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We have carried out the study on isomeric ratio in %7 Au(~y, n)'?5"9 Au photonuclear reaction in the
giant dipole resonance region with bremsstrahlungs produced by electron accelerator Microtron MT-25
of the Flerov Laboratory of Nuclear Reactions, JINR. The isomeric ratio has been determined from a
series of gamma spectra measured with high energy resolution gamma spectrometric system consisting
of HPGe detector and a multichannel analyzer. The results have been discussed, compared with those
of other authors as well as considered by the statistical model proposed by Huizenga and Vandenbosh.

IIpoBeeHO HCCNEN0B Hie H30MEpPHOro OTHOIIeHHS B (oTosepHoii pe Kuum 7 Au(y, n)'?6™9 Au
B 00JI CTU TMI' HTCKOTO AUMOIBHOTrO pe3oH He . P 6oty mpoBoamnu H Mukporpone MT-25 JISIP OUSIU.
H3omepHOe OTHOIIEHUE ONPENENsTd U3 CEPUU I' MM -CIIeKTpOB, n3MepeHHbIx HPGe-nerekTopoM ¢ MHO-
TOK H JIBHBIM H JIU3 TOpoM. IIpoBelieHO cp BHEHHE MOJMYYEHHbIX 1 HHbBIX C PE3yJIbT T MH JIPYIMX BTO-
POB H CT THUCTHYECKOH Mogpernblo Xblo3eHrn U B Huenbomr .

INTRODUCTION

In (v,n) photonuclear reaction in the giant electric dipole resonance (GDR) region by
interaction with photon flux, the absorption of an E1 -ray brings a target nucleus with spin
Jo to excited state in the first compound nucleus A* with spin J. = Jy, Jo £ 1. For Jy =0,
only states with J. = £1 are excited. The spin distribution in the first compound system A*
is changed strongly by the successive evaporation of one or more neutrons, and the product
nucleus is formed. Usually the product nucleus with an isomeric state and an unstable ground
state may be used to measure the relative population of these two states in nuclear reaction,
the so-called isomeric cross-section ratio.

The isomeric ratios furnish valuable information about the energy level structure of nuclei
and the nuclear reaction mechanism involved. On the other hand, the isomeric and unstable
ground states are formed simultaneously during nuclear reaction process in the same experi-
mental conditions, so the isomeric ratios can be determined with high accuracy. By fitting the
calculated isomeric ratios 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 o
and the level density parameter a.
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In the previous works [1-5], we have investigated isomeric ratios in different nuclear reac-
tions and considered the results by the statistical model proposed by Huizenga and Vandenbosh
[6,7]. These investigations led to very interesting conclusions about angular momentum ef-
fect, nuclear reaction mechanism and correlation between spin cut-off parameter ¢ and centre
of spins (COS).

The purpose of this work is to study the isomeric ratio in %7 Au(~y, n)°™9Au photonu-
clear reaction in the giant dipole resonance region. In principle the relative population of
the isomeric state and unstable ground state strongly depends on the spin difference of these
states. In case of 196™:9Au this difference is very high; therefore, it is expected that in the
GDR region the isomeric ratio is very low. Besides we have also considered our results by
the method of Huizenga and Vandenbosh.

1. EXPERIMENTS

Our experiments were carried out using the bremsstrahlungs produced by electron ac-
celerator Microtron MT-25 of the Flerov Laboratory of Nuclear Reaction, Joint Institute
for Nuclear Research, Dubna, Russia. The bremsstrahlung end-point energy can be var-
ied stepwise from 10 to 25 MeV. The description of this accelerator and its main char-
acteristics are presented in [8]. The essential advantage of this Microtron is 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 measurement of the isomeric ratio of the studied
nuclides production at strictly definite end-point energy. As an electron—photon converter
was used W disk 4 mm in thickness, cooled by water. For absorption of electrons pass-
ing in the reaction cameras, an aluminum screen 20 mm in thickness was placed behind the
converter.

5. 0.025-
g The investigated samples were
;é_’ 002k prepared of 99.99%-purity gold
- foils in disk form 1 cm in diam-
0015 eter. In order to study isomeric
’ ratio in the GDR region, four
gold samples were irradiated with
0.01 bremsstrahlung of end-point ener-
gies 15, 18, 21.5, and 23.5 MeV,
0.005 and the average accelerated elec-
tron beam was about 15, 10, and
0 ! ! ! ! L | 12 pA respectively. The irradia-

500 1000 1500 2000 2500E kei/ooo tion time for the above-mentioned
’ bremsstrahlungs was 40, 30, 10,
and 20 min respectively.

