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Introduction

During the last few years there has been taking place an intensive development of radioac-
tive beam facilities for the imvestigation of nuclear reactions and properties of radioactive
nuclei by "in-beam™ nuclear spectroscopic methods. At the same time. the radioactive target
technique in many cases has certain advantages counected with a possibility to use traditional
methods as well as carlier built accelerators and experimental arrays.

Nuclear reactions with high-spin partners are in the focus of attention of rnodern physics.
During the decades only % Ta™(97) and '"*Lu(77) practically stable isotopes were available
as high-spin targets. Their level schemes, neutton resonance parameters as well as high-spin
levels in neighbouring nuclei were studied [1-6] using these targets. Recently, a more exotic
16" four-quasiparticle isomer of Y8 HE™2 (T, =31 years) was added to the group of the high-
spin targets [7} and the first nuclear reactions on it were successfully observed [8,9]. The
interest to nuclear reactions with high-spin isomers has been enhanced by the theoretical
consideration of the K-mixing in cxcited vuclei and a search for an efficient pumping process
in an actual ~-laser problem {10}

A wide international collaboration of research groups from France, Germany, USA and
Russia was organized {11] 1o study electromagnetic and nuclear interactions of the 1™Hf™2 iso-
iner since it could give important information on shell structure mauifcstations in interactions
with the impact radiation. This talk contains a current review of collaborative work, carried
out after the previous report [12]. The progress in reactions with 178Hf™ isomer, some new
ideas of future experiments as well as possibilities for the isomeric beam formation are aiso
described. Well known results fror literature obtained earlier in reactions with '"™Lu and
B0Ta™ targets are not included to save space.



I. Creation of the "™Hf™ target

The ™Hi™2 isomer has an excilation energy (E*=2.446 MeV) below the yrast-line and
thus is an yrast-trap with the longest known lifetime. Its shell model configuration and
high value K=16 make it an intriguing object for studies both of the nuclear structure
and of nuclear reactions. Methods of the '™ H{™ production and of target preparation are
described here in brief.

For the production of the isomer it is necessary to choose a producing reaction which is
optimum with respect to both the absolute yield and the isomeric-to-ground state ratio as
well as to arrange intensive long irradiations. After a series of experiments on different bearns
from y-rays up to 2C jons we have chosen the producing reaction "Yb(*He,2n)'™HE™. The
measured cross-section and excitation function of this reaction are preseated in fig.1. The
stable isotopes 817N excitation functions were calculated using the statistical model
code. So, the isomer-to-ground state ratio o,,, /o, could be determined as a function of He-
ion energy. The known values of o, /0, for the " H{™ production are presented in fig.2
and their svstematical dependence from the maximum angular momentum of a projectile is
seen. In the case of an a-induced reaction the a,,, /0, value reaches 3-6%, wmeanwhile, the
cross-section is about 5-9 mbarns in an optimum energy range near 28-36 MeV. For 36 MeV
"He jons we can estimate, taking into account the energy losscs, that the *YhyO5 target
thickness of about $0 mg/cm? is 1the optirmun one.

The absolute production yield of about 3-10% isomeric atoms per second was achiceved in
the irradiations on the external beam of the 1-200 cyclotron at FLNR JINR. The maximum
intensity of a 36 McV *Het* beam was restricted by the level of 100 A due to the targe!
instability. A special design of the Y0y target on a cooled substrate was worked out to
solve the problem of long expositions to a powerful beam. The effective beam time used for
the production of the SHf"2 isomer in the course of three years totals to about 2500 h.
There have been produced more than 1.5-10'® atoms of the isomer, i.c. about 0.5 pg.

A very important question is the purification of the produced isomeric material both
from ballast activities and weight contaminations by widely spread elements. A high en-
riched isotope '"®Yh (99.998%) was produced on the mass-separator at Orsay specially to
eliminate the activities of "2Hf and ' H{ in the hafnium fraction. Clean hacking materials
and chemically purified '"*Yb,0; oxide were used for the cyclotron target preparation.

The long-lived activities induced in the cyclotron target after irradiation due to reactions
on admixtures are listed in table 1. In the chernical processing for the hafnium fraction
isolation a.l these activities were washed out. It means that the chemical methods worked
out [12] specially for hafuium isolation provide a complete purification from ballast activities
and also from many weight contaminants with different chemical properties.

Finally, the prepared '"®1{™2 sources and targets were deposited onto Be, C. Al or quartz
substrates. The purity of the backings is also very important. So they were controlled by
means of neutron and proton induced activation analysis. For example, typical activities
induced in a Be foil after bremsstrahlung (E,,=23 MeV) irradiation are listed in table 2.
Quantitative information on impurities was used to choose the purest backing materials.
Small diameter (down to 3 mm). uniform layer deposition on thin foils were achieved using
delicate chemical methods such as electrosprayving of hafninm acetate. Chemical manipula-
tions with Y3HP™ activities can lead to the new huild-up of contaminations because high
purity reagents are not available in all the cases. The 1™ targets on thin carbon foils
were finally prepared for the studies of charged particles induced reactions and they were



Fig.1.  Excitation functions for the 178 {f fm?

isomer (measured) and 178177178 ff f
stable nuclei (calculated) produced

in the nuclear reactions 'Y b(*He.zn).

Fig.2. Isomeric to ground state ratio
Om, /04 as a function of the incident
particle maximum angular momentum
Jmas. Closed circles show the measured 107
values,  opened ones are taken from
literature.
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Table 1. Radioactive nuclides presented in the ‘He ion exposed Y b,0), target
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Table 2. Photon induced analysis of the '™Hf" target on a Be backing
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analyzed using the N-ray fluorescence technique. The results are given in table 3. One can
see that the first target contains Br. Zr and Pt while two other targets, prepared using special
measures against contaminations. do not contain these elements. The absolute quantity of
the total Hf weight was determined too and the result was not much different from that
predicted using fig.1 data.

I1. Experimental studies of nuclear reactions with '"™Hf"

Ihe *H{™2 jsomeric state has a shell model configuration {x7/2% . 79/27 v7/27 . 09/2%).
Fortunately, 111(*1(‘ are similar long-lived enough isomeric states in the neighbouring nu-
et VT llY Tip=>514 min. (77/ 24 7027 w27 wT 2T w92 ) and O 2
(‘]": 512701 ’).l A (7 Tt x T4/2 0921,

populated with a

2 One can expecet that these states will be
high cross section in the (v} and () reactions on a '8 Hf™2 target
because of similar shell-model configurations of the target and of the residue states.

