I. Numerical results for excitations observed in the reactid®Rh(y, y'): the excitation energies
E«, the integrated cross sectiosy, the ground-state transition widtlgd', the reduced ground-state
transition widthng{)ed, and the reduced excitation probabilitiB§M 1)1 andB(E1)T are given.

E[keV] lIgoleVb] glg[meV] B(M1)7 [wd] B(E1)1 [10%e?fm?] gI'g?[meV][MeV?]
1277 2.3124) 130132 0.054155) 0.59961) 0.62664)
1614 1.0420) 0.71(13) 0.014528) 0.16031) 0.16832)
1626 0.8825) 0.5717) 0.011435) 0.12639) 0.13240)
1778 0.9819 0.81(15) 0.012423) 0.13725) 0.14426)
1812 0.7421) 0.6318) 0.009226) 0.10229) 0.10730)
1861 2.4123) 2.1821) 0.029228) 0.32331) 0.33833)
1923 1.9822) 2.9731) 0.036137) 0.39941) 0.41843)
1943 0.7316) 0.7216) 0.008419) 0.09321) 0.09822)
1969 5.9245) 9.8363) 0.111371) 1.23079) 1.28882)
1997 0.94198 0.9719 0.010620) 0.11723 0.12224)
2001 0.7416) 0.7717) 0.008319) 0.09220) 0.09621)
2034 1.1%18) 1.2419) 0.012719) 0.14021) 0.14722)
2049 0.5112 0.5613) 0.005713) 0.06415) 0.06515)
2059 0.9819 1.0320) 0.010220) 0.11322) 0.11823
2071 0.7713) 0.8615) 0.008414) 0.09316) 0.09717)
2075 1.0814) 1.1516) 0.011116) 0.12317) 0.12918)
2089 0.5814) 0.66(16) 0.006315) 0.06917) 0.07318)
2128 4.6436) 8.64(60) 0.077854) 0.861(60) 0.901(62)
2137 0.8813 0.9915) 0.008814) 0.09715) 0.101(16)
2155 2.1724) 6.4248) 0.055441) 0.61246) 0.641(48)
2163 0.5713 0.6916) 0.005914) 0.06515) 0.06916)
2196 0.5214) 0.6618) 0.005414) 0.05916) 0.06217)
2306 0.6816) 0.9423) 0.006616) 0.073198) 0.07719)
2319 2.9129) 4.0841) 0.028228) 0.31231) 0.32733)
2352 1.0919) 1.5729) 0.010419) 0.11520) 0.12021)
2362 0.5812) 0.8418) 0.005512) 0.061(13) 0.06413)
2434 0.8814) 1.3522) 0.008113) 0.09415) 0.09415)
2463 0.5812) 0.84(20) 0.004811) 0.05412) 0.05613)
2468 1.0921) 3.5044) 0.020125) 0.222298) 0.23329)
2478 0.4011) 0.6318) 0.003610) 0.04Q11) 0.04212)
2516 0.5812) 3.5347) 0.019125) 0.212298) 0.22229)
2544 0.5311) 0.8918 0.00479) 0.05210) 0.05411)
2585 0.4411) 0.7618) 0.00389) 0.04210) 0.04411)
2594 7.3057) 17.28113  0.085%56) 0.94662) 0.99064)
2604 1.3314) 4.2643 0.020821) 0.23023) 0.241(24)
2645 0.6417) 1.1730) 0.005514) 0.061(16) 0.06316)
2666 1.5720) 2.9037) 0.013217) 0.14619) 0.15319)
2680 76159  30.46159  0.135771) 1.51479) 1.58282)
2695 2.1922) 4.1441) 0.018318) 0.20220) 0.21221)
2698 0.6915) 1.30128) 0.005712) 0.06313) 0.06614)
2706 1.0513) 4.2542) 0.018518) 0.20520) 0.21421)
2747 5.5245)  10.8488) 0.045237) 0.49940) 0.52342)
2762  13.78106) 27.36210  0.112286) 1.24%(95) 1.298100)
2801 1.7116) 9.0474) 0.035729) 0.39532) 0.41334)
2854 1.9919) 6.78064) 0.025224) 0.27926) 0.29227)
2866 0.6211) 1.3223 0.00498) 0.0549) 0.05610)
2911 0.8012 1.76127) 0.006210) 0.06811) 0.071(11)
2919 0.4812 1.0728) 0.003710) 0.041(11) 0.04311)
2923 0.8013 4.4857) 0.015520) 0.17122) 0.17923)
