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Abstract. We studied the isomeric ratios in odd-odd nuclei °Au, "8 Ta and "*Ir with high spin isomeric states
produced in %7 Au(y, n)'%":8 Ay, 183W(y, p)'82m:8Ta and '35 Pi(y, p)'9*™&1r reactions by using the activation technique
and y-ray spectroscopic method in the giant dipole resonance (GDR) region. The high-purity natural Au, W and Pt foils
in disc shape were irradiated with bremsstrahlungs generated from an electron accelerator Microtron. The irradiated
foils were measured by the high resolution 7y-ray spectroscopic system which consists of a Ge(HP) detector and a
multichannel analyzer. In order to improve the accuracy of the experimental results, necessary corrections were made
in the y-ray activity measurements and data analysis. The results were analyzed, discussed and compared with those
of other authors as well as with theoretical model calculations. The study shows that the isomeric ratios in nuclei with
high spin isomeric states are much lower than that in low spin isomeric state isomers.
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I. INTRODUCTION

The isomeric ratios furnish valuable information about the energy level structure of nuclei
and the nuclear reaction mechanism involved [1-5]. This quantity depends on the spin of target
nucleus and the intake angular momentum determined by the mass and the energy of projectile
particles. By fitting the isomeric ratios calculated on the basis of a definite theoretical model
to the experimental ones, it is possible to obtain information about the spin dependence of the
nuclear level density, in particular, the spin cut-off parameter ¢ and the level density parameter
a. The investigation of isomeric ratio in photonuclear reactions with bremsstrahlung has some
advantages although the cross section of photonuclear reaction is very low due to the reasons:
bremsstrahlungs are an intense source of photon produced by high power electron accelerators
and the cross section of photonuclear reaction presents a wide resonance peak. Consequently, the
reaction yield is significant. In addition, the study on the isomeric ratio in photonuclear reaction
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are also very interest due to the significant difference from nuclear reaction induced by other
projectiles. This difference is connected to the fact that in photonuclear reaction other isomeric
states are excited which are usually difficult to be produced in other reaction types.

In photonuclear reactions in the giant dipole resonance (GDR) region, the absorption of an
E1y-ray leads the target nucleus with spin Jy to an excited compound nucleus with spins Jy & 1.
One of the important properties of photonuclear reactions in the GDR region is that their cross-
sections are characterized with a wide maximum, so called “giant resonance” and the most prob-
able mechanism of interactions is the process of successive emission of one or several nucleons
from the compound nucleus. In this region the electromagnetic interaction is well known and ab-
sorption of E17y-ray is dominant, therefore the theoretical consideration will be simplified. In the
case of photonuclear reactions with bremsstrahlung, the isomeric ratio is defined as the ratio of the
production yield of (or the probability of forming) the isomeric state and that of the ground state.
On the other hand, besides the spectrum of excited states, level and energy densities, multipolity,
the probability of forming a state strongly depends on its spin. Therefore, the isomeric ratio will
depend on the spins of the isomeric and ground states as well as on their difference.

The aim of this work is to study the isomeric ratios in nuclei in region of Z =73 — 79
and A = 182 — 196. In this region, the nuclear levels with high angular momentum (4, /, proton
and i3/, neutron shell) are populated and as a reason the odd-odd nuclei with high spin isomers
will be appeared. As nuclei under investigation were chosen '®Au, 82Ta and '34Ir which can be
produced via (¥, n) and (7, p) reactions and their isomeric states have spin higher than 10 7.

II. EXPERIMENTAL

Target preparation

The samples for investigation were prepared from natural gold, tungsten and platinum foils
with purity of 99.99% in disk shape 1 cm in diameter with masses of 0.215, 0.320 and 0.250
g respectively. Table 1 shows the decay characteristics of isomeric pairs 827+¢Ta, 1™ Au and
194m.eTr which have been observed in the experiments with bremsstrahlungs in the GDR region.
The data were taken from [6, 7].