In principle. it is not a very hard task to scarch for the activities of U2 or 1TOH2
induced in the RHE
these three isomers are siven in table 4. and one can see many spectfic 7-Jines with a high
quantum vield emitted at the decay of cach isomer, So. the idea to study the (v.n) and (1)
reactions on the exotic "SHE isomer by the activation technique was formulated as (‘arly

as four years ago {14]. These experiments have been realized R.15.16]) and the resalts are
described below.

rot by exposing it to a ~- or n- flux. The

+decay properties of

Another group of experiments has as the main objective the study of reactions induced
by charged particies on a "™HP2 targe: by the Tin-beam™ nuclear spectroscopy methods.

1.()8}

The (d.d") mmelastic scattering. {pdi-reaction and the Coulomb excitation by ’b-1ons on

a P target were ebserved suecesshully [9.17.18] as described below.
2.1. Resonance neutron capture reaction on a '"Hf™ nucleus

The interest to studyving the neutron capture reaction on the isomerie R nucleus ix
motivated by a possibility to get information on high-spin neutron resonances and to touch
on the question of spin dependence of the level density as well as to follow the s-cascades
and levels feeding in the deexcitation process. Tn Dubna experiment on the reactor TBR-2
[8] thermal cross-section and resonance integral values were estimated for the first time Jor
the reaction *HMe () PH™

T, - (50 £ 10) barns:

I, = {300 1 130) barns.

It means that the 17 nucleus has strong neutron resonances in the e\ oenergy region.
The major population of the my state in residue nucleus "™ H{ can be deduced. otherwise the
total resonance integral becomes tob high. This result permits to formulate an experiment
for measurements of neutron resonance parameters of the HI™? target.

The estimation ol the neutron resonance position by the method of selective neutron
filters was performed [19] in Orsay with using the Saclay "Osiris” reactor for the targets
activation. When the activated saniple is surronnded by the filter Taver, the neutron spectrum
is modified in a predictable way. So, a strong resonance energy position can be estimated
because the filter changes the activation yield ouly in the case of a resonance presence at the
position of the filter absorption band. The "B (31% enviched). Fr,Oq and Rh layers in



Table 3. Results of X-ray fluorescent analysis of the
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addition to the Cd screen were used as filters. Total neutron cross-sections are given in fig.3
for the filter materials and for gold used as a control sample. Rhodium is a typical example
of a resonance filter since it absorbs neutrons only in a narrow region near the resonance
energy E,=1.3 eV. The 108 material is a filter of another type, because its total cross-section
shows, on the contrary, a uniform decrease at a low ~FE~1/Z. The boundary energy of strong
absorption is dependent in a regular way on the 193 Jayer thickness. The 178 "2 samples
for the neutron irradiation were prepared on pure Al foil substrates. About 10'% atoms of
18[[f"2 were placed on each sample.

For the neutron irradiation there was used a pneumotransport channel of the ”Osiris”
reactor at Saclay. A standard size container was transported to the position near the re-
actor active zone where the neutron flux reached 2-10" n/cm?®. The construction of the
srradiation device is shown schematically in fig.4. The container wall has a 1 mm Cd layer
between two Al shells. So, a thermal neutron flux was damped perfectly while resonance
neutrons, E, 2 0.5 ¢V, were slightly absorbed. The filter layers were pressed down into a
thin wall (0.5 mm) Al cup. A couple of such filters with the sample between them were
placed in the transverse hole of the Al cylinder which was inserted in an Al-Cd container.
Four '"8Hf™ samples were exposed simultaneously. After the end of 65 hour exposure the
container was delivered in a shielded box, where it was shaken out by the manipulator and
all elements fell down separately being not fixed in.

The activated targets were taken out and were studied on a HP Ge ~-spectrometer after
a 3 day cooling. The enormous background of the **Na (T1/2=15 h) activity produced in the
(n,&)-reaction on Al foils was decaying, spectra were cleaned up and the searched activity
of 79T1f™ was detected successfully in all '®Hf™? targets exposed with different filters.

The typical spectrum of the neutron exposed 78H{™ sample is presented in table 5. All
lines of "7°Hf™ have correct intensity ratios. The areas of the 17°H{"2 peaks are determined
with a statistical accuracy better than 1%. The number of 18HI™2 and "°Hf™ atoms and
their ratio N17972 /NY®™2 were determined after the processing of v-spectra. The statistical
accuracy of much better than 1% was reached due to averaging of the figures determined
by all lines in many spectra measured during two weeks. An eventual inaccuracy of the Ge
detector efficiency (calibrated by absolute sources) do not influence strongly the final result,
N1T9m2 /NLTE™2 | because both of the numbers are determined basing on the same efficiency
function. However, the y-quanta yield per decay is given in the literature compilation with
a limited accuracy and it is accumulated in the error of the final result.

The activation yield of the residue nucleus Nres /NG is connected with the neutroun
fQuence ® and the resonance integral value 1, by the following equation:

rres targ _ .
A\az /‘Na: = Uthq)Lh + I’y(»q?resa

where ¢ is the spectrum normalizing constant. The first term of this equation is negligible
due to full absorption of thermal neutrons when the irradiation is done with a Cd screen.
The activation yield measured without any filter (in addition to Cd) gives a possibility to
deduce the 1, values for the ®H{™ (n,v)'™Hf™ reaction:

I, = (1060 = 60) barns,

which does not deviated strongly from the previous estimation [8]. The fluence absolutiza-
tion is based on the gold activation yield measured. The tabular resonance integral value
I,=(1560+40) barns for the 19844, vield was used. For the 179 yield the standard de-
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Table 5. Typical y-spectrum of the neutron exposed 1"8H{™: target
* _ lines of the '™H™
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Table 6. Yields of the radioactive isotopes ""Hf": and 1% Ay induced in the
epicadmium neutron irradiation of the 'Hf™ and '""Au targets as a function
of the filter species.
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viation of the L value includes random errors and systematical errors of all tabular data
1\5(‘(1.

