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The yield of the ™™2Hf (T = 31y), "*Hf(1.87), **°Eu (36.9) and '**Ba (10.5) isotopes was measured after irradiation
of a tantalum target with 1.0 GeV Kharkiv linear accelerator electron beam. The integral and average cross-sections

are obtained. The results are discussed and compared with another data. The number of produced "*™?Hf atoms

in tantalum target is (2.7 £ 0.3) - 10*'.
PACS: 25.20.-x

1. INTRODUCTION

Photonuclear reactions starting from a high-spin iso-
mer can be important for the study of giant reso-
nances built on quasiparticle states as well as for the
study of the amount of K-mixing at high excitation
energies. The interest in such reactions may also
be motivated by the possible applications, e.g. the
search for efficient ways of v-laser pumping [1].The
Hf state is an example of a so-called K isomer. Not
only the spin of the excited nucleus is very high
(J = 16), but its projection on the nuclear sym-
metry axis, denoted by the quantum number K, is
also 16. Selection rules for low-multiple electromag-
netic decay severely inhibit transition that change
K. That’s why the isomer takes so long to venture
the first decay step-down to a band of different J
states with K = 8 (see Fig. 1). The bottom state
of that band is another isomer, which a half-life of
only 4 seconds, that briefly bars the way to the K
= 0 ground-state band [2]. In 1999 feature results
on supervision of triggered decay long-living isomer
178m2Hf have been published, that, appear, tore off a
way to creation of the nuclear laser [3]. This isomer
is a fourquasiparticle, 16, long-lived (31 year) yrast
trap. It was be considered as a unique object for
such investigation. Experiences have been executed
by group of researchers under the direction of Carl
B. Collins, director of the Center of quantum elec-
tronics at Texas University in Dallas (USA) [4]. The
essence of experiment has consisted in acceleration
of isomer disintegration by influence on it by the ra-
diation of dentist x-ray installation. This work has
caused chain reaction of similar experiments which,
basically, have not confirmed first optimistic results.
The review of these works and the executed in 1998-
2003 experiments are submitted and systematized
in [5]. To study mechanisms by which a release of
isomer decays triggering, a critical requirement is
that of '"®™2Hf isomeric atoms must be available in

milligram or even larger amount. In the nature this
isomer does not exist, it can be created on the ac-
celerators or in a reactor. Large quantity of 1"8™m2Hf
was produced at Los Alamos by Ta irradiation with
800 MeV protons from a high-current accelerator
(formerly LAMPF).
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Fig.1. The nuclear isomer '™®™2 Hf, sitting
2.45 M eV above the hafnium-178 ground state, has
projected angular momentum K = 16 on the
nuclear symmetry axis. Thus its halflife for
entering the K = 8 band of exited states is very
long (31 years). From there, only a 4-second isomer
keeps it from the K = 0 ground state band. Ezited
states are labeled by spin J and parity. 495 and
426 keV are gamma-rays energies for which
counting was reportedly enhanced by x-ray
triggering in an experiment at the University of
Texas. The experimenter suggested that a putative
K mizing level above the 31-year isomer allows the
isomer prompt entry into the K = 8 band
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The advantage of this method was the ability to
accumulate the isomer asby-product within a mas-
sive tantalum beam dump during the operation of
the accelerator for other experiments [6]. However,
the isomeric material produced in this way contain
a very high activity of other radionuclides and the
corresponding v background remain high even after
chemical isolation of the hafnium fraction. The 1.87-
years-lived isomer '"2Hf is the most problematic con-
taminant. The productivity of 1"8™2Hf in spallation
reactions with protons at intermediate energies was
systematically studied in 2002-2004 for Ta, W and Re
targets at Dubna using 660 MeV synchrocyclotron
[7]. However, no scheme was proposed by which to
overcome the basic disadvantage presented by the ac-
companying production of high contaminant activi-
ties. Better quality sources of 178™2Hf were success-
fully produced by the 1"Yb(*He, 2n) reaction using a
36 MeV “He -ion beam and subsequent chemical pro-
cessing of the irradiated Yb target [8]. It is known,
that the production reaction '"Hf(n, 2n)!"®™2Hf has
a resonably good cross-section for 14 MeV incident
neutrons. The absolute yield is, however, restricted
by practical limitation of neutron generators exploit-
ing the d+T reaction. An attempt was made to ob-
serve the production of '"8™2Hf in reactor irradiation
of " Hf target. Is was assumed that some reasonable
yield could be obtained due to the "8Hf(n, n)17m2Hf
reactions with the neutrons in the fission spectrum.
Possibility of 17®™2Hf isomer producing was investi-
gated using 4.5 GeV bremsstrahlung from an Yere-
van electron synchrotron [9]. The tantalum target
was irradiated in 1986 for other purposes and fortu-
nately it was saved up to now, providing the best
possible condition for the detection of the 31-year-
lived '"8™Hf isomer. After spectrum measurements
and the analysis of the received results authors cal-
culated the productivity under optimum conditions.
The maximum yields of '"®™Hf was found to be of
about 3 - 10% atoms/(s - 100uA).