2944 0.9115) 2.0435) 0.0064912) 0.07613) 0.08014)
2956 1.82198) 4.1340) 0.013813) 0.15315) 0.16Q15)
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E[keV] lIsoleVhb] gTg[meV] B(M1)] [w3] B(E1)] [10%e?fm?] gI'f?[meV]/[MeV?]
2960 0.7712) 1.7527) 0.00589) 0.06410) 0.06710)
2966 0.6413) 1.4631) 0.004810) 0.05311) 0.05612)
2991 0.8912) 2.0727) 0.00679) 0.07410) 0.07710)
3028 1.0814) 2.5933) 0.008G10) 0.08912) 0.09312)
3056 0.6611) 1.61(26) 0.004998) 0.0549) 0.0569)
3082 0.5412) 3.5867) 0.010620) 0.11722) 0.12423)
3108 0.5%15) 1.3939) 0.004@11) 0.04412) 0.04613
3114 0.7811) 1.8429) 0.00538) 0.05812) 0.0619)
3138 0.9215) 2.3737) 0.006610) 0.07312 0.077112
3153 3.5%29)  12.4088) 0.034224) 0.37827) 0.39629)
3165 0.5%10) 1.4527) 0.00397) 0.0448) 0.0468)
3201 0.5013) 2.2954) 0.006G14) 0.06716) 0.07017)
3223 0.9%15) 4.8957) 0.012615) 0.14416) 0.14617)
3242 0.5011) 2.9356) 0.007415) 0.08216) 0.08617)
3288 0.8812) 2.3435) 0.00579) 0.0639) 0.06610)
3296 2.8925)  11.4887) 0.027721) 0.30623 0.32124)
3315 1.3616) 3.9046) 0.009211) 0.10212) 0.10713
3331 2.8125  12.0586) 0.028220) 0.31222 0.32623
3339 1.3415) 3.8945) 0.009G10) 0.10Q11) 0.10412)
3345 0.7812) 4.40(65) 0.010215) 0.11217) 0.11817)
3358 0.5414) 1.5740) 0.00389) 0.04010) 0.04111)
3401 0.5612) 1.6936) 0.00379) 0.0419) 0.0439)
3411 0.5912) 1.7836) 0.00399) 0.0439) 0.0459)
3435 0.8%15) 2.6047) 0.005510) 0.061(11) 0.06412)
3440 1.0617) 5.4069) 0.011515) 0.12716) 0.13317)
3449 0.8820) 2.7261) 0.005713) 0.06314) 0.06615)
3462 0.7914) 4.5278) 0.009416) 0.104198 0.10919)
3521 1.0119 3.2761) 0.006512) 0.07213 0.07514)
3531 1.3823 4.4874) 0.008815) 0.09716) 0.10217)
3535 1.2422) 4.0473) 0.007914) 0.08716) 0.09217)
3557 0.6413) 2.1244) 0.00418) 0.0459) 0.04710)
3573 1.2719 6.4290) 0.012217) 0.13519) 0.141(20)
3589 2.2925  11.93137) 0.022326) 0.24728) 0.25830)
3600 0.6914) 2.3246) 0.00439) 0.0479) 0.05010)
3613 1.6821) 5.5572) 0.010213) 0.11215) 0.11815)
3617 1.4124) 4.8283) 0.008815) 0.097117) 0.102198)
3652 1.9239) 6.65131) 0.011823) 0.13026) 0.137127)
3660 0.9116) 3.1657) 0.005610) 0.06211) 0.06512)
3691 1.4822) 5.0879) 0.008714) 0.09615) 0.10116)
3708 0.9128) 3.2699) 0.005517) 0.061(19) 0.06419)
3728 1.3%26) 4.8896) 0.008116) 0.09018) 0.09419)
3773 1.0620) 3.9373) 0.006312) 0.07G413) 0.07314)
3790 0.8%19) 3.18973) 0.005112) 0.05613 0.05813
3798 1.0619) 3.9971) 0.006311) 0.07012 0.07313
3820 1.7926)  28.14226) 0.043635) 0.48239) 0.50440)
3831 1.6%525) 6.3095) 0.009715) 0.10716) 0.11217)
3890 1.8636) 7.33142 0.010821) 0.11923 0.12424)
3904 1.0224) 4.0695) 0.005914) 0.06515) 0.06816)
3916 1.7133 6.82133 0.009819) 0.10921) 0.11422)
3936 1.9933) 8.03132 0.011419 0.12621) 0.13222)
3944 0.9429) 3.80117 0.005316) 0.05918) 0.06219)
3977 1.8733 7.71(136) 0.010619) 0.11721) 0.12322