The variation of the activation yield as a function of filter species is presented tavle 6
for the Hf and control Av samples. The dx averaged hiver thickness was calculated taking
into account a (.3 min air gap between the sample and the hiter cup, sec fig.t. Tsing tiat
and the cross-section functions shown in fig.d one can calentate for cach filter the band of
the fiux ahsorption down to < =1 lovel. ‘The absorption band intervals are also given in
rable 6. As one can see in table 6 snch filters as Fr and Rh influence slightly the vield while
the 98 filter suppresses the vield significantly It means that no major resonances of the
studied reaction are found at au encrgy range 0.3-2 ¢V The "B iilter damps the WA vield
a little more drasticaliv than the one for the 1L Sinee the 97Au iy ) Teaction hias a
single power ul resonance @ I, =101 V. we can conclude that in the reaction PRHE" (1)
the centroid of the resonance strength is plac oC near a b ey neutron energy. 1 one assuines
a single resonance in the laticr reaction. the result taken with the W filter will contradict
the one with the P filter which has a resonance just al an energy of 5.9 eV. So. one can
make a couciusion abont the presence of at least two resonances al energies of perhaps 45
and T-8 Vs

This corchision i« in a zood agreement with the stafistical theory estimations which
give the mean interresenance distance of shont el for the TPHE" rarget. So the model
predictions for the spiu sdependence of the level density are confirmed now experimentaliy
The second conclusion van be doner the high value of the resonance mepral value for the
IR viel ] indicates perhaps the preferential population of the high-K isomerin the residue
aucleus when the target roicleas is also a high- K isomer.

2 9. Test for the '™HE™ (5.n) "Hf™ reaction yield

Photontclear reactions with a high-spit isomeric anclens 1s a real challenge in the study
of giant resonances huilt ou bigh K states as well as of the Koanixing ai high excitation [19).
The idea of the presence of special Komixed levels af sutne excitation energy {2+ VeV
was sugges'ed after the exporitnental observation of the threshold behaviour of the isomer
feeding in photonuclcar reaction as a function of the bremssirahiung boundary encrgy o
Tt was supported 1207 after revealing some short hived high-K isomers which are decaying
on the Jow K Jevels withont any significant hindranee factor. The excitation energy of the
181 jsomueric state shonld be eventually not far trom: the first Kemixed level and one
can expect the allowed depopilation of high-k structure in all nuclear reactions sush as
(v.4), (1), {no~yon this womer. The result taken in the T8 e (1) I - reaction

supports rather the stability of the high-K siructure. bo, it s most interesting to study the

{~.n)-reaction ou 1Y nuclens.
7

The T3HI™ (4.0) 7THE reaction is a unique case when the reaction on a four-quasiparticic

K

be detecte b experimentally. This s hecause the 7THI somer (T ,=51.4 min} has decay
I A 12 J 3

—16* isomeric target ieading to another exotic five-quasiparticle K7 =37/2” isomer could

properties convenicnt for the observation by the activation techuique {see table 4). However,
the background conditions due to bremnsstrahlung induced activation of all elements were
rather hard because a low enough absolute tevel of the TT7HI™ activity is expected. Be foil
was chosen as a target backing material since i is activated slightly by the bremsstrahlung,
the vield of the ~Be activity is small enough.

A TR tary

chemical methods. A ot of care was taken to find the purest Be {oil as well as to purify

of 3-1017 atonis on & Be substrate was prepared using precision radic-

10
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the hafnium fraction from both ballast activities and weight contaminants. This target
was exposed Lo the bremsstrahlung with maxiinum energy of 24 MeV on the electron beam
with an intensity of 15 uA of the MT-25 microtron at Dubna. The irradiation scheme was
optimized to reach the maximusn sensitivity, it is shown in fig.5.

The activated samples were placed just after the 2.5 mm W converter. The Ta foil was
used as a control sample for the absolutization of the standard photoneutron yield using
the reaction ¥1Ta(~.1)"®Taf. The 81" target was covered with a Be catcher 1o collect
the "THI™2 atoms recoiled eventually from the thin target layer. Almost isotropic neutron
emission in the (1) reaction leads 1o abeut 50% efficiency of the activity coliection by tne
catcher.

After the irradiation the activities of both the target and the catcher were measured on the
high-resolution Ortec” and "Canberra” HP Ge v-detectors as weil as on a Si spectrometer
of conversion electrens with a magnetic guide fine. The experimental condition such as the
geometry arad time intervals of the irradiation and measurement were optimized, however.
the searched for '7THf™2 activily was not manifesting itsell in the spectra. The y-spectrum
of the catcher taken 15 min after a 100 min irradiation is shown in fig.6. The intensive
lines should be attributed ‘o the activities lsted in table 2 which are generated in the
reactions on contaminants i the Re foil. Only the upper Linit of the 77"HI™2 activity yield
can be estimated by the spectrom shown in fig.6. The activated '8HE™ target itsell was
also studied, but the s
82 isomer.

Finally afier a scries of irradiations and measurements using ~ and e spectrometers the
yield of the "BHE™ (4.0 H 2 reaction was limited to about 209 of the 131 a(y.n)180Tas
reaction yield:

tivity was not better due to a high enougii self activity of the

Y(TTH Y () < 0.2

This unexpectedly low feeding probabilivy for the T7HE isomeric state in the evapora-
tion residue of the (= nd-recction seems to be a significant result for physical interpretation.
Proceeding from the earlier observed {6,8] high probability of the "SHf™ (n,v)'"?Hf™2 and
180 ™ (4, 20) ™A™ reactions. one can predict for the TTHf™ state the feeding intensity of
about 50% of the total reaction yield. The experimental result deviating from this prediction
can be interpreted by efficient trapping of the deexcitation cascade intensity on some levels
connected with the ground wtate band by cnhanced transitions. It is also necessary to study
theoretically whether the regular statistical code is capable of explaining the observed feed-
ing intensity of *"7H{™2. In such caleulations the deexcitation cascade is considered normally
in the coordimates of excitation encrgy F* and spin J, no selection by the K-quantum number
is assumed. So this could be a real confirmation of the K-mixing if the statistical calculation
reproduces ~he experimental resulis on isomeric levels population in reactions with high spin
isomeric targets.