2. MEASUREMENTS AND RESULTS

Results of searches and researches of the induced ac-
tivity on the tantalum radiator of the linear electron
accelerator are described here. Kharkiv electron ac-
celerator was started to operate in 1966. Archives
investigation evidences that in the beginning this ac-
celerator worked as bremsstrahlung source. Calendar
duration of the tantalum radiator irradiation was 5
years (1966-1970). The working electron beam cur-
rent was 0.15u4A, beam energy was adjusted within
1GeV. In this regime accelerator worked 10000 hours
(2000 per year). Cooling time from bremsstrahlung
intensive experiments to present radiation measure-
ment is 35 years (1970-2006). In October, 2006
the tantalum radiator has been taken off and in-
stalled on gamma detector for spectrum measure-
ment. The sample activity was measured using a
Ge(Li) spectrometry with working volume 40 cm?
and the 2.5 keV energy resolution. The sample was

installed on the Ge(Li) crystal in close contact geom-
etry. The spectrum was analyzed using special code
and accurate numerical values were obtained for the
line energy and area. The source intensity is so high
that measurement time was only 100 minutes (in [9]
it was two weeks!) and the typical statistical errors
deduced from the areas of the ~ lines were less then
3 — 5%. No deviations were found in the relative
intensity of the 7 lines as compared to the tabular
values for 78m2Hf, The ~ line widths were in agree-
ment with those expected. These meant that no over-
lap occurred between the lines of interest and those
from background contribution. Natural background
~ lines were definitely present in the spectrum, but it
did not disturb the detection of 1™™2Hf (T' = 31y).
In addition, the lines of 172Hf, 15°FEu and '33Ba were
found in the spectrum, being long lived enough to
have survived while other radionuclides decayed com-
pletely after such a long cooling time. The area of
corresponding v-line allowed a determination of the
production yield for each given isotope after taking
into account the decay factors, detector efficiency and
quantum yield of the line. The latter parameters
were taken from the tabular data [10]. It was found
that the numbers of nuclei determined from differ-
ent v lines are practically identical. The measured
spectrum is complicated for representation. It con-
tains more than 100 peaks. In Fig.2 the spectrum
fragment on which '"®™2Hf lines are concentrated is
represented. In the spectra 13 from 15 cascade lines
of thel™™m2Hf decay [10] are presented. Two lines
274.4 and 309.5keV due to law decay probability
(1.38% and 0.019% respectively) were not detected in
the spectrum. Two pare of lines - (88.9 — 93.2) and
(213.4 — 216.7) keV due to low detector energy res-
olution are partly overlapped. This did not confuse
the line identification and the ~ lines areas definition.
The 13 independent yields was averaged and standard
deviation was evaluated as less than 3%. In Fig.2
the single !"2Hf decay line with energy 125.812 keV
and relative probability decay 0.11% is present. With
help of this line the number of '"2Hf nuclei in the
irradiated Ta target was determined. In the =y spec-
tra the short activities were also detected. One of
them is '"?Lu which has living time 8.7 days. This
isotope is the daughter product of long living '"2Hf
(1.87y) decay. In Fig.1 ™2Lu lines are seen. Those
lines was used for '"?Lu nucleus amount in Ta tar-
get determination. In the spectrum the lines of the
elements, which are situated too distant in N-Z di-
agram from Ta are presents. They are »°Eu and
133Ba. The Ta nucleus has large enough fissility with
broad fission fragments mass distribution. Surely the
I30Ey and 3Ba nuclei was produced in Ta photo
fission reaction [11]. In Fig.2 the decay ~v-lines of
150Ey and '33Ba are presented. In Fig.2 one can see
level scheme of the '"™™2Hf decay. The '"?Hf and
133Ba nuclides accumulated the total yield of the ap-
propriate isobaric chain, while® 7®m2Hf and '59Eu
were produced independently in the reactions [9].
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Fig.2. The spectrum fragment on which 1782 Hf
lines are concentrated is represented