Target irradiation

The sample irradiation in the GDR region was performed at the electron accelerator Mi-
crotron MT-25 of the Flerov Laboratory of Nuclear Reaction, Joint Institute for Nuclear Research
Dubna, Russia. The technical details of this accelerator are presented in [8]. The essential advan-
tages of this Microtron are the small energy spread of the accelerated electrons (30- 40 keV) at
high beam intensity (up to an average power of 600 W). This allows the measurement of the iso-
meric ratio at strictly definite end-point energy bremsstrahlung. As an electron-photon converter
was used W disk 0.3 mm in thickness, cooled by water. To absorb low energy electrons passing
the converter in the irradiation target, an Aluminum screen 20 mm in thickness was placed behind
the converter. The end- point bremsstrahlung energy of this accelerator can be varied stepwise
from 10 to 25 MeV i.e. the GDR region. Four gold samples were irradiated with with end-point
bremsstrahlung energies 15, 18, 21.5 and 24.0 MeV and the average electron beam current was
about 12 pA. For wolfram two samples were irradiated with 15.0 and 21.5 MeV bremsstrahlungs
and the average electron beam current was about 15 yA. Two samples of platinum were irradiated
with 19.0 and 24.0 MeV bremsstrahlungs and the average electron beam current was about 14 uA.
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Table 1. The decay characteristics of nuclei under investigation and gamma rays used

. . . . Gamma ray Isom.
Nuclear Reaction | Reaction| Spin Abun. . Reaction

and Product ] (%] Half life Threshold Energy [KeV] Trans.
Target spin [MeV] and coeff.
Intensity [%] IT [%]

183W(y, p)'82m8Ta | 132mTy 10~ 14.4 15.8 min 7.72 146.8(29.6)
171.7(47.0) 100.0

184.9(23.5)

I=1/2" 1828 3 115d 7.21 100.0(14.4)
1121.0(37.0)
1188.0(16.5)
1221.0(27.4)

197 196m, 196m Au - 100.0
Au(y,n)"”°™8 Au 12 100 9.7h 8.68 147.7(43.00) .
196 188.3(37.84)

1=3/2" Au 2” 6.183 d 8.09 333.0(27.15)

355.0(87.60)
195py(y, p)124m:21r 194my, 11+ 33.8 171.55d 7.58 390.8(35.00) 0.0
I=1/2" 194¢71, 1~ 19.15h 7.58 293.5(2.52)

Gamma spectra measurement

The irradiated samples were measured for different cooling and measurement times with
a spectroscopic system consisting of 8192 channel analyzer and high-energy resolution (180 keV
at gamma ray 1332 keV of ©0Co) HP(Ge) semiconductor detector Canberra. The GENIE2000
(Canberra) computer program was used for data processing. The efficiency curve of the detector
were determined with a set of standard single gamma ray sources calibrated to 1- 2 %.

Isomeric ratio determination

The isomeric ratio is defined as the ratio of the production yield of the isomeric state to that
of the ground state. In the case of bremsstrahlung it can be expressed as follows:
Ey
No [ 0, (E)¢ (E)dE
Em
IR=—"2 (1)
Ey
No [ 0, (E)¢ (E)dE

8
Eth

Usually the isomeric ratio in a nuclear reaction is determined by the measurements of the
areas under gamma rays characterizing the isomeric and the ground states. The equations that
describe the decay of these states can be written as follows:

ANy,

7 =No¢ Gy — ANy,
AN 2
£ =No¢ 0y — ANy + PAyuNy,

t
dt
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By resolving system of equations (2) in dependence on irradiating, cooling and measure-

ment times we could determine the isomeric ratio IR by the expression below:
if’:g I,: A3A6Ag — A1 AsAg — A3AsAg — A3AeAq
IR ArAsAs

where the index of m and gdenote the isomeric and ground states; No- the target nuclei num-
ber; ¢ (E)- bremsstrahlung photon flux; N- the number of reaction product nuclei; A- the decay
constant and P—the isomeric transition coefficient; S, € and/ - the areas, the efficiencies and the
intensities of the interested gamma rays; E}' — the bremsstrahlung maximum energy, Oy, (E) and
O, (E)- the cross sections of the isomeric and ground states respectively; E/} and E% - the thresh-
old energies for the isomeric and ground states respectively and A; (i = 1 ~ 9) are expressions
connected to the irradiating, cooling and measurement times.