2.3. Charged particles induced reactions on the '™Hf™ target

In the framework of the international "Hafnium collaboration” a few experiments were
performed to study the nuclear properties of the '®H{™2 isomeric statc using the "in-beam”
nuclear spectroscopic technique. A high quality beams of European accelerators and preci-
ston spectrographs created carlier were used successfully in these experiments [9.17,18]. The
spectra of the inelastically scattered deuterons and protons were measured in the Muenchen
experiment with the first 7*H{™2 target prepared on a thin C backing at Orsay from the
material produced at Dubna. The quantity of the *Hf" isomer was 2.1x16' atoms in

12



arspot of 5 mrm in diameter. The Q3D spectrograph of nuclear reaction products on the
Muenchen Tandem beam has an energy resolution of about 4 keV including the beam res-
olution {21], ar.d it determines the quality of charged particle speciroscopic measurements.
As already discussed in refs.[12,17.22] the excitation of the first level (17%) of the rotational
band built on the 167 isomeric state was probably observed in the spectra of the {p,p’) and
(d,d")-reactions. Such an attribution of the peak placed at an excitation energy E*=353 keV
looks reliable because its position and amplitude are in accordance with preliminary theoret-
ical estimations. However, the ovidence strength is not an absolute one. So it was important
to confirm the position of the 17% level by another method.

The Coulomb excitation of the T#HI™? isomeric target was studied recently on the 2®Pb
ion beam with an energy of 980 MeV and inteusity of about 3 electrical nA on the "Unilac”
accelerator at Darmstadt. The precision "Coulex” array was worked out earlier for the
measurement of the absolute probability of the Coulomb excitation as a function of the
impact parameter in heavy-ion collisions 18], It consists of a 4 gas filled position-sensitive
avalanche counter svstem for the detection of scattered nuclei and eight 1P Ge ~-detectors
switched on coincidences. The y-spectra were processed by a special computer code in order
to introduce the Doppler-shift correction. During a one week run on the 20%Pb beam the
spectra taken on the isomeric 17812 targets as well as on the targets prepared by the same
method from stable enriched hafmium isotopes were recorded. The spectra of the isomeric
and stable Y7H{ targets arc compared in fig.7. The stable 1sotopes composition of both
targets was qualitatively similar, and one can see that almost all peaks are observed in
identical positions in both spectra. So. the only evident additional peak at E,=354 keV in
the spectrum of the isomeric target can be attributed to the '™Hf™ nucleus. The energy of
this peak is just near the position which was observed earlier in the {(d.d’) spectrum and it
is most probable that an energy of the 17+ — 16* transition in the rotational band built on
the isomeric state is really about 354 keV. The moment of inertia F of this rotational band
can be deduced immediately using the equation:

2
- g}{](} + 1) = Jo(Jo+ 1)

where Jg is the spin value of the basic level of the band. In table 7 the moments of inertia
deduced in the same way from the cnergy position of the first levels in the K=0 gs.b.
(J7 = 2%), in the K=8 band (/7 = 97) and in the K=16 band (J™ = 177) are compared.
The strong increase of } value is evident when decoupling of quasiparticles takes place.
This result is not unexpected, however, it is interesting for the theoretical interpretation in
terms of the superfluidity reduction with the decoupling of nucleon pairs. The quantitative
treatment of the absolute counting rate for the 171 peak in the Coulomb excitation and
(d,dl) spectra will lead to the determination of the B(E2) value, static guadrupole moment
Qg and quadrupole deformation parameter 3, for the isomeric 167 state VT8,

One can anticipate the observation of the second level 18 of the K=16 band in addition
to the 17+ level, however the statistics in the spectrum shown in fig.7 is not sufficient to
observe the transition 18* — 16% at an cnergy near 700 keV. The schematical pattern
of the Coulomb excitation process is presented in fig.8. Taking into account the excitation
probability, the deexcitation branching and the detector efficiency variation one can estimate
that the peak intensity of the I8% — 16+ transition should be about 20 times lower than the
17+ — 16% peak in the spectrum. The statistics should be increased by about 10 times in
order to observe the second level of the K=16% band. A lead beam intensity 10 times higher
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than the onc nsed was available. However, it was limited by the target instability under the
lead bear:. During the run described the target was covered by additional carbon foils for
the mechanical fixation. It disturbs the Doppler-shift correction processing and one can see
in the spectra that hne widths are increasing with energy I,. So. there are plans to continue
the Conlomb excitation experiment in hetter conditions, eventually using the "Eurogam”
facility.

Another experiment was performed in the frame of the Hafnium collaboration to test the
influence of decoupled neutrons on the pick-up reaction cross-section. The (p,t)-reaction is
known to be a probe of pair correlation [23]. The '™H™ target allows 10 measure the cffect
of blocking the aligned quasineutron orbitals on the neutron pair transfer. The JK"=16,16"
state with the sane configuration as in " Hf is placed in "®Hf at an excitation euergy of
3226 keV. So the triton kinetic energy for the 167 -— 16* transition can be calculated
exactly. The target of ""®H{™2 was exposed to a proton beam with an energy of 19 MeV
of the Tandem ai Orsay and triton spectra and angular distribution were measured using
a splite-pole spectrograph with a position-sensitive drift charber as a focal detector. The
overall energy resolution was 13 keV full width at half maximum. The peak was observed
at the expecied location of 16 — 16% transition, no elements presented in the target
can generate this peak The angular distribution of the 167 — 16* transition was weli
reproduced by the typical shape for L.==0 transitions measured for the case of other hafninm
isotopes. However, the cross-section shows strong deviation from the measured one for even-
even hafnium isotopes. As seen in fig.9 the differential cross-section of the (p.t) reactions
is reduced in case of odd isotopes of Uf as a result of the blocking by the unpaired neutren
orbital. And for the T®H{™ target the reduction is quadratically drastic. So the evidences
are obtained for the first time, that decoupled neutrons in the even-cven isotope '#H{ both
play the role of odd particles. This new resuit perhaps will be teeated by theoreticians.

