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Isomeric to ground state ratio in the *¥°Ta™(y,y’)Ta™9 reaction
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The yield Y of the *¥Ta"(y,y')18T& (T,,=8.15 h reaction has been measured as a function of the
bremsstrahlung end-point enerBy in the range of 2.5-7.6 MeV. An activation technique was used for the
yield measurement which was calibrated by monitoring@&h(y,f) reaction yield. The¥(E,) function was
numerically simulated and the probability, /(o4 + o) for the depletion of the'®Ta™ isomer aftery-ray
absorption was deduced. This probability is important for astrophysical questions and schemes for producing
inducedy emission and perhapsqaray laser[S0556-28188)06104-4

PACS numbgs): 25.20.Lj, 27.70+q, 21.10.Ma, 21.96:f

[. INTRODUCTION plete K mixing at such high energies. However, bel&y a
different situation should exist and additional experiments
The only isomer which survives in nature {Ta™, hav-  are necessary to clarify the problem in detail. A model for

ing a half-life T;,=>10"° yr and a low abundance of isomer population or depopulation by ,(y’) reactions via
1.2x107%4. The isomer is identified as a two-quasiparticle absorption by special activation levels was introduced many
deformation-aligned configuration with K™=9, 9~ and an  years ago. Due to the large values of integrated cross section
excitation energy of 75 keV. The depletion 8°Ta™ to the  found for those reactions, those activation levels were as-
ground state in¢,y’) reactions has previously been studied sumed to serve as intermediate states for structure-type trans-
in Refs.[1-3]. A quite large yield of the radioactivé®®Ta9  formations which provide significatt mixing even at mod-
nucleus was found2] following the irradiation of targets est excitation energies. However, the specific properties of
containing8Ta™ in natural abundance with bremsstrahlungsuch levels are not yet clear.
at end-point energieB,=3 MeV, while a sharp cutoff of the ~ The results of previous experimerits-3] on *8Ta™ de-
yield was observed d&.< 2.5 MeV. Thus, the energy of the population were analyzed according to the assumption that
first activation level was determined to be near 2.8 MeV ancnly individual activation levels are manifested within the
a value of integrated cross section for the reaction was edimits of experimental uncertainty and integrated cross sec-
tablished. The absolute probability for isomer depletion retions for the respective resonances were deduced on this ba-
sulting from y-ray absorption is a crucial parameter both in Sis. Such an approach was appropriate at the modest excita-
“optical” schemes for inducedy emission ory-ray laser tion energies of those studies since activation levels were
pumping, and in studies of the isomer lifetime within stellar resolvable even using continuous bremsstrahlung spectra.
conditions. The potential advantages of “optical” pumping However, for excitation energieg*=4 MeV many levels
of a y-ray laser with a population beginning in a long-lived may contribute to the observed yield, and the analysis must
isomeric level have been discussed in the review article ope modified since individual transitions may not be resolved
Ref. [4]. Despite these studies, the absolute probability foexperimentally. In the present work the cross section for iso-
isomer depletion has not been directly measured. The presefter depletion is taken to be a product of two factors:
work represents a first attempt to accomplish this objective.

Il. THEORETICAL BACKGROUND U(Ey):UGDR(Ey)%(E-y)v (1)
g m

An isomeric state usually has a single particle configura-
tion that is significantly different from that of the ground
state and is often characterized by high values of the spin anghere ogpr(E,) is the cross section of the giant electric
spin projection quantum numbdrandK. The decay of such dipole resonance fow-ray absorption by a nucleus at the
an isomer to the ground-state band is retarded by the eleenergyE, andoy/(o4+ oy, is the probability for decay of
tromagnetic selection rules for the change df, and parity. the compound nucleus to the ground state. Both functions in
Therefore, the excitatiofor depletion of an isomeric state Eq. (1) are considered to be separate functions of the con-
in a nuclear reaction can be expected to be reduced by th@uous variableE,,. The quantityo,/(o4+ oy, is in effect
spin difference in accordance with the statistical model andh branching ratio, but reflects all possible branches, direct or
by structure selectivityAK hindrance. It has been assumed via cascade, which reach the ground state after the excitation
theoretically and recently experimentally confirmiéd that  of an activation level. It contains the contributions of all
the selection rule on thi€ quantum number does not survive K-mixing levels within a selecte&, interval. For a signifi-
at high excitation energieg* >B,, (B, is the neutron bind- cant probability to exist for the excitation step from isomer
ing energy. Thus one can conclude the existence of com+o activation level by photon absorption, an electric dipole
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transition is most likely. The form of Eql) reflects the 10°
expectation that at energies bel®y, the strength in the tail ; Hf KX
of the giant electric dipole resonance bounds the cross sec- I
tion for individual E1 transitions.