3)

Theoretical model calculation

In this work, the statistical model proposed by Huizenga and Vandenbosch [1, 2] was ap-
plied for calculation of the isomeric ratio. Though this model has been established long time ago,
however it is still very powerful and widely used tool for nuclear reaction investigations. In the
Huizenga - Vandenbosch model, the theoretical isomeric ratios are calculated as follows:

Y. P(Jy)
. Jg=cos

R="""r 4
Y. P(Jy)

Jg=cos

where COS = (S;,+S;)/2; Sy and S; - spins of high and low spin states; P(J) — the probability for
forming an ensemble of states with different final spin J after the successive evaporation of one
neutron from compound nucleus.

We begin by considering the following steps for special case of (7, n) or (7, p) photonuclear
reactions:

Absorption of an E1 y-ray brings a target nucleus with spin J, to forming an excited com-
pound nucleus with the relative occupation probability:

P(J.)~2J.+1,J.=Jo, Jo—1, o+ 1 5)

Relative probability for forming a residual nucleus with spin J after the successive evapo-
ration of one neutron or one proton is:

J+1/2 S+J.
PU)=p(E*J) ), Y.PU) Y Ti(E) (6)
S=[J—1/2| Je I=|S—J.|

where 7;(E,) — the penetrability for a neutron or a proton with angular momentum / and kinetic
energy E,; p(E*,J)- the level density of excited nucleus, represented by the following formula:
. N L J(J+1
P(E"1) =p (E)p (1) ~exp [2(aE")} ] 27+ Dexp | -7 1))
where E* the excitation energy of residual nucleus; o the spin cut-off parameter and a- the level
density parameter.

(7
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In calculation we supposed that the energy distribution of emitted neutron or proton has
Maxwell form and the average kinetic energy is:

— 1++v1+4aU
En:T )

where U — the excitation energy of compound nucleus, which is reated to the separation and
kinetic energies ofemitted neutron or proton and the excitation energy of the residual nucleus by
the following expression:

E*=U-S,—E, ©)]
where S, and E,, — the separation and kinetic energies of emitted neutron or proton.
If E* is below the particle threshold it is supposed that the residual nucleus de-excites
predominantly by E1 gamma-ray emission with an average energy for (/ 4 1)th gamma-ray:
* _yvEy 1/2
Eyit)y=4 [EZ —5] (10
Here it is supposed that E, = 0.
The gamma cascade continues until the residual energy, i.e. E = E* — Y E,; is smaller than
“the y-ray cut-off region” (E,, E;); then the following y-ray, the so-called “the deciding y-ray”
is emitted, feeds that states to which the transition has the lowest multipolity. The gamma ray
transition probability from states with spin J; to those with spin J; is assumed to be:

P(Jy) = Y P(J:)p(Js) (an

The residual energy remains within “the y-ray cut-off region”, partly a subsequent E1 -

ray is emitted and partly “the deciding y-ray” is emitted as described above. In this case the

competing channel with transition probabilty P = (E — E;)/(E, — E;) must be taken into account
and the isomeric ratios will be calculated by the following formula:

a a2

cos cos
Y P(‘]fvE*Ed) Y P(JfaE)
Jp=0 Jr=0
R=P— +(1—=P)——2 (12)
Jp=cos Jp=cos

In the case of bremsstrahlung induced photonuclear reactions, the isomeric ratios are cal-

culated as the average value:
Ey

[ ¢ (Ey) o (y,n)RE
R="m (13)

jf"’¢ (Ey) & (y.n)dE

where E,j,; E,, and ¢ (E) — the threshold energy, the bremsstrahlung maximum energy and the
bremsstrahlung photon flux respectively, and o(7,n) - the excitation function or cross section of
(7,n) reaction. The data for o(y,n) were taken from [21] and for ¢ (E) by Shiff approxima-
tion [23] or by simulation method [24].