I11. Laser spectroscopy of the "*Hf" atom

An in-beam laser experiment [24] was performesl on the "Paris” mass-separator at Orsay
where halnium atoins with a 40 keV kinetic energy were excited by a single mode dye laser
in a contralinear geometry. The hafnivm tetrachloride vapor 1s flowed from a heated sample
into the ion source chamber. in which it is decorposed and ionized. The elemental ions are
extracted and accelerated by a 40 keV potentia! and finally mass-separated. The selected
mass is delivered into the collinear array, where ious are neutralized in the sodium vapor of a
charge exchange cell and interact with a fixed frequency laser beamn. The frequency scanmning
was done by the ion beam velocity tuning in the charge exchange cell. The fluorescence fight
after passing through the filters was detected by a photomultiplier. The hyperfine splitting
and isomer shift were measured for ions with a mass number A=178. A complete multupiet
of hyperfine structure was detected and it is a reliable evidence for the attribution of these
atomic levels to the atom of 16+ "8H{™ nuclear state. A powerful peak of the "Hf ground
state was observed too. The frequency spectrum of the resonance fluorescence is presented
in fig. 10. From these experimental results after quantitative processing the dipole magne i
moment g, static quadrupole moment Q, aud mean square radius change were deduced for
the ®Hf™2 nucleus:

pp = SA6(d ) nam
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Q. = 72000 (6.96(1) b for the gs.):

SrT = —0.059(9) fm®.

Fhis experiment demonstrates perfect possibilities of nuclear properties measuremetits by
the method of womic levels hyperfine structure spectroscopy. Also a beam of *"8H{™2 isomer
ions was produced for the first time. and the high enough efficiency reached opens additional
perspectives for the isomeric ions acceleration, separation from ground state nuclei and so
on. The numerical results given above are iruportant for the theoretical description of the
isomeric state nuclear structure

IV. Future experiments with the "*Hf" target

['he experiments already fullilled with " H2 isomeric targets have demonstrated enor-
mous difficulties due 1o backgronnds generated by stable hafuium isotupes present m the
isorieric target as well as by the weight quantities of the backing material and microadmix-
tures in that. S0, it is very important to create isomeric targets of the sccond generation with
higher concentration of the "#H{ = nulei in the target layer. There are good possibitities tu
nroduce the sepe

ation of the "YHE isotope on the mass-separator "Paris” at Orvsay. where
as high as 259 efficieriy has been achieved recently for the hafnium separation /25/. Alsu
a possibility was discussed 1o work out a method of separation of isomeric and ground state
ISHE nuclel using their mass difference. AM/M=1.5-10"°, on a special cyclotron resonance
analyzer developed by the French gronp (M. Sant-Simon ct.al) and instalied now at CERN.
These methodical progress together with the production of an additional quantily of the
8H 2 material will determine in future the success of new experiments. Now we would
jike to discuss some new proposals of experiments

which are most interesting from a physical
point of view.

4.1. '™Hf": (v,7)-reaction

As has been alveady entioned above, a giant cross-section for the ™ Ta™ (. A") -reaction
with transition from K==0 to K=1 state was observed it ref /19/. After that the idea about
K-mixing for excited states was suggested. So it is important 1o continue studies of the
feeding of states with difficrent K-valnes in the (4.4 reaction on a high-K target. The
V™ jsomeric target is very interesting for this experiinent because one can expect a
high cross-section for the population by bremsstrahiung in (v.4')- reaction for the level with
J, KT=i4.147, E*=2.571 MeV and '1,,=68 ps as well as for the level with J. K7 =6.6%.
=2 1.544 MeV and Iy, =78 nx. The fragment of the Y8 Hf level scheme is presented in
fig. 11. Oune can see that the output transitions from these levels are not the same as

cascade transitions in the radivactive decay of the '™HP™? state. So, the population of
the K=14 ana K=6 levels in the (v.4)-reaction on a K=16 target of 73112 can be studied
experimentally with using the detection of the delayed r-radiation after the pulsed excitation
of the target by the bremsstrahlung. However. the ditficultios with the 5-ray background
make this experiment difticult.

4.2. Threshold K-mixing behaviour in the '"Hf": (p,p’ )-reaction
One can suggest another variant of studving the K- mixing threshold behaviour vsing the
proton induced reaction which is preferable in the sense of better background conditions.



’r K Mixng Level
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Fig.11. Scheme of the bremsstahlung induced population of short-lived isomeric levels
with the "8 H f™? target.
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Fig.12. Experimental scheme of the study of the (p,p v)-reaction on the Y8 H f
target.
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As 1t s seen 1 fig. 1] the

vpothetical K-inixed level is located at an excitation euergy of
about 3 MeV ., c.g. not far from the 167 isomeric state. So it slioild be excited in the (p,p';
scattering with a high enongh probability, because the K-hindrance is invalid for mixed level.
Being excited it can decay to the ground state hand and 2 high multiplicity v-cascade should
arise as a result of spin conservation. So, the detection of inclastically scattered protons in
the coincidence with a high ~ multiplicity cascade, M,a8, will indicate the excitation of
the K-mixed level. A regnlar melastic scattering with an oxcitation of rotational bands of
stable Hf nuclei gives multiplicities not higher then M, =21, and does not create a dangerous
backgrouni.

A proposed schemie of such an experiment = presented in fig. 12, The proton beam
with an energy about 20-30 MeV from a tandem accelerator hits an isomeric target. The 4r
granular v-detector provides high efficiency of the detection of high 5-multiplicity events in
coincidences with inelasticaily scattered protons detected py the anunlar detector in back
ward direction for the solid angle increase. The measured concidence rate as a function of
the detected proton encrgy has to show a step increase at an excitation energy of the target
PR nncieus of abont 105-1.0 MeV. This energy cotrecpouds to the expected positior: of
the K-mixed level. Siuch an observation being realized wil! mean a direct discovery of &
special K-mixed level which plays a very important role i the process of levels populating
with a strong change of the Kovalie.