The vyield of the bremsstrahlung-induced reaction is then 10t F
expressed as :

93.4 keV
1 '103.6 keV
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wherec characterizes the experimental irradiation geometry
and other efficiency factors, anNydeW/dedEy is the
spectral density of the bremsstrahlung radiation normalized 102 T T S T
to one electron in the beam. The data of R&if. was con- 100 150 200 250 300 350

sistent with isolatgd activation levels at enerdigs<4 MeV . CHANNEL

and so the analysis was based on that structure. At the higher

energies of this studyy-ray absorption yield is averaged FIG. 1. Gamma spectrum obtained from a natural Ta target fol-
over many levels and contains the product of GDR cros$owing its activation by bremsstrahlung having an end-point energy
section and spectral density of radiation in accordance witl®f Ee=6.2 MeV. Marked peaks are indicative of daughters resulting
the standard approximation. Thesps(E,), by definition a  from the decay of®Ta®.

strength function, represents the absorption cross section per

E, interval and is therefore independent of the number ofactors, they-line intensities were evaluated to determine the
levels in the interval. Thus the new experimental results aremumber of radioactive atomiPi°® produced in the irradia-
analyzed in a framework that is explicitly self-consistent totions, and the yield of the reaction normalized to one target
provide the absolute probability 0f°Ta™ depletion by the nucleus and to one electron of the microtron beam:

(v,y') reaction.

Equations(1) and (2) are used to simulate the energy nprod.
dependence seen in experimentally measured yields. This __at
formulation is typical for experiments utilizing a continuous Ng’itr-Ne'
energy spectrum for the incident radiation. Likewise it is

consistent with methods employed in the analysis of ques- ar - ) )
tions in stellar nucleosynthesis and scenarios for “optical” WhereNg  is the number of target atoms ahd is the time-
pumping of ay-ray laser. integrated number of beam electrons during the irradiation.

The y-line abundances and other properties of the radioac-
tive nuclides were taken from R€6].
A rich vy spectrum of fission fragments was recorded for

The 18°Ta™(y, ') 18Tad reaction yield\Y(E,) was mea- the ThO, target. The excitation function of th&Th(y,f)
sured in this work using bremsstrahlung at end-point enerteaction has been measured with high accufdcj and the
gies of E, = 5.4, 6.2, 7.0, and 7.6 MeV. These results arefission fragment mass distribution has been studied in Ref.
combined with the data of Reff2] in order to plot the yield [9]. These data are sufficient to calibrate the yield when fis-
function over a wider range of end-point energies from 2.5 t¢Sion products are detected in specific experimental condi-
7.6 MeV. An important improvement in experimental tech- tlons.
nique, available due to the higher end-point energies, was the X-fay and y-ray lines belonging to'*°Ta® decay
calibration of the'®°Ta? yield by comparison with the yield (T12=8.15 h, lines of HfKX, W KX, and E,=93.4 and
from a monitoring reaction?*Th(y, f)detected in the same 103.6 keV} were detected in spectra obtained after the Ta
experimental conditions. This permitted a determination oftarget activation and the line intensities were measured with
absolute values of cross section for thg ¢') reaction. A 9ood statistical accuracy. A typical measured spectrum is
comparison with the total absorption cross section enableghown in Fig. 1. In addition to the intens€Ta® lines, back-
the reaction probabilityry/(o4+ o) to be deduced. ground lines are observed in the figure, particularly b

