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Pa6ora n1>11iomiena n Jla6opaTOpi-m l!,lepHblX peaKL\11H l11•f: r.H.<l>Jiepc>Ba mum: 

Oganessian Yu.Ts,, Karami_an S.A. 
Isomeric Targets llnd Beams_ 

One of the main topics of modern nuclear: physics is the investigation of exotic nuclei including 
;hyper-nuclei, transfermium elements, proton and neutron' rich isotopes.-near drip lines as well as 
high-spin excited states arid states witli anomalous deforriiationiThe isomerism of nuclei is closely 

· related with such phenomena as the alignment of single-particle orbi.tals; the coexistence of various 
· . deformations and the manifestation of intruder-levels from neighbouring shells. The investigation of_· 

electromagnetic and nuclear interactions of isomers could give important information on theirshell · 
structure and its role in the mechanism of nuclear reactions. For such experiments one can either make 
isomeric targets (sufficieritiy long-lived) or use the methods of acceleraiioiL of ·isomeric ·nuclei. 

.Recently; an exotic i 6+ four.,-quasiparticleisomer of 178Hfm2 was produ~ed in~ microweight quantity 

and the first nuclear reactio·n~ on it were successfully observ~d. The Ulk describes these experimeri~ 
as well as new igeas for the_·continuation of the studies and sonie advantageous ways for the isomeric 
beams production by the method of direct acceleration or by the secondary beam method. . . . 

'.. . ,_,_. ,, -·· . . . ... . ' 
. . 

The investigation has been perfor~ed at the Flerov La~ora tory of Nuclear Reactio~s. JINR. 
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, _During the last few years there has been taking place an intensive development of radioac

ti~e beam faciHties for th~ in~estigation ~f'n~clear reactions '~nd properties ofradio~cti;e 
.. niI~lei by ;,in-bea~" nu~lear spectroscopic methods. At the 'same time, the radioadive taiget · 

technique in m~ny ~ases has certain advantages con~eded with1a possibility to use ,traditional 
' rriethods ~swell as earlier built' accelerators arid experimental arrays. . '\ '·.' ' . ' '.' ' • 

Nuclear'reactions.with high:spi~ part'ners are in the focus of attention of modern physics. 
,During the decades,only, 180Tam(9-) and1,76 Lu(7-) practically.stable is?t~i;ies w~re a~ailable 

• •· as high-spin' targets. Their level schemes, neutron resonance parameteb as well as high-spin 
,> levels jri. neighbouring nuclei were studied· [1 :6] using these targets. · Recently,• a i:no're exotic' 

.· .• 16+, four-quasipartide, isomer of, 11&mm2 (Ti1:i=31 years), was added to the group of the high- , 
', spin targets' [7] arid the first. nudear reactions on it were successfully observed [8,9]., The 

interest t~ nuclear reactions with high-spin .isomers has b·een enhanced by the theoretical 
ccmsiderntion of the. K:mixing in exdited nuclei ~rid ~ search for an efficient pu'uiping p~<icess 
i,ri'an)actual7-laser pr?blein [10]. · 1 

•. , . , , . . • . , '. • , .·· • . · .. , ' ,·· , • . .. 

. ,· · .A widehiternational coUaboration of research groups from France, Germany, USA and . 
. ·Russia w~s organiz~d [1 i] to study electromagn~tic and nuclear interactions of the 178HF~ ls~" 
mer since it could give important information on' shell structure manifestations in ,interactions. 
'with

1
the i~1pact radiation .. This" talk contains a curr~nt review ofcoll~borativ~ work, carried' 

out ,after. the previous· report [12]. ,The progress in reactions with 178HF2 isomer, some new 
ideas of future experiments as, weU a,; possibilities for t.he isomeric beam forin1tion are also 
described.' Well known results from liter~ture obtained earlier in reactions with 176Lu and 
\ 8~Tam targ~ts ~re' not included to ,save space. ' ' ' 

,t: < ' ·,. ; • ' ,/' '> • ' i.' ' '. ' ~ . '··~ 
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I. Creation of the 178Hf"2 target 

'The 178Hf"'2 isomer has an excitation enc;;gy (E*=2.446 MeV) below the yrast-Hne _and 
. thus _is an yrasiArap 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· 
~nd of nuclear reactions' .. Methods of the 178Hf"'2 production and of target preparation are 
described here in brief. . . . . 