4.3. Giant resonances puilt on four-quasiparticle state
As it was cemonstrated by the PN Or

ay groiup a few vears ago [26] heavy-ion inelastic
scattering is a powerful instriment for the excitation and studying of many giant resonances
of different nature. The spectra of inelasticaily scattered ions were measured in a forward
direction on a beam with an energy of about 50 MeV/a mau. Up o pow giant resonancaes
built on isomeric states are not studied. This idea can be realized on the U-

00 cyclotren
at Dubna using an isomeric PHI™2 target in a heavy-on inelastic scattering experimerd.
The most ditf calt methodical problen s to separate the scaltering events on an isomeric
nucieus from hose on stable Hi nucly presented in the target. To solve this problem we
suggest to nse the method of high ;-multipheity filter in coincidence with scattered ions. s
shown in fig. 13 ions scattered at an angle near §° are detected by a magnetic spectrograph
with a foci! detector switched on coincidences with a 4x granular v-multiplicivy filter. For
additional selection of events one can use ithe time-of tlight parameter. Av the forward
angle inelastic scatteving on stable nucler high-spin states are populated with a negligibiz
probablity bus not in the rase of scatiering on the 161 isomeric nucleus. So. the detection
of a high ~-m iluplicity everts in coincidence with scattered jons provides reliable seleciion
of the reactions with an icomeric nucleus. So, the giant vesonances of the isomeric nuclens
could be studied by this method

4.4. Transition mass-density distribution of the '"Hf™ nucleus

The charge radius of the "1™ nucleus was measured recently {24] in the framework
of the "Hafnium collaboration™ by the meihod of the collinear laser-spectroscopy. It s
interesting to measure also the mass-radius aud compare it with the charge radius. As
known for decades. th~ diffraction proton-scattering angular distributior brings informat’on
on the mass-density distribution in a nucleus. One can cite the systematical measurments i
the elastic scattering on the 1 GeV proton beam ai Gatchina and developed methods of the
data treatment using (lauber-Sitenko approach [27]. Tt is difficult to measure the angular
distribution of the elastic scattering on the ' Hf™ nucleus because of the impossibility
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to scparate that from the clastic scaitening on stable Hf nuclei. However, in the case of
the inelastic scattering it is possible when using the same scheme as before (see fig. 13).
The mobile spectrograph shorld measure the angular distribution of inelastically scattered
protons in coincidences with a ~-multiplicity filter. The estimations of the absolute counting
rate confirm the possibility 1o realize such an experinient on the proton beam with an energy
of 0.5-1.0 GeV. A big mobile spectrograph on the Ring evelotron at Osaka (28] is a favorable
facility for this type of studies. When ihe elastic scattering is studied. one can deduce
the mass density distribution for the target nucleus. In the discussed case the scattering
with the excitation of some level is proposed 1o be ineasured. so the transition mass-density
distribution will be deduced. which characterizes the individual transition. This information
is valuable from the theoretical point of view

5. Isomeric beams

in a wide range of mass numbers. Thew are svstematized in fig. 1. and one can see that the
highest spin isomers are located in the region of A=180-210. Properties of few interesting
isomeric states are presented also 1n table ¥, their exciiation energy is given iu ratio to the
mass of the nucleus.

Relatively long-lived nuclear isomerie states are in abundance through the nuclides chart

[someric ions as proiectiles were discussed carlier by Kutschera in ref [29] on the '8H™
as well as by Arnibruster ana Polikanov {30} in the GST proposal on production of secondary
beam of spontancously
26 A G

A

Hesioning isonier. Recently the first successful experiments on the

syroduction of “he LR and 298¢ isomeric beams were performed on the Michigau
I

and French fanden-cvelotron facilities at Fast-Lansing and Caen 31,321 In the cited and

future works for the isonieric beams prodnction one has to overcomne the following difficulties:

1. The physical fmitations on the production rate of isomeric atoms demands for high
elficiency of acceleration. or high efficiency of isomeric fons consurnption when working
on a secondary beam.

9 Short lifetimes of many isomers it the total processing time {from the production to
consuniption of the isemer nuclens.

3. Not high isomeric-io ground state ratio in the producing reaction creates enormous
difficultios for the formation of a purely isomeric beam.

In this tall sone geueral problems such as atom ionization, acccleration, stripping. stor
age and extraction are not discussed in detail hecause they happen to be already solved when
any heavy-ion beam is produced. Only special problems of isomeric heams are considered
in a schematical approach and some concrete advantageous variants for the production of
beams of individual isomers are suggested.

5.1. Direct acceleration of *"Ta™ isomeric ions
The ¥9Ta™ is the ouly isomer abundant in nature {1.2.1072%) dne 1o its record tong
lifetime >1.2-10%%y. Two odd nucleons being aligned produce this 75 keV, J7=9" excited
state while the ground state 17 has a short lifetime. 8.15h. The weight quantities of IS
are already available tor acceleration. In addition, in this case the presence of ground state
nuclei is exclided which is an important advantage. The enriched BOTa™ material is very
expensive, henee the most effective acceleration shonld be achieved using a cyclotron in
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combination with an ECR ion-source [33]. Moderately high (ron-record) efficiency values
are about 0.1 for the ionization in an. ECR source and about 0.1 for the acceleration in a
cvelotron according to literature. The total cfficiency of about 1072 can be reached for the
production of « "Ta™ jon beam by this method. When a Ta material enriched to 1% of the
"ITa™ content is used. one can expect the bearm intensity on the level of 10%/s of the 180Ta™
1ons. 50 the accelerator will consume 'Ta™ at a rate of 30 pg/day. Such expenditures of
the materiai are not high both from the technical and economical points of view. The project
can be realized at Dubna on the cyclotron U-400M when an ECR source is mounted. An
ion energy of about 6 McV/amu is expected for 13+ charged Ta jons, which is sufficient for
nuclear physics studies.

5.2. Acceleration of "*Hf"™: nuclei

The maximum production rate of "H{" 2 reached on the U200 cyclotron at Dubna is
sbout 10" atoms per month of effective irradiation time. Based on the presented above
acceleration efficiency value one can estimate that 10'° atoms is sufficient for one day of
work at she " HF™ 1on beant intensity as low as 108/s. It means, enormous expenses for the
EHE2 material production are required. A more efficient way to usc this material is the
preparation of "*H{™: targets as described above. In addition, the fact, that the isomeric-
to-ground state ratio is not higher than 5% for the ™Hf™ production, leads to sericus
difficultics in the pure isomeric beamn creation. 1t is clear that another way to produce a
THi™2 jon beam should be considered.

Let us assune that a heavy ion siorage facility similar to the Darmstadt one is available.
There are plars to construct in a few vears a heavy-ion storage ring corplex K4-K10 at
Dubna [34]. The Darmstadt facility is an assembly of the Unilac accelerator, the SIS svn-
chrotron, the FRS fragment separator and the ESK cooler storage ring. Radioactive isotopes
are produced with a high cnough yield at the SIS energies, they can be selected by the FRS
and stored at the ESR. This scheme is acceptable for the {™8Hf™ secondary beam creation
One can expect a good enough yield for the ™™ isomer production in the fragmentation
reaction on the 1 GeViamu "™ Ta (for instance) lon beam. So, efforts to produce a #Hior;
beam are not 1nuch greater than those for any radicactive secondary beam.