The measurements were obtained using the electron beakfys Which are present from the detector shielding. The natu-
of the MT-25 microtron at FLNR, Dubna. Targets BiTa ral radioactivity line at 92.5 keV was subtracted from the
and ThO, were placed behind the electron beam converterea of the 93.4 ke\y peak from*#°Tad. The decay curves
(2.5 mm tungstenfor activation by bremsstrahlung. A stack ©f the latter line and of the HK, +K,, lines are shown in
of 50 um-thickness Ta foils with a total mass of 0.7 g wasFig. 2 in comparison with calculated curves based on the
used as the"®Ta target. This stack was disassembled forknown half-life of 8°Ta9, T,,, = 8.15 h. There was excel-
measurements of x- ang-ray spectra to decrease the thick- lent agreement between the measured data and the decay
ness of the source, and a correction factor was introduced talculations. This and the correct ratio of the line areas in-
account for the remaining self-absorption of low-energy pho-sured that puréd®Ta¥ was detected without any background
tons within the foils. The spectra were measured by an HPGeontribution.
detector with an energy resolution of 0.95 keV as determined In general, whem®Ta targets are used, reactions on the
by lines of ’Co. By taking into account decay and efficiency abundant isotopé®'Ta can create an intense background in

()

Ill. EXPERIMENTAL DETAIL
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FIG. 2. Time spectrum showing the decay of thel{-ljl+ Ka,
and 93.4 keVy lines which signify production and transmutation of
180139 following activation of a target foil.

spectroscopic measurements. However, for these experi-
ments the contribution of th&*Ta(y,n) 8Tad reaction was
excluded aE,<7.6 MeV, recalling that the neutron binding
energyB,=7.58 MeV for the 8'Ta nucleus. The detected
yield of 8°Ta? was wholly due to the'®Ta™(y,y’) reac-
tion despite the very low®Ta™ concentration of 1.2 10~ *

in the target. For the cross section analysis, it is important t
mention that ¢,y’) processes are the dominant mode of
compound nucleus deexcitation below the threshold for neu-
tron emission. The valu8,=6.6 MeV was deduced for
180TaM from nuclear mass tables, but due to the requireme
of spin conservation it is necessary to add the yrast energy
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FIG. 3. Measured yield¢closed circles plotted with the left-
and axi$ for the reaction'®Ta™(y,y’)®%Ta? as a function of
bremsstrahlung end-point energy. Mean excitation energies for vari-
ous end points are shown by the top axis. Open circles plotted by
the right-hand axis show the mean probability for isomer depletion,
at is, assuming a constant value over each bremsstrahlung con-
uum at the corresponding mean excitation energy. Curves are

about 0.5 MeV. Therefore, th#°Ta™(y,n) reaction can be  grawn to guide the eye to the experimental points.

competitive with the §,y") processes only &,=7.3 MeV,
allowing 0.2 MeV for the neutron kinetic energy. Quite a
few y quanta with suclkt,, are created d.=7.6 MeV. For
these reasons the maximum end-point energy in the present
experiment was chosen to lig,=7.6 MeV. The minimum
end pointE,=5.4 MeV was necessary because of accelerator
limitations. The minimum present end point of 5.4 MeV is
close to the maximurk, for the experiments of Ref2] and

so the yields measured there could be linked with the present
results. Thus the yield functioW(E.) was determined over
the wide rangeE,=2.5-7.6 MeV as shown in Fig. 3. One
can see a regular growth of the yield Bf=3.5 MeV in
accordance with expectations, and physically significant con-
clusions can be deduced after analysis of these data.

IV. RESULTS

For the yield simulation, bremsstrahlung spectra normal-
ized to one beam electron were calculated using the EGS4
Monte Carlo code in a configuration developed at the Uni-
versity of Texas at Dallas. Examples of the spectra corre-
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FIG. 4. Typical bremsstrahlung spectra calculated with the

sponding to end-point energy valuesi&f=5.5, 6.5, and 7.5  EGs4 code plotted with the left-hand axis. The right-hand axis plots
MeV are given in Fig. 4. In accordance with the close irra-the function used to represent the photon absorption cross section in
diation geometry, the spectra were calculated as integralfe low-energy tail of the giant electric dipole resonance. The solid