The gamma spectra of the
reaction product were measured
with a spectroscopic system con-
sisting of HPGe detector CANBERRA with energy resolution of 1.8 keV at 1332-keV gamma
ray of %°Co, amplifier 2022 and multichannel analyzer 8192 connected to computer for data

Fig. 1. The efficiency of HPGe detector CANBERRA measured
at a distance of 5 cm
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processing. The efficiency of the detector was determined by using a set of single gamma-ray
sources calibrated to 1-2% and is shown in Fig. 1.

Table 1. The characteristics of the product of 197Au('y, n)l%m’QAu photonuclear reaction

Reaction
Reaction Product | Half-life | Spin /& | threshold, | Energy, keV | Intensity, %
MeV
YTAu(y,n) | *¥"Au | 9.7h 127 8.68 147.7 43.00
168.3 7.74
188.2 37.84
YTAu(y,n) | %9Au | 6.183d 2- 8.09 333.0 27.15
355.0 87.60
426.0 6.75

The characteristics of the products of *7Au(y,n)!?"9Au are taken from [9, 10] and
presented in Table 1.

2. ISOMERIC RATIO CALCULATION

The process of producing the nuclei in isomeric state and unstable ground state in a nuclear
reaction can be described by the following equations:

dN,,
d— - NO¢0m - >\mNTn7

Jid (1)
d—tg = Nogog — A\gNy + Py Ny,

where Ny is the number of the nuclei concerned in target; ¢ is the flux of the projectile
particles; Np,, N, are the numbers of nuclei in the isomeric state and in the unstable ground
state; An,, Ag are their decay constants respectively; P is the isomeric transition coefficient.
Resolving the above equations for definite irradiation, cooling and measurement times, we
get an analytical expression for the isomeric ratio as follows:
MASAGAe) — A1 AsAs — A3As5As — AzAgAr
1 Smegly

— = . 2
R AoAsAg @

Here m and g are isomeric and unstable ground states; I, € and S are the intensity, the
efficiency and the area under the photopeak concerned respectively; R is the isomeric ratio.
And A4, ..., Ag are the factors connected to the times of irradiation, cooling and measurement
and are expressed as

As = — (1—e~m™t),

|~

— o Amt2
A@ =€ s
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P A
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Ag = (1 — eiAgtS) .

Here t1, to, t3 are the irradiation, cooling and measurement times.
In calculation, for simplified case we suppose that in the experiment the irradiation, cooling
and measurement times are the same for the isomeric and metastable states.
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Fig. 2. Decay scheme of the isomeric pair %69 Au

In practice, when there exists a big difference in the half-lives of the isomeric and unstable
ground states, the irradiation, cooling and measurement times will be different for these states
depending on their half-lives. In this case we have A and AY for the isomeric and unstable
ground states respectively and the isomeric ratio has the following expression:

Sg€mlm A ATAT — AJAIAZ — AJAZAS — AJAIAS
SmsgIg369 15148 38508 34647

1
L : (3)
R AZAZAY




Experimental Study and Theoretical Consideration of the Isomeric Ratio 11

Putting the measured gamma spectra data and the data from Table 1 into (3), for the
isomeric and unstable ground states one can determine the isomeric ratio.
Figure 2 shows the decay scheme of the isomeric pair 679 Au, taken from [9].

3. THEORETICAL MODEL CONSIDERATION

Though the statistical model proposed by Huizenga and Vandenbosh [6, 7] was established
long ago, it is still very powerful and widely applied tool for nuclear reaction investigations
[17,18].

In the Huizenga and Vandenbosh model, the theoretical isomeric ratios are calculated as
follows:

i P(Jy)

J;=COS

M
>, P(Jy)
J=COS

R= ; “)

where COS = (S}, + 5;)/2, Sy, and S are spins of high and low spin states of isomeric pair;
P(J) is 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 (v,n) photonuclear
reaction:

e Absorption of an E'1 ~-ray brings a target nucleus with spin Jy to forming an excited
compound nucleus with the relative occupation probability:

P(Jc)%2J6+1, Jo=Jo,Jo—1,J9+ 1. 5

e Relative probability for forming a residual nucleus with spin J after the successive
evaporation of one neutron is

J+1/2 S+Je
P(N)~p(LE)Y P(J) >, Y P Y, Ti(E, 6)
Je S=|J—1/2| Je I=|S—J.|

where T;(FE,,) is the penetrability for a neutron with angular momentum [ and kinetic energy
E,; p(E*,J) is the level density of excited nucleus, represented by the following formula:

(N

p[E*,J) = p(E*)p(J) ~ exp [2 (aE*)l/ﬂ (27 +1) exp {_M} ,

202

where E* is the excitation energy of residual nucleus; o is the spin cut-off parameter and a
is the level density parameter.