High momentum resolution of the beam in the storage ving reached after the electron
cooling gives a possibility to select a pure "*Hf™ bearn with a deep reduction of the "8H ¥
ion beam. The mass differcnce of g and my states in ™®Hf is 2.45 MeV, or 1.5-1075 in relative
units. This is sufficient for the separation in the ESR cooler, because its mornentum resolu-
tion is on the level of 107, Hundreds of MeV per amu icn beam of ®Hf™ is a promising
one for nuclear reactions with high-spin partners studies, for instance, for investigation of
multiphonon giant resonances built on a Ligl-spin quasiparticle isomer and so on.

The same vray is acceptable to produce beams of other isomers listed in Table 8. High
enough AM value is promising for efficient separation of the isomeric and ground state
beams in the storage ring. Besides, isomers with the highest AM values are physically most
intriguing as nuclei exotic in structure.

5.3. Secondary beams of the s.f. isomers and 2'?Po™
It is possible to consume secondary radioactive beam on the target just after the fragment
separation without storing in the ring. This variant is more advantageous because it avoids
losses of radioactive ions during storage and cooling. However, there is no possibility to
separate isomeric and ground state nuclei without storage. In the cases of some isomers this
a more efficient way is still open. For instance, in ref.[30] it is proposed to study seconda.y
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interactions of spontaneously fissioning isomers using the delayed fission as a trigger for the
selection of events of the s.f. isomer interaction. Such a selection gives a possibility to study
the elastic and inelastic (with a y-decay deexcitation) scattering of s.f. isomers in spite of a
low value, ~107*, of the isomeric-to-ground state ratio in the beam.

The 2'2Pa™ isomer (J7 =18% ) has a long cnough lifetime, Ty ,=45 s, to be stored, however
it is much better to use this nucleus just after the separation in the FRS. The fragmentation
of 2Th nucleus can be used for the production of the *'*Po™ nuclen. The ground state of
212Pg has Ty ,5=31077 s and it decays after a short path. So, after FRS one can use a pure
12pom isomeric beam. Nuclear reactions with an exotic four-quasiparticle 212Pg™ isomer
were never discussed in literature either in experimental or theoretical approach.

5.4.Acceleration of ¥?Po™ nuclei

A few gzoups in the world are developing 131,32,35] during the decade a method for the
production and acceleration of light radioactive beains on a tandem-cyclotron facility. The
FLNR JINR has three powerful operating cyclotrons. So we can propose 1o produce and
accelerate exotic nuclei as heavy as 2'2Po™. In this project powerful 4He-ion beam extracted
from the U-200 cvclotron will be transported to the area of the ECR-source assembled with
the U-400M cyclotron (as schematically shown in fig.15). 2'?Po™ nuclei will be produced
in the reaction 21°Ph(*He,2n) with a mbarns cross-section. The target material of ?t°Pb is
available at Dubna in the required quantity. There is a techmical task to coliect the produced
212Pg™ pucied and 1o transport them into the BECR source of the U-400M cyclotron. After
that the jonization and acceleration of 212Po™ atoms will be produced by the same way as
of any other atoms. The production rate of the reaction 2'9Ph(*He,2n) *'?Po™ should he
about 5-107/s. The eflicieucy of the {ransportation into the FCR source is unknown, however.
taking into acrount good volatility of Po atoms one can expect a not oo low efficiency for the
penetration through a heated quartz pipe filled with a rare gas at a low pressure. Assuming
the known efliciency of ionization and acceleration and somewhat arbitrary transportation
efficiency one can anticipate the final intensity of the 212pg™m jon beam on the level of 107 /s.

Summary

The current interest 1o the reactions with high-spin nuclei 1s motivated. Recent stud-
fes with the exotic T8H [7% isomeric target taken in reactions induced by bremssrahhing,
neutrons and charged particles demonstrate a possibility to obtain new information both in
the field of nuclcar structure and of nuclear reactions. New proposals for the continuation
and development of experiments with a 178 1y £m2 targel are desc

ved. The production of
isomerie beams is considered in a schematical approach for some exobic in structure isomers.
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[IpuHHMaeTCsl IOAMMCKA Ha IIPEIIPHUHTH, COOOLIEHHS O6BbeIUHEHHOIO HHCTHTYTA
SfEpPHbIX MccrefoBaHUl H «Kparkue coobuenus OMAH».

YcTaHoBAcHa Clieylollas CTOMMOCTb TOANHCKK Ha 12 MecaleB Ha H3laHMA
QUSIH, BKUIOYAs NEPECHUIKY, 110 OTAETbHbLIM TEMAaTHUYCCKHM KAaTErOpHiM:

Hingekc Temartuka LeHa noanvcku
Ha rox
1. DKcriepuMeHTAbHAS (PU3MKA BBICOKHX SHEprui 22600 p.
2. Teopernicckas (PH3MKa BHICOKHX PHEPrHM 59200 p.
3. DKcriepuMEHTAIbHAS HEHTPOHHAA (PU3HKa B 7800 p.
4. Teoperuyeckas (PHU3HUKA HU3KHX IHEPrHA 23400 p.
5. MareMaruxa 14800 p.
6. SimepHas CIIEKTPOCKOIHsS M PALHOXHUMHA 12000 p.
7. Pu3MKa TsKEJbIX HOHOB 2200 p.
8. Kpuorenuka 1400 p.
9. Yckopurenu 12200 p.
10. AsToMaTH3aiMi 00paboOTKH BKCNIEPHUMEHTAIbHbIX HAHHBIX 12200 p.
11. BriukcauTebHast MaTeMAaTHKA H TEXHHKA 14300 p.
12. Xumusa 1200 p.
13. TexHuka (U3HUECKOro IKCNEPUMEHTa 21300 p.
14. VccnenoBaHus TBEPALIX Ted M KHAKOCTCH SICPHBIMH METOAAMHM 7200 p.
15. DKcnepuMenTanbHas GUINKa SAepHbIX Peakuui
npy HU3KUX IHEPruax 2600 p.
16. Jo3uMeTpus ¥ (HH3HKA 3ALHTH 2200 p.
17. Teopus KOHJEHCHPOBAHHOTO COCTOSHHA 12200 p.