For the production of the iso~er 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 beai:n; · 
. from 1-i:~ys up.to 12C icins wihave ch~sen the producing r~action 176Yb(4He,2n)178Hf"'2 • The 

. ' measured cro~s-~ection arid excitation function of this reactio~ are presented in fig.1. The 
· stable i~otop~s -178•

177
•176Hf excitation functions_were calcul~fed l!Sing the:statistical _model 

co.de. So,-the isomer-to-ground stateratio um,/ u~ could be determined asa function of ~He
ion energy. The known values of u;,.~/u9 for the 178Hf"'2. production aie'presented in fig.2 
and their systematica(dependence from the maximum _;:ngular momentum of a projectile is . 
seen. In the. case of an a-induced reaction the um,/~9 value miche~ 3-6%,' m~anw~ile, the 

'cross-section is about 5-9.inbarns in an optimum energy range near 28;36MeV. For 36 MeV 
• 4He ions we can estim~te, taking into account the energy losses, th'at the 176Yb20 3 target -· 
thickness of,;about 90 mg/cm~ is the optim'um one .. _· . . , ,. · _ ·· 

The absolute production yieldof about. 3-108 i_soineric atorr:s per second.wa;; achiev~d)n 
the i~radi~tions dn the external beain of the U-200 cyclotron 'at FLNR JINR. The maximum 

. intensity of a 36 MeV !He++ beam was restricted by' the \eveLof \00 µA due to the target 
. instability. A special design of the Yb20 3 target on a rnoled substrate was 'worked out to 
solve the proble~ of long expositions to ;{ powerful beam. The effective beam time used for 
the prodticti~n of the 178Hf"'2.• isomer ih the. course of thi-e~ years ~otals to about 2500 h . 
There have been' prod;_;_ced more than. L5: 1015 atoms of the isomer, i.e. ~bout 0.5; µg. -~ ... 

. _ .. · •. ·A very important question is, the purification of the prod~ced iso~eric mater1al both 
- from 'balla;t. activities. and weight contaminations by ~idely spread elements'. ·•A' high en~ 
. riched isotope 176Yb {99,998%) was produced on the _mass-separator ·at Oriiay specially to 

eliminate the activities of 172Hf and 175m in the hafnium fraction. Clean backing materials 
.. arid chemically pu;ifie·d l76Yb203 oxide "were ·used for the cyclotron target preparation. 
. -Thelong~liveq activities induced in the cyclotron taiget aHer,irradiation dueto reactio11s 
on admixtures are, listed 'in. table 1. · In the chemical processing fo'r the hafnium fraction 
isolation all these acti_;iti~s were washed out; It me.ans that the chemical methods worked . 

'out, {12] specially for hafni~m i;olation p~ovide a co~pl~te purificati~n from ball~st \l-Ctivitie8'_, 
and '.1lso froin many_ yveight contaminants with different chemical'pi-opertit;s-:· . · . . 

Finally, the prepared F~HF2· sources and ta~gets wer~ deposited onto Be, C, Al or quartz 
·. substiates. The purity of the backings is also ·very, impoi-tant. So they were controlled b:y_ 

means of neutron and· proton induced -activ~tion analysis: . For. example, typical activiti~ 
ind1.lced'in a Be foil aJter bremsstrahhing (Em~23 MeV) irradiation '.1re listed in table 2 . 
Quantitative information on· impurities was used .to choose' the purest hacking materials . 

. Srriall diameter (down to 3 mm), uniform layer dep9sition on thin foils w~re achiev~d using . 
delicate chemical methods such as electrospraying of hafnium acetate. Chemical manipula~ 
tions with 178Hf"'2 activities c.iri lead\o the new build-up of conta~inatio~s because high, 
purity reag~nts are not available in all the cases: The 178Hf"'2 targets on thid carbon foils 
w~r~ finally'prepa~ed.fo~. the ;tudies or'charged particles indi'iced· reactions and they· were 
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Fig.2.- ' Isomeric to ground state ratio 
, u;., /;; 9' as a function of the i'ncident 
.. · _ particle maximum angular momentum' . 
. ,- Jm~~- Closed circles 'show .the measured 
'values,· ;opened ones are taken,from , . 

literatu~e·. , , ,, · 
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-Ex~itation f~nctions fcir the 178 H (ml 

. is~m~r (measured) and m:m.116HJ \ 
.. · stable nuclei (calculated) produced 
in the ~ucl~ar-reactions 176Yb( 4 ll e, xd). 
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Table 11. Radioactive nuclides presented in the 4He ion ~xposed 176Yb20~ targ~t" . .,. . - ' . '. . ' .. 