over the forward hemisphere. The yield 6%Th(y,f)was
evaluated see Eq.(2)] based on the calculated, function

curve for this cross section includes a cutoff employed for the
R=const approach, while the actual values below 2.8 Méashed

and measured(E,) [7,8] for this reaction. By comparison sectior) were used for thi*=R(E,) analysis.
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FIG. 5. Calculated absolute cross sectig(dashed curve plot- FIG. 6. Calculated level densities for all statgs, (dashed
ted by the left-hand axisand isomer depopulation probability curve), and states having-mixing properties for the depopulation

oq/(04+ 0oy (solid curve plotted by the right-hand axifor the of *¥Ta™, p,(E*) (solid curve.
180Tam( v, v") 18%Ta9 reaction as a function of the excitation energy

E, of an activation level. using bremsstrahlung irradiations without employing an end-

point energy greater than 7.6 MeV, unsuitable as explained
above. Thus experiments with a quasimonochromgiiay

with the experimentally-determined yield vallig. (3)], the  source are necessary to pursue this question further. At
experimental parameterwas found and used in the analysis present, this type of source is not widely available at the
of the data for the*®Ta™(y, ') reaction. required intensity.

The y-ray absorption yield was calculated for th&®Ta™ One can try to overcome these difficulties by employing a
nucleus with the normalization provided by the coefficient more sophisticated analytical approach to simulate the yield
for the actual experimental geometry. After comparison withfunction with Eqs(1) and(2) usingR=R(E,). In this analy-
the measured yield, the rat= o4 /(o4+ o) was deduced  sis, the truncation of thegpg function below 2.8 MeV was
immediately under the assumptionR& const. TakingR to  not applied. Of course, this cutoff must appear natur@lit
be independent of, at a specificE, value is equivalent to existg in the behavior ofR(E,) obtained from the yield
averaging this ratio over the,, range, weighted by the func- simulation procedure. The values fR((E*)) shown in Fig.
tion ogpr(E,) - N, [see Eqgs(1) and(2)]. The mean value of 3 were used as a first iteration. The method was to determine
the excitation energyE* can also be calculated. The theR(E,) function over a wider energy range by sequential
opr(E,) function was taken from the data of R¢L0] for  iteration using a mathematical parametrization of this func-
the 18'Ta nucleus, as shown in Fig. 4. However, as is evidention and the minimuny? criterion for reproducing the mea-
from the figure, an artificial cutoff was introduced&y<2.8  suredY(E,) values. The result is shown in Fig. 5. The ab-
MeV to avoid a spuriously large contribution from intense, solute value oR atE,,=7 MeV is about 0.4, not far from the
low-energy portions of the bremsstrahlung continua. Atsystematics prediction of Refgs,11].
present, there are no measurements to support the existenceFigure 5 can be considered as the first direct description
of activation levels below that energy fd#°Ta™ depopula-  of K-mixing behavior over a wide range of excitation ener-
tion as discussed in Ref2]. gies in the following manner. In-ray capture by the iso-

The measuredY(E.) function and deduced meaR meric nucleus, a specific set of compound states with known
=04/(0g+oy) values are shown in Fig. 3. The rat®  quantum numbers” is excited due to spin and parity con-
increases af, grows and reaches a magnitude of aboutservation. Among these states one can distinguish
0.18. The error is on the level of 15% and arises from theK-conserving andk-mixing levels. TheK-conserving levels
normalization and other data processing procedures. The stimherit from the isomerK =K;) a similarK=K;*1 and so
tistical accuracy is much better as seen from the error bars afose states can decay only into bands with valug$ véry
the yield measurements. Finally, the isomeric-to-ground statgimilar to that of the isomer. It is reasonable to assume that
ratio on/oy=4.5 was found for the reaction 70% of the decay strength eventually feeds back into the
180TaM(y,y") 18Ta™9, deviating significantly from the re- initial isomeric state. In contrask-mixing levels should not
sults of Ref[3]. The ratioo,/ o is large, thus incomplete be influenced at all by th& value of the isomer and can
mixing takes place at this modest mean excitation energydecay into any band with arl¢ value, although the spin and
This is in contrast to the essentially complétemixing at  parity selection rules must still be satisfied. The deformed
higher energies deduced from the systematics of Reft1]. nucleus normally has many bands feeding the ground state
One can expect that the rafibincreases at larger energies to and much fewer bands linked with the band built on the
approach 0.5 nedE* )~7 MeV in accordance with the sys- initial isomeric state. Hence, it is clear thaKamixing level
tematics. However, it is difficult to attain suglE*) values  will decay to the ground state band with about 90% branch-
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ing with only a small portion of the total intensity feeding K-mixing mode excitation, which may be explained in the
back into the isomer. In such a schematic model, it is easy tetyle of Ref.[11] by considering the potential energy surface
understand that the ratR= o, /(04+ 0,) approximates the parametrized byy deformation. Triaxially deformed states
ratio of the density oK-mixing states to the total level den- can be excited above this barrier which are Katonserving
sity. The total density,(E*) of levels with specific spir because of the broken axial symmetry. A microscopic expla-
can be calculated using the standard statistical model, famation of this mechanism remains for future studies.
instance, the often used formulation of REf2]. The prod-