In calculation, we supposed that the energy distribution of the emitted neutrons has
Maxwell form and the average kinetic energy is

1+ v1+4aU

" 2a

®)
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where U is the excitation energy of the compound nucleus, which is related to the separation
and kinetic energies of emitted neutron and the excitation energy of the residual nucleus by
the expression

Er=U-5,—-E,.

Here S, and E,, are the separation and kinetic energies of the emitted neutron.

If E* is bellow the particle threshold, it is supposed that the residual nucleus de-
excites predominantly by E1 gamma-ray emission with an average energy for (i + 1)th
gamma ray:

©))

E*-YE,; 5]
Byn =4 | =22 - =)

a2

Here it is supposed that E,q = 0.

e The v cascade continues until the residual energy, i.e. £ = E* —¥E,;, is smaller than
«the 7y-ray cut-off region» (E,, Eq); then the following ~-ray, the so-called «the deciding
gamma», is emitted, feeds that states to which the transition has the lowest multipolity. The
~-ray transition probability from states with spin J; to those with spin J; is assumed to be

P(Jp) =Y P(Ji)p(J). (10)

e If the residual energy remains within «the ~y-ray cut-off region», partly a subsequent
E1 v-ray is emitted and partly «the deciding gamma» is emitted as described above. In this

Table 2. The isomeric ratio in '°"Au(y,n)'?™9Au photonuclear reaction depending on
bremsstrahlung end-point energies

End-point Isomeric ratio
energy, Present work Reference
MeV Experiment | Calculation
12 1-107% [13]
14 5-107%[13]
15 1.28-107% | 1.30-1074
16 1.2-1073 [13]
18 294.107% | 3.02-107* | 2.3-1073[13]
21.5 3.78-107* | 4.10-107*
22 6.1-107% [20]
235 4.03-107* | 4.15-107* | 3.0-1073 [13]
25 6.0-107 [19]
50 5.0 -107% [14]
6.10 - 107 [13]
52 5.0 -107* [15]
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case the competing channel with the transition probability P = (E — E4)/(E, — E4) must be
taken into account and the isomeric ratios will be calculated by formula

COS COS
>, P(Jp, E— Eaq) > P(JsE)
R=p-2" ya-py = (11)
> P E—-Ey) >, P E)
J$=CO0S J$=CO0S

In case of bremsstrahlung-induced photonuclear reactions, the isomeric ratios are calculated
as the average value:

E.
J ¢ (Ey)o(y,n) RdE
En

E.
J ¢(Ey)o(v,n)dE
En

E:

, (12)

where Ey, E,, and ¢(E,) are the reaction threshold, the bremsstrahlung maximum and
the continuous photon spectrum respectively, and o(y,n) is the excitation function or cross
section of (v, n) reaction.

The results of the theoretical model calculations of the isomeric ratios are presented in
Table 2.

4. RESULTS AND DISCUSSION

In our experiments, the isomeric ratio has been determined from different combinations
of gamma spectra in a series of radioactive measurements with the statistical errors less than
0.1% for the isomeric state and 0.06% for the unstable ground state. The typical spectrum
of the reaction product %9 Au which is produced from the gold sample irradiated with
18-MeV bremsstrahlung for 30 min, measured for 36.06 min after 224-min cooling time, is
shown in Fig. 3.

Here we can see that photopeaks 147.73, 168.3 and 188 keV characterizing the isomeric
state 196 Au appear against a very high Compton background of photopeaks 333, 355.72 and
426.0 keV characterizing the unstable ground state 1969 Au.