@Branchingl’,/T'=0.75 taken from the literatur?].
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TABLE Il. Integrated cross sectiorlgg, Is;, andls, for tran- ‘ : ' ’ :
sitions to the ground state, and the excited leveB,at 295.0 keV LA - 12 E
and E,=357.4 keV, respectively, together with the corresponding e =5/2 | ]
branching ratioR}§ and R . lRo_y=3 —jF‘— ]
[N E06 =0; oo E
E, lso Isilsz  RE¥ RSS! S 10520 = a e :
[keV] [eVb] [eVb] [eVh] | G o
1923 1.9822 1.102) 0.9322) 8 %
1969 5.9245) 2.02) 1.84) 0.568) 0.5512) B o6k E
2128 4.6436) 2.7(4) 0.9214) T
2155 2.1724) 3.13) 2.26(34) 04k ;
2468 1.0921) 1.1(2) 1.6541) '
2516 0.5812) 1.6(3) 4.31(113 : ! : ! : : : ' : !
2504 73057  2.63) 0.5017) 0.4 0.6 0.8 ] 1.0 ] 1.2 1.4
2604 13814 1.102) 1.1725) W(90°)/W(127°)
2680 7.6159) 6.905) 1.7(3) 1.3014) 0.356)
2706 1.0%13) 1.2(2) 1.71(33) FIG. 3. Plot of angular distribution ratio&(90°)/W(150°) ver-
2801 1.7116) 1.22) 1.62) 0.9621) 1.37249) sus W(90°)/W(127°) for levels with a tentative spin assignment
2854 1.9919 1.2(2) 0.8418) J=1/2, corresponding to an isotropic angular distributisinown as
2923 0.8013) 1.212 2.11(52) a full square. The full line gives the values expected fdr 3/2
3082 0.5412) 0.92) 2.2679 levels as a function of the mixing rati®. The values for extreme
3153 3.5%29) 1.2(2) 0.478) mixing ratios § are given and explained in the inset. The value for
3201 0.5013) 0.42 0.9749 pure E2 excitations §=5/2) is shown as a full hexagon.
3223 0.9%15) 0.91) 1.2930)
g;gé ggg;é; gg(é; ég;g)g) vv_eII known that the overvv_helming fracti_on of the low-lying
3331 2'8125) 1'4(2) 0'64(10) d[pole strength obgerv_ed in NRF (_experlments s.hould be at-
3345 0:7812) 0:7(2) 1:22(37) tributed to magnetic dipole excitations of the scissors mode
3440  1.0617) 0.7(1) 0.8623) [12] (see, e.g., R_ei{lS], and referen_ces thergimvhich, on
3462  0.7914) 0.72) 1.1742) the other hand, in odd-mass nuclei can be extremely frag-
3573 1.2719 0.72) 0.6822) mented 17,18,20,2]. Therefore, the detected dipole strength
3589  2.2925) 1.33) 0.7621) strongly depends on the experimental sensitivity. This is also
3820 1.7926) 4.2(5) 1.53) 2.96055) 1.0925)

TABLE Ill. Numerical results of the angular distribution mea-
surements:  Excitation  energies E,, intensity  ratios

+1.9) meV/Me\? corresponding, under the assumption of W(90°)/W(127°), andW(90°)/W(150°) for ground-state transi-
an electric character for all excitations, to a total excitationtions and tentative spin asignments.
strength of2,_4 yev B(E1)]=(15.6+1.8)x10 3 e?fm?.