More detailed description of the program for theoretical model calculation of the isomeric
ratio using Huizenga and Vandenbosch method can be found in [22].
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III. RESULTS AND DISCUSSION

For demonstration of the experimental procedure in Fig. 1 is shown a typical gamma spec-
trum of natural platinum irradiated by 24.0 MeV bremsstrahlung measured with the HP(Ge) semi-
conductor detector at a distance of 5 cm. The gamma rays characterizing the isomeric and ground
states of isomeric pair '**"¢Ir are marked on this spectrum. Other gamma rays were arisen from
different products of the interaction between natural platinum and the bremsstrahlung. The iso-
meric ratio was determined by using expression (3) as the average value IR of those data calculated
from various combinations of a series of gamma spectra measured for different times of cooling
and measurement. The relative error was determined by the following formula:

(14)

where 0;(IR) — the error of the isomeric ratio calculated for i — combination of measurements and
n — the number of combinations of the measurement.

=
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Fig. 1. A typical gamma spectrum of natural Pt irradiated by 24.0 MeV end-point
bremsstrahlung energy.

In the experiment, the irradiation, cooling and measurement times were properly chosen
to reach the statistical errors of radioactive measurement less than 0.1%, 3% and 4.5% for nuclei
196 Ay, '82Ta and '%*Ir respectively. The counting loss was arisen from coincidence summing and
gamma ray self- absorption. The corrections for these effects were performed in the experiment
by the methods used in [19, 20] based on the efficiencies of summing gamma rays and attenuation
coefficient. By taking proper distance from sample to detector and optimum sample mass, the
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counting losses were estimated less than 0.5% i.e much insignificant in comparison with other er-
rors. In fact by this way it was not seen coincidence summing gamma ray in the gamma spectrum.
In order to reduce the count loss due to dead time and file-up, especially at the end of irradiation
there are methods existed. In practice for the advanced gamma spectroscopy system, the dead time
is always shown during measurement and the correction can be made. However in some exper-
iments the dead time is too high and count loss is significant. In this case the dead time can be
reduced as follows: a/ If the half-lives of the isomeric and ground states are enough long then (as
in case of 12078 Au and °*"¢Ir shown in Table 1), the measurement will be started after properly
long cooling time to reduce the dead time, b/ If the half-lives of the isomeric and ground states are
enough short (as in case of 182mTa shown in Table 1), the measurement has to be started as soon as
the irradiation stops, then the dead time can be reduce by taking proper distance between sample
and detector. It is worth noting that when the dead time is proper value and the measurement is in
the live-time regime then the dead time correction is not needed in calculation of the experimental
isomeric ratio. The total errors of the isomeric ratios are 5%, 10% and 13% for nuclei '*°Au,
182Ta and '"*Ir respectively. Table 2 presents the experimental results and calculated ones of the
isomeric ratios under investigation. One can see the following facts:

Table 2. The experimental results and calculated ones of the isomeric ratios under investigation.

End-
point 197Au(% n)l96m7gAu ]83W(’)/, p)]82m,gTa 195Pt(’}/, p)l94m,gh.

Energy
[MeV]

Experimental | Calculated Experimental | Calculated Experimental | Calculated

120 [1.107%9]
14.0 |5.1074[9]

150 | 1.28. 1074 [*] | 1.30. 10~* [*] | 7.7. 10~* [*]
16.0 | 1.20. 1073 [9]
18.0 | 2.94.107%[*]
2.30. 1073 [9]
19.0 2.5. 1074 [*]

215 | 3.78. 1074 [*] | 4.10. 10~* [*] | 8.1. 10~* [¥]
220 |6.1.1074[13]
24.0 | 4.03.107*[*] | 4.15. 10~* [*] 2.9. 107% [*]
3.0. 1073 [9]
3.1. 1074 [12] | 8. 1075 [12] | 2.2.1074[12] | 2. 1074 [12] | <1073 [12] | 8.107*[12]
50.0 |5.1074[10]
6. 1074 [9]
520 |5.107%[11]

[*] This work

Up to now there has been very few works devoted to the study of isomeric ratios in pho-
tonuclear reactions forming high spin isomers in the GDR region as well as in region of higher
energies. In general our results and the data in [10 — 13] are in good agreement and much lower
than that in [9] for the energy region from 15 to 24.0 MeV. However we can make a comment on
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the data in [9] when referring to the excitation function of '°7 Au(y, n)'*® Au reaction presented in
[21]. At 14 MeV the integrated cross-section is about 1,200 MeV.mb and at 18 MeV this value
is about 2,400 MeV.mb i.e. the integrated increases 2 times while the isomeric ratio increases 4.6

times. It seems that the data in [9] may have to be reconsidered.