18. Hcnonb3oBaHue pe3yabTaToB
M MeTONOB (PYHIAMEHTATLHBIX (PMIHUECKUX UCCHCLOBAHKM

B CMCXHbIX OONAcTIX HAyKH M TEXHMKH 1800 p.
19. Buodusuka 1800 p.
«Kpatkue coobuwenns OUAU» (5—6 BBIITYCKOB) 15000 p.

IMonnucka MoXeT GbiTh ofopMiIeHa ¢ moboro meciaua roga.

OpraHu3audsM M JIMLAM, 3aWHTEPECOBAHHBIM B IMOAydCHUH wznanuint OUAH,
cilefyeT nepeBecTd (WM OTNPaBHTH MO nouTe) HeOBXONMMYI0 CYMMY Ha PacyeTHBIH
cuer 000608905 [ybGuencxkoro drimana MMKEB, r.Jlybna MockoBckod 00nacTH,
n/upa. 141980 M®O 211844, yka3as: «3a MOAINNCKY HA HU3AaHUA QOUSIH».

Bo u3bexaHue HeaopaiyMeHUH HEOOXOAUMO YBEAOMUTE u3naTelIbCKHE OTaeN O
[IPOM3IBEAEHHOI OIUTaTe H BepHYTH «KapTOuKy NOANUCYHKa», OTMETHB B Hel HoMepa
W Ha3BAHKH4 TEMATHYECKWX KATeropHii, Ha KOTOpble O(OPMIIAETCH IOAMNCKA, MO
anpecy:

141980 r. [Jybna Mockosckoi o011
yn. XKonuo Kiopu, 6
OUSAH, u3narenbCKuid OTaER
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Index Subject
1. High energy experimental physics
2. High energy theoretical physics
3. Low energy experimental physics
4. Low energy theoretical physics
5. Mathematics
6. Nuclear spectroscopy and radiochemistry
7. Heavy ion physics
8. Cryogenics
9. Accelerators
10. Automatization of data processing
11. Computing mathematics and technique
12.  Chemistry
13. Experimental techniques and methods
14. Solid state physics. Liquids
15.  Experimental physics of nuclear reactions at
low energies
16. Health physics. Shieldings
17. Theory of condensed matter
18. 'Applied researches
19. Biophysics




Oranecsp 0.1, Kapamsoi T.A E15-54-408
N3oMepHbIE MULICHEH ¥ 1IYUKH

JACCaea0Ba My JK30THUECE WX SAED, BRAKYAN THIEpsipa, 1pancgepMHUEBbIe 3TIEMEHTbI, NIPOTOH~
HO- Y HEMTPOHHG-OOOTALUEHHDIE HYKIHAbI 861430 SIHHWI S1EPHOR HEYCTOMUYMBOCTH, TAKXKE KaK
BbICOKOCTTMHOBBIE KO30VIKIEHHBIE COCTOSHMS K YPOBHH C AHOMaABHOM 1e(OPMALIMEN, ABASIOTCS
FJAaBHBIMM TIPOGAE M2 MM COBPEMEHHOM SAEPHOM usuku. U3omepust siaep TECHO CBA3aHA C TAKUMHA
SABJICHUSIMU, KAK EBbICTPAMBAHHE OJIHOUACTHMUHBIX opburanen, cOCYyWECTBOBAHUE PA3HBIX ¢opMm
M OpOSBAECHHE MHIPYAED-VPOBHEH 3 CGLEAHMX obonouek. MccneaoBanus 3J€KTPOMATHMTHBIX
M gAepHBIX B3AMMOJIEHCTBMM M3OMEPOB MOTYT [HATh BAXKHYIK) MHGpOpMALMIO 00 Mx 060:104eUHON
CTPYKTYDE M €€ DOIIM B MEXAHU3ME YNEPHBIX reaxkumit. J18 TaKMX 9KCIEPUMEH1OB HY KHO MCTIO/b-
30BATH WM MGOMEPHLIC MUILIEHN (TOCTATONHD JONTOKHBY LIME) MM METOABL YCKOPEHHS M30MEPHBIX
anep. Henarso & MMKPOBECOBOM  KOIMUECTHE Gbul TIOJYYEH 9K3OTHHECKMM 1O ueThipex-

. 17 m.,
KBA3MYACTUUHLIN MIOMED 8™ 1 nabaiosa i Me nepusie SIePHbIe PeakliMKM Ha 9TOM SIpe. €187

OKCIIEPUMEHTbI GHIMCALbL B AOKAAe, TAKXKE KAK HUKOTOPBIE HOBLIC H/1eH 1o IIpO)]OIl)KCHPIKJ MCCHE -
JOBAHUMA N HPHMEMIEMBIC CXEMbI TILTY L H M HM30MEDHEIX [1IVUKOB METO1aMHU NTPAMOro VYCKOPEHHS Wk
BTOPHUUHbIX ITYHXOB

Pabora spincieua 8 Jladopavopres saepasix peaxipit mv. 17.H. $reposa OUdHU.

Tipenpist O0bC MHCHEOPO MHCTHTY 1Y 9, iCPHBIX wccnenonanmin. Jybua. 1994

Oganessian Yu Us, Karaman S.A F£15-94-408
[someric Targets and Beams

One of the main topics of medern nuctear physics is the investigation of exotic nuclei including
hyper-nuclei, transfermium clements, proion and neutron rich isotopes near drip lines as well as
high-spin excifed states and states with anomalous deformation. The isomerism of nuclei is closely
related with such phenomena as the alignment of single-particle orbitals, the coexistence of various
deformations and the manifestation of intruder-leveis from neighbouring shells. The investigation of
clectromagnetic and nuclear interactions of 1somers ¢ould give important information on their shell
structure and its role in the mechaaism of nuclear reactins. For such experiments one can either make
isomeric targets ‘sufficiently long-lived) or use the methods of acceleration of isomeric nuclei.
Recently, an exoug 167 four-quasiparticic isomer of TR was produced in a microweight quantity
and the first nucicar reactions on it were successfully observed. The talk describes these experiments
as well as new idcas for the continuation of the studies and some advantageous ways for the isomeric
beams production by the method of direct acceleration or by the secondary beam method.

The investigation nas been performed at the Fleroy Laboraiory of Nuclear Reactions, JINR.

Preprint of the Joint iastitate for Nuclear Research Dubna, 1994
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