This value has to be compared with the observations foFx W(90)°/W(127)° W(90)°/W(150)° Spin assignment

other odd-mass nuclei in the neighboring mass regions. 1fkeV]
the vibrationa! odd-mass nucled$Cd[30] a dsomewhat re- 1,77 0.8424) 0.5212) 32
duced total dipole strength &, 4 wev 95 =(8.521.7) 1861 0.9816) 1.2421) 1/2, 3/2,(5/2)
meV/Me\f was observed which amounts to about 3/4 of that;9g9 1.057) 0.956) 1/2, 3/2
observed in the neighboring even-even isotop&s*'Cd 2128 1.149) 1.259) (1/2) ?
[30,31]. In the semimagic, spherical, odd-mass nuclgdsSn 2319 0.7721) 0.7620) 3/2, 1/2,(5/2)
in the same range of excitation energies a total dipole2594 1.166) 1.196) (1/2) 2
strength of2,_, yev OI'F%=(11.6+1.3) meV/MeV? was 2680 1.086) 1.045) 1/2, 312
found [26,27]. In this case of a semimagic nucleus micro- 2695 1.0017) 0.8513) 3/2, 512, 112
scopic calculations within the framework of the 2706 0.8123) 0.8421) 32, 112, 512
quasiparticle-phonon modéQPM) succeeded to show that 2747 0.8%6) 0.725) 3/2
even if the electric dipole excitation&() are the strongest 0.964) 1.01(4) 172, 3/2
ones, also magnetic dipoleM(1) and electric quadrupole ;ggi 1'822 225;3 ig 2;; ég
excitations E2) contribute substantially to the observed : ' e

. . 2956 0.8914) 0.8212) 3/2, 1/12,(5/2)
spectra. This shows that some caution seems to be appropgs, 0.5819) 0.6426) 32
ate when comparing the dipole strengths distributions ob3296 1:0(011) 0:95(10) 172, 312, 5/2
served in odd—'mass nuclei pf dlﬁergqt_masses and shap%sl 0.9%10) 1.1513) 1/2. 312, 5/2
For example, in a recent high sensitivity NRF exp-enment3339 0.7816) 0.81(19) 3/2, 1/2
[21] on the well-deformed nucleu$™Ho a huge total dipole 359 1.0520) 1.0018) 1/2, 3/2, 512
strength of=, 4 Mevgr{)ed= (36.1+4.0) meV/Me\? was de- 3820 0.6722 0.6622) 3/2, 1/2

tected. However, in the case of well-deformed nuclei it is
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2.00 ;e T TABLE IV. Properties of photoexcited states populating both
1 75§ * 103 3 low-lying states at 295 and 357 keV, respectively. Excitation ener-
TTE Rh | 1 : . . i i
— E 3 gies, total ground-state scattering intensitigg, decay branching
B 1.50¢ * E ratiosRY andRSY', the relative feedingRS§7RYE, and probable
3 1.25F ] spinsJ of the photoexcited feeding levels are given.
E 1'00§ g expt expt expt mexpt
b 0.755 . é Ex IS,O RZ,O R1I.,O R2,0t/R1,0 J
;i g * ] [kEV] [eVb]
0.50F E
0.25 E 1969 59245 0.5512) 0.568) 0.9826) 1/2;(3/2)
1 2680 7.6159) 0.356) 1.3014) 0.2718) 1/2; 3/2
0.00™7560 ~ 2000 ~ 2500 3000 3500 4000 2801 1.7116) 13724 0.9621) 14340  3/2; 1/2
Energy [keV] . 3820 1.7926) 1.0925 2.9655 0.3711)  3/2;(1/2)

FIG. 4. Dipole strength distribution if%Rh. Plotted are the

observed reduced ground-state decay Wid’fbeg as a function of
the excitation energy. Bars marked by asterisks correspond to the In Table IV the properties of the four photoexcited levels