uct V. SUMMARY

R-p/(E*)=p™(E*) (4) The normalized yield of thé®Ta™(y,y")Ta% reaction
. has been measured over the range of bremsstrahlung end-

then gives thek-mixing level densityp™(E*) for states of  point energies oE,=2.5—7.6 MeV. The absolute probability
the same spinl. The calculated level densitiegboth  for isomer depopulation was deduced from simulations of
K-mixing and total for the case ofA=180 andl=9 are the measured yield values. Incomplé¢emixing was con-
presented in Fig. 6. It is interesting to see that near an exciluded at these excitation energies and the energy depen-
tation energy oE* =2.5 MeV, theK-mixing level density is  dence of the density df-mixing levels was evaluated.
quite low, about one level per MeV. That is in accordance

with previous measurementg] that the first activation level
- - - ACKNOWLEDGEMENT
for ¥¥Ta™(y,y") depopulation is near 2.8 MeV. In addition,
one can see in Fig. 6 a definitive onset of fenixing level The authors are grateful to A. G. Belov and to V. I. Ste-

density function. That means there exists a threshold for thgailov for help in the measurements.

[1] C. B. Caollins, C. D. Eberhard, J. W. Glesener, and J. A. Ander- [6] Table of Isotopes, 8th Ededited by R. B. Firestone and V. S.

son, Phys. Rev. B7, 2267(1988. Shirley (Wiley, New York, 1996.
[2] C. B. Collins, J. J. Carroll, T. W. Sinor, M. J. Byrd, D. G.  [7] J. T. Caldwell, E. J. Dowdy, B. L. Berman, R. A. Alvarez, and

Richmond, K. N. Taylor, M. Huber, N. Huxel, P. von P. Meyer, Phys. Rev. @1, 1215(1980.

Neumann-Cosel, A. Richter, C. Spieler, and W. Ziegler, Phys. [8] G. N. Smirenkin and A. S. Soldatov, Yad. F&9, 203(1996.

Rev. C42, R1813(1990. [9] M. Piessens, E. Jacobs, S. Pomme, and D. De Frenne, Nucl.
[3] A. G. Belov, Yu. P. Gangrsky, A. P. Tonchev, and P. Zuzaan, Phys.A556, 88 (1993.

Hyperfine Interact107, 167 (1997). _ [10] S. S. Dietrich and B. L. Berman, At. Data Nucl. Data Tables
[4] C. B. Collins and J. J. Carroll, Hyperfine Interadt07, 3 38, 199(1988.

(1997. '

. . [11] Yu. Ts. Oganessian and S. A. Karamian, Hyperfine Interact.
[5] S. A. Karamian, J. de Boer, Yu. Ts. Oganessian, A. G. Belov, 107, 43 (1997

Z. Szeglowski, B. N. Markov, J. Adam, V. 1. Stegailov, C. 1 5~ Gilpert and A. G. W. Cameron, Can. J. Phyis, 1446
Briangon, O. Constantinescu, and M. Hussonnois, Z. Phys. A (1969

356, 23(1996.