Nuclide f _T1 12 I· E..,, I Admixture 
keV 

Al:backing .I' 
. Al-ba~king _, 

1·· 

i ·: 

Be 153 d 1478 
22 Na _ • 2.6 y . 1275 
46Sc . 84 d 889 Sc ) .· 

. I , 

• 1 

. \ 

1121 

_
51

Cr · 1 ·28 d I· 320' 
Cr 

54Mn · 312 d · 835 ·.· M~' 
56Co 77.d. 847'. 

('' } 

Mri, fe 
123~ '' 

I 1 

_,
57Co, 1272 d 122 ·ifo, Fe, Co ,'· 

., · · : : ' .. 136 ·, 

n d 811, Fe,'Co 
! ,._ ' I ' 65Zn l244 d J 116 . yti, Zn 

/,'-. ,\ · · 88Y' · · 107 d 898_: , :Sr, Y 
.1836 

85 d, 1393 ·. I : Sr, Y 
2._1 y - 605 . . . Cs; Ba .. 

.,-....I\' r, 
•·,Ba; La 

:\!'able 2, Photon induced a'nalysis of the 1'.8Hf"'~ target on a B~ backin'g 
'· ,, • . 1 ·- ,• .. ; .··,,· ;· ' ; '. ·, ,'_! ,,·: • 

:I 

Ra:di;active 
. ~ticlide 

34mc1' 
o44Sc 
41Sc 
4~Cr .. 
'53fe ·: 
seMn 

~;Xi 
6:1zn' 
64Cu 
68Ga. 

32 min 
3.9 h 

·3_3 d 
'42'r'nin 
8.5 ~in 
· 2.'6 h 

36 h' 

Cl 
Sc' 
Ti 
Cr 
Fe . 
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analyzed using the X-ray fluores~ence tech;~ique.· Th~ results 'are given·i; table 3. One can . 
see that the first target rn'ntains Br, Z_r and Pt while }'wo,other target~; pr~pare_d usi?g _special •_ ' 
measures-against c:ontaminations, do.not contain these elements .. -The absolute quantity.of· 

· the total Hf weight was determined too arid th~ re~ult was n~t · mu'ch different frorii that 
.pfedicted using fig.l data: . . . . . . . .. . . 

II. Experimental studie~ of m'.icl~ar reactions •with 178HF2 
' ~-~. , ' ' . - ' , . , 

I, 

•?' 

_The 178HF;'isomeric state has a she!Irriodel configmation· (1r7 ;2+ ,.1r9/2,--:, v7 /2-'-; v9)2,+). 
Fortuiiately1 there are similar lmig~lived enough: isomeric states in the .neighbouring' nu
clei;'mHf'2· (J" =37 ;2- iT112=bl.4· min; (1r7 ;2+, 1r9/2'-, v5j'i-, 117 /2--:_, ";;9;2+)) anci' 179HF2. 
~J~ =2_5/2--:, T 112=25.1 d, ( 1r7 /2+, 1r9/2-; v9/2+) ). One.can expect that these stafii~. wi!J'be 
populated with a.high cross section in the (,,n) and (n,1 ) reactions on a 178Hfm, target 
because of similar shell-model_ configurations of the. target' arid of the residue states. . ' .. 

In;principle,' it is not a very hard task to ~earch for the.activities of 177Hf"'2 ?i' 179Hf"! 
· inducedin the 178HF.'_ target by exposing it to a ,· or n'. ._flux., The ,-.decay properties of 1 

. thes9 three isomers are .gi~en in table 4, and one can see ,many specific 1-linrs wit_h a high..:., 
·quantum yield 'emitted at the decay?f each isomer.. So, _the idea to study the ( ,,II) and (n,,) 
reactions on the exotic 178HF' isomer by the activation technique was formulated. as ea·rly 

1 a,sfour year; ago [14]., T_hese experiment;· have bee1~ realized [8,15',16] ;nd the results are. 
described below .. ·· , . . .. . . . . . . . 