excitation of levels which feed the two levels of interest at 357 andare summarized which exhibit strong feedings to both low-
295 keV, respectively. dI'f=1 meV/Me\? corresponds to lying levels at 295 keV ("=3/27) and 357 keV {~
B(E1)1=0.955¢10"* e*fm?). =5/27). In addition to the decay branching ratig§" and
RS% [see Eq(6)], the relative feedingBS 7R} are given
documented by the fact that, e.g., the strengths in odd-masggether with the probable spin assignments as suggested
deformed rare earth nuclei, detectable in present day NRfrom the measured angular distributiofgee Table IJ. Un-
experiments, decreases in lighter rare earth nuclei steadilprtunately, the observed decay branching ratios do not pro-
towards lower mass numbefsand reaches id>'Eu a mini-  vide further constraints for the suggested spin assignments
mal value of onlyS, 4 vev 9TF% 1.5 meV/IMe\? [21].  since the applicability of the Alaga ruld88] seems to be
Nevertheless, recent fluctuation analyses of the measuredther questionable in the case of a not well deformed
photon scattering spectfd2,23 demonstrated that a part of nucleus such a&*Rh.
the strength is hidden in the continuous background of the Whereas the states at 2680 and 3820 keV predominantly
spectra of scattered photons and that the fdtalstrength in ~ populate the level at 295 keV, the states at 1969 and 2801
odd-mass deformed rare earth nuclei corresponds to that okeV show an enhanced feeding of the higher-lying level at
served in the neighboring even-even nuclei and as expecte367 keV. Such a decay pattern favors the generation of an
from sum rule prediction$40—-44. Furthermore, in recent inversion, the basic requirement forjaray laser. Since, in
improved NRF experiments of considerably increased sensiaddition, the lifetime of the 357 keV level is considerably
tivity on 15Dy and 1®*Ho [21] it could be shown experimen- longer than that of the lower-lying 295 keV state07 ps
tally that nearly the complete expected toltdll strength is compared to 9.7 psa population inversion of nuclear states
existent in odd-mass nuclei too. by feeding from higher-lying photoexcited states could be
demonstrated by the present experiments. In particular the
— lowest observed state at 1969 keV seems to be a good can-

B. Decay branching ratios

0.05 prerrrrr e
103R |1 didate for su_ch a pumping' sc_heme due to it's lower excitation
0.04 ] energy and its strong excitation cross section.
&
3 0.03 C. Population inversion between the 357 and 295 keV states
S 0.03f
% To calculate the inversion between the 357 and 295 keV
= go0zk levels, the steady-state rate equations for the population in
E;? ' the two level are solved and a summation is made of the
w contribution of all feeding levels which decay to the upper or
0.01F lower laser level or to botf36]. This yields
0-00 75002000 2500 3000 3500 4000 AN=Ng>, n,oq[Fym,—(3/2)F ], 7)
f

Energy [keV]
whereNy is the population density of the ground levetjual

ments (bremsstrahlung endpoint energy 4.1 MeWlotted is the O the number of atoms per ¢rof solid rhodium, n, is the
minimal reduced ground-state transition widtf times the spin number of pump photons per (s eV &moy is the integrated
factorg as a function of the excitation energy, needed for levels toabsorption cross section of the feeding level from the ground
be detected in the present experimefigl®=0.01 meV/MeV?  state(in cn?eV), andr, are the lifetimes of the upper and
corresponds td(E1)1=0.955<10 % e?fm? or B(M1)1=0.864 lower laser levels, respectively; the quantitieg, are the

X 1072 u2]. ratios of the radiative decay rates given By=A:,/(As,

FIG. 5. Detection limits in the present photon scattering experi
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+Ag) and Fy=Aq /(A +Asg) whereA denotes the Ein- Statistical weightg, is 3 for the upper andj=2 for the -
stein A coefficient of spontaneous emission on thie tran-  lower level. After this correction, the inversion density is
sition and the subscript u, |, and g denote the feeding, found to be reduced by only 25%, even though the photon
upper, and lower laser levels, and the ground state. The fadlux for a direct excitation is about 20 times higher than that
tor 3/2 in Eq.(7) is the ratio of the statistical weights of the for the excitation of the feeding levels. This relatively low
upper and lower levels. reduction is due to the small cross section for a direct exci-
Making the summation with the measured branching ratation, a result of the magnetic dipole and electric quadrupole
tios and the excitation cross sections from the ground stateharacter of the transitions.
taken into account, we find that inversion between the 357.4 We note that the stimulated emission cross section can be
and 295.0 keV levels ift%Rh is indeed generated. With the estimated to be of the order 18 cn? and thus the gener-
photon flux distribution applied to the sample the calculatedhted inversion is much too small to result in experimentally
inversion density is\ N=(6.9+1.8)x10"® cm™>. measurable gain. Pulsed excitation with high photon fluxes
The value of the inversion density obtained by feeding(for example from a laser plasiavill be necessary to
has to be corrected for the effect of direct excitation of theychieve higher inversion and gain. These aspects of the
lasing levels. This effect can be estimated by taking intGyresent experiments will be discussed in more detail in a
account the photon flux for direct excitatignhe., at 357.4 forthcoming article[35].
and 295.0 keY and the integrated cross sectioag, for
excitation of the upper and lower levels from the ground
state, which are given by

)\2 |A |
Ou1= U,87TU Ju, - 8
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