In the Table 1 the number of the 178™2Hf, 172Hf,

150Fy and '#2Ba atoms that were created under the
action of the bremsstrahlung in this and Yerevan-
Dubna [9] experiments are shown. The atoms num-
bers are given for irradiation ending time.

Table 1.Isotopes amounts in the Ta target today

Nucleus | T(y) | Type of yield | Kharkiv

T78m2Hf | 31.1 | Independent | (2.740.1)-10™
12yf 1.87 | Cumulative (2.6 +0.1) - 108
150Ey 36.9 | Independent | (5.2 40.015)-10°
133Ba, 10.51 | Cumulative (1.2 £0.04) - 10**

One can see that in this work the yields of 78™2Hf
and other nuclei are more then three order bigger
then in [9]. This can be explained by big intensity
and irradiation length. In table 2 one can see the
atomic amount in Ta sample today.

Table 2. Isotopes amounts in the Ta target
after irradiation

Nucleus | Kharkiv Dubna
I8m2hf | (5.940.2) - 100 | (1.57 £ 0.08) - 10°
172t 1.4+0.1) - 10" 2.340.2)-10'°

( (
150Ey (1.0 4£0.05) - 10™ | (8+2)-10"
135Ba (1.240.05) - 10" | (8.7 +£0.9) - 10®
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The number of '7®™2Hf nuclei comparably with table
1 data decreased by twice. It reflect the fact, that
from end of the sample radiation passed time interval
equaled to half decay time.

The amount of '"?Hf decreased strongly due to
relative short half decay time - 1.87 year. Having
determined the number of the atom produced, it
is possible to evaluate the production cross-section
based on the known number of projectiles reach-
ing the target. We evaluate the reaction yield
in term of cross-section per ”equivalent” photons.
In work [9] the integral and average cross sections
of 181Ta(v, p2n)t"®2Hf reaction were determined.
Forth below we shall describe the method of those
cross section determination was used in this work.
Our method sufficiently different from used in work
[9], because in our work tantalum sample was irradi-
ated by electron beam when in [9] by bremsstrahlung.
Equivalent photons number n, determined as:

(1)

Here n. is total initial electron number, which was
3.25 - 1019, ¢ is tantalum thickness in radiation units
equal 0.073. Nuclear reaction cross section per equiv-
alent photon (yield) determined as:

(2)

04 = Nat/(ng - 1¢),

where: o4 - cross section per equivalent photon,
Ny~ number of isomer atoms produced in target,

n, - equivalent photons number, n; - tantalum target
thickness in nucleus per cm?. We use bremsstrahlung
spectra in so called ”rectangular’ approximation”:

(3)

Photonuclear reactions cross-sections was taking as
a constant in energy range from the threshold E;j
until bremsstrahlung end point energy Eg. FE;, was
accepted as 100 MeV and Eq as 1100 MeV. In this
case photonuclear cross-section may be determined
from the yield with help of equation:

ny ~1/E,.