Another g~oup of experiin~nts has as the main objective the'study'of reactions induced 
by,charged. particles on, a ~78HF2: target by~ the "in-beam,, nuclear spectroscop}' methods. 
The ( d,d') inelastic ~catterin'i;; (p;t )-reaction and the Coulomb "excitation by 208P~-ioris on 
a 178Hf"'2· target were _observed successfully, [9,17,18] as described below. ' ' . . 

. ' .' 2.1. Resd~ance neutron capture reaction cin a' 178Hf"'2 riucle~s ' ' . . 
.The interest to studying th_e neu.tr6n c:~pture r'eaction

1 
on' the isomeric 178Hf"'2 ~ nucleus is 

~otivated by a. possibj!ity to get information or{ high-spin ~eutron. resonances and fo _to'uch , 
: _on the question of spin depe~dehce of the leve(density a; well as to follow the -;~cascades 

and le~els feeding' in the deexcitation process. In Dubna experiment on the reactor IBR-2 
[8] tl{ermal cross-sectioIJ and resonance integral: values_ were es_timated ·for the first tiine f6r 

· the reactio·n 178Hf"'2 (n 1 )179Hf"'2: '· · · · · • · - ' ·• ·· <: -. . · · . •· ' · 
. . ,, ·' . - - ' . -~ ' / ... ': '~ ... \ . -, ·, 

CT th ::,· {50 ± ·10) barns; 

• J " I.,·~ (800 ± 130) bar~s. 
~ ' ' . ' : . . ' \ - . ·, \, ' 

, .• It means that the 178Hf''? nucleus has strong neutron resonanc~s iri• the cV energy region. 
_. The major populati~n of th~ m; state' in residue nucleus 179Hf can be deduced, otherwise th('. 
. total. res6nance integral becomes· too' high. This result permits to forrnulate an e~pcriment 
.for me~tirements of neutron resonance para~eters of the 17~Hf"'2 target. 
' The estirriatio~ 6f the neutron. res~n~ce position ·by the method of selective neutron' 
filters was' performed [19] in O!~ay \vi.th using\_th(/Sa~lay "O;iris" reactor for the· targets 
activation. When the activated sample is surrounded by the filter layer; the neutron spectrum 
is modified i~ a predictable 0'ay. So, a strong res~nance energy positi~n can be estimat;d i 
because the filter changes the activation yield only in the ~-ase·ofa reso,nance presence at the '· 

. position of the filter absorption band. The 10B. (81 % enriched): Er203•_and Rh layers in 
' , ·," . ' . ' ' 
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.Tab!~: 3~ Results of X-ray fluorescent a'naly's.is of the 178Hf".',' 

.'1 . ' . . . ' carbon backings . . 

. , . . . 
targets on thin' 

;"\umber of X-ray counts•/, 103 /s , 
the target ·Br, Zr Pt 

. 1., 0.18 ,0.30 0.033 

2 0.099 0.0188 0.0018 I '\ 
'·• 

3 , 1 ·-0:0006 0.0202. I -0.0034 

'~) Ba~kground su'bti-acted coiint. rate 
·,', :) ,

1
·:1.' •/.,:.:.·:_Ii ·, •.;' r,,\,\ : 

·, Table / Ma,j~r_-r-Hn~sji t~·e f} mm};' 1'7:8mf 2 • a~d}. 
79

~fl11,; ij~iers cie~<lf. 
•• • ' , i . ,. '.I. . \\•,. \. ';,· 

IJ"Hr2 

E...,, keV:I I...,,% 
.. 113.0 •. I·. 27.0 ,, 

· 128.5 I : 20.2 
,\' 

~ls 

usHfm' 

E...,;keV I I...,,% 
88.9. I 62.0. 

:i3.2 .17.3 
/'• -, •._.\. 

· 213.4 

.i ' 

' l 

t 
', ~ 

' 

, / ,_ 
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.. - ;,.--~.=.- - - . ' 
- addition to the Cd screen were used as filters. Total neutrim cross~sections are given in fig.3 

fdr the filter material; and for gold_used as a control sample. Rh~dium is a typical example 
~f a:resonance filter since it absorbs neutrons.only i~ a narrow region near'the resonam;e · 
energy Er'=l.3 eV. The 10B material is a filter' of another type; because its tot~! cross:section : . 
shows, on the contrary, ·a uniform decrease at a_ low_ ~E-1l2;. The boundary energy of strong 
absorption is dependent in a regular way:on the 1?B layer thickness. The.178Hfm2 samples 
for the rieutroO: irradiation were prepared