On the other hand, the half-life of the isomeric state is significantly shorter than that
of the unstable ground state; and while the isomeric state has disappeared completely, the
unstable ground state is still very strong. For this reason, the determination of the isomeric
ratio in 197 Au(ry, n)196™9 Au photonuclear reaction is very difficult and always of important
significance for the nuclear data. In our experiments by choosing optimal sample masses
and times of irradiation, cooling and measurement, we succeeded in the determination of the
isomeric ratio for the above-mentioned reaction with very low statistical error. The results
of our experiments, which have been determined with average error of 5%, are presented in
Table 2 and shown in Fig.4 together with the excitation function taken from [9] and shown
in Fig.5. In Table 2, the results of other authors are also presented for comparison [14-16].
In this table, we can see that our results are in good agreement with those of other authors
except for three end-point energies — namely, 16, 18 and 23.5 MeV [13]. On the other
hand, we know that for the case of excitation with bremsstrahlung, the isomeric ratio is the
average value in the region from the reaction threshold to the end-point energy. Therefore, it
is expected that in the GDR the isomeric ratio increases with the increasing end-point
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Fig. 3. Spectrum of the gold sample irradiated with 18-MeV bremsstrahlung for 30 min, measured for

36.06 min after 224-min cooling time

: - o — calculation
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L - m — Ref. [13]
o — Ref. [14]
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Fig. 4. The dependence of the isomeric ratio on excitation en-
ergies in *°T Au(7y, n)'%™9 Au reactions: M the ratio of reac-
tion cross section at a given energy of excitation; ® the ratio
of reaction yields, averaged over the whole bremsstrahlung

spectrum

energy and reaches maximum value
in the end of this region and be-
comes unchanged for higher ener-
gies. As seen from Fig.5 the iso-
meric ratio in photonuclear reac-
tion 197 Au(~y, n)196™9 Au must have
maximum value at about 28 MeV.
We also can see from Fig.4 that
for this reaction there is a general
trend: in the GDR region, the iso-
meric ratio increases, reaches max-
imum value of about 28 MeV and
becomes unchanged from the end of
this region. This means that our re-
sults are completely logical and the
isomeric ratios, obtained for 16, 18
and 23.5 MeV by other authors seem
to be too high.

We can see that the isomeric ra-
tio is very low. In order to explain

this surprising low value, we used the data shown in Table 3 from different references. From
this table, we note that in (7y,7n) photonuclear reaction, the isomeric ratio depends on the
spin of the isomeric and unstable ground states as well as on their difference. For nuclei
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Table 3. Isomeric ratios in some (v, n) photonuclear reactions at 18-MeV bremsstrahlung

Target nuclei | High spin | Low spin | Spin difference | Isomeric ratio Reference
1215y 8~ 1t 7 0.0516 [5]
1238p 8~ 2 6 0.0154 [5]
865y 9/2~ 12+ 8/2 0.565 [3]
H2Ng 1172~ 3Rt 8/2 0.049 [1]
1449m 11/2~ 32F 8/2 0.043 2]
907r 92+ 12~ 6/2 0.750 2]
110pg 1172~ 512+ 6/2 0.068 [1]
140¢ce 11/2~ 32* 8/2 0.130 [11]
13884 1172~ 3Rt 8/2 0.120 [11]
136%e 112~ 327t 8/2 0.110 [11]
197 Ay 12~ 2+ 10 2.94-10~* | Present work
13084 1172~ 12+ 10/2 0.22 [12]
132B, 9/2~ 12+ 8/2 0.14 [12]
134Ba 11/2~ 32* 8/2 0.18 [12]
13684 1172~ 3Rt 8/2 0.12 [12]

15

with the same unstable ground state spins, the higher isomeric state spins, the lower isomeric
ratios; and for nuclei with the same isomeric state spins, the higher unstable ground state
spin, the lower isomeric ratios. In general, the higher differences between the spins, the lower
isomeric ratios. For the case of 197 Au(v,n)19™9 Ay, the isomeric state spin is very high and

the difference between the spins is also very high (AS = 10%); therefore, the low value of

the isomeric ratio is logically proper. Our results are in good agreement with those of other
authors except for 16, 18 and 23.5 MeV [13]. On the other hand, from Table 2 we can see
that the isomeric ratio changes insignificantly in the giant dipole resonance region. This fact
can be explained with the low-momentum transfer in the photonuclear reaction.
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In conclusion, we would like to say that the study on the isomeric ratio of the photonuclear

reaction 97 Au(y,n)%6™9Au in the GDR region presents an interesting work because of the
very high value of the isomeric state spin and the great difference in spins of the isomeric
and ground states. The results of the study would contribute to the nuclear data.
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