O~ = Uq/(lnE() — lnEth). (4)

The integrated cross sections ICS and the average
cross-section, &, are given in Table 3.

Table 3. Comparison of the Kharkiv and Yerevan
measured integral cross sections (ICS) and mean cross sections (&)

Nucleus oqlem?] ICS[MeV - b] | ICS[MeV -] olem?] olem?]
Kharkiv Kharkiv Yerevan Kharkiv Yerevan
178m2Hf [ 1.8.10~%8 0.03 0.0255 3.0-1072° | 2.55-10~%°
I72Hf | 0.42-10725 4.2 3.74 4.2-10727 | 3.74-10727
150y | 0.3-1072%8 0.011 0.013 1-1072° | 1.3-107%
133Ba | 0.36-10727 0.09 0.141 09-1072% | 1.41-10728




The important size for understanding of the mech- 5. J.J. Carrol. An experimental perspective on trig-
anism of nuclear reaction is the isomer ratio o, /0, In gering gamma emission from nuclear isomers //
work [9] this ratio has been determined by an indirect Laser Phys. Lett. 2004, p.1275.

route and it appeared equal
6. S.A. Karamian. Comparative Analysis of the

Om/0g =0.032. (5) 178m2Hf Yield at Reaction with Different Projec-
The basic result of this work will be, that we find tiles // Physics of atomic nuclei. 2004, v. 68, N11.
out and investigate the sample of tantalum contain-
ing ~ 10'" nucleus of '"®m2Hf which further can be
used for carrying out of experiments on deexcitation
of this high spin and long-living isomer.

7. S.A. Karamian, J. Adam, D.V. Filossofov et
al. Accamulation of the 182 Hf isomeric nuclei
through spallation with intermediate-energy pho-

tons of tantalum and rhenium targets // Nucl.
Instr. Meth. 2002, v.A489(1-3), p.448-468.
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VICCJIEJJOBAHUE ®OTOOBPA3OBAHUS JOJITOYXKUBYIIINX
M30TOIIOB m2 [ f 172§ 150y, 1 133 Bg

n.rI. I'onwapos, A.H. /loebns, KO.H. Pawox, O.C. Illesuerxo

Brixon ™2 f (T = 31y), ' Hf (1.87), 1*°Fu (36.9) u **Ba (10.5) usoronos usmepen mocie obJry-
JeHust TaHTaa0Boi Mumenn mydkoM 1.0 I'sB XapbKOBCKOTO JIMHETHOTO yCKOPHTENA 3IeKTPOHOB. Ilorydenst
HHTErpaibHble U YCPeTHeHHbIe cedeHns. Pe3yIbTaThl 06CyKIal0TCs U CPABHUBAIOTCA C JIAHHBIME JPYTHX aB-
Topos. KommraecTso obpaszosapmuxcs aromos o2 [ f B TamranoBoit Mumrenn coctasiser (2.7 +0.3) - 1011,

BUBYEHHA ®OTOYTBOPEHHA JOBIr'o2KMBYYNX
I3OTOIIIB ™2 f 172H f, 9Ey U *3Ba

I.I. T'onvwapos, A.M. /loebns, FO.M. Pawrox, O.C. Illesuenxo
Buxin ™m2H f (T = 31y), 1™ Hf (1.87), 1*°Fu (36.9) i 133 Ba (10.5) izoronis nomipsmo micas ompomi-
HeHHs1 TaHTaso0Bol Mimeni my4ukom 1.0 T'eB Xapkischkoro siniitHOTO TIpHCcKOpIoBada eeKTpoHiB. OTpumani

inTerpaJsibHi Ta ycepejHeHi nepepisu. Pe3ynbraTin 0OroBOPIOIOTHCS Ta MOPIBHIOIOTHCS 3 JAHUMU iHITAX aB-
topis. KinbkicTs yreopenux atomis 172 H f v tanTasosiit mimeni ckmamae (2.7 4 0.3) - 101,
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