Table 3. The isomeric ratios in some product nuclei produced from photonuclear reac-
tions at 23.5 MeV bremsstrahlung

Nuclear Product | High Low Spin Isomeric | Reference
Reaction nucleus | spin spin difference | ratio

121Sb(y, n)!129m8Sb 1205 8~ 1t 7 0.0516 [14]
1238b(y, n)12?m8Sb | 122Sb 8~ 2+ 6 0.0154 [14]
2Nd(y, n)!4meNd | 14'Nd 1172~ 3/2+ 8/2 0.049 [15]
10pd(y, n)!®mepd | 199pd 11/2- 5/2F 6/2 0.068 [15]
74Se(y, n)3m8Se 3Se 9/2F 32 6/2 0.72 [16]
82Se(y, n)d"msSe 81Se 712+ 172~ 6/2 0.54 [16]
SLu(y, n)7meLu | 7Lu 6~ 1- 5 0.452 [17]

97 Au(y, n)!%m¢Au | 1%9Au 12- 2~ 10 4.03.10~* | This work
195py(y, p)194meIr 1941p 1+ 1- 10 2.9.10~* | This work
183W(y, p)!182m8Ta 182y 10~ 3~ 7 2.2.107% | [12]
911(y, n)1%0m81y 1907y 11~ 4- 7 8. 1074 [18]
207pb(y, p)206meT1 206 12~ 0~ 12 2.4.107 | [12]

In all odd-odd nuclei '°°Au, '¥2Ta and '°“Ir having high spin isomeric states, the isomeric
ratios are extraordinarily low in comparison to other nuclei with lower spin isomeric state. This
phenomenon can be clearly seen in Table 3 which shows the isomeric ratios in some product nuclei
produced from photonuclear reactions at 24.0 MeV bremsstrahlung. This fact can be related to the
special properties and structure of the mentioned nuclei as they are nuclei in the transition region
from strongly deformed nucleus '3%Ta to spherical nucleus 2°°TI. Here it is interesting to note that
the isomeric ratios also depend on the difference between spins of the isomeric and ground states
and in general the higher the difference the lower the isomeric ratio.

From Table 2 one can see that for three nuclei °Au, 32Ta and '°*Ir the isomeric ratios
increase with the increase of end-point bremsstrahlung energies. This means that the probabil-
ity for population of high spin state increases faster than that of low spin one when end-point
bremsstrahlung energy increases.

The statistical model proposed by Huizenga and Vandenbosch used in this work is based on
separation of a nuclear reaction in three stages as follows: a/ Formation of compound nucleus by
absorption an E1 y-ray, b/ Emission of neutron or proton from the excited compound nucleus and
formation of residual nucleus and ¢/ Emission of y-ray cascades from the residual nucleus leads
to population of the isomeric and ground states. One can see from Table 2 that for '°:¢ Au our
experimental results and calculated ones are in good agreement and for '82:8Ta and °*"¢Ir the
experimental and calculated data of authors in [12] are in good agreement. This means that the
statistical model is applicable for consideration of photonuclear reactions in the GDR region.
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IV. CONCLUSIONS

The isomeric ratios in odd-odd nuclei of high spin isomers '*®Au, '32Ta and '**Ir produced
in 17 Au(y, n)!1%"£Au, 183W(y, p)!8278Ta and ' Pt(y, p)!**"¢Ir reactions in GDR region have
been studied. The obtained results show that the isomeric ratios in the mentioned nuclei are ex-
traordinarily low and they could be used to check nuclear reaction models. The results could also
contribute to the Nuclear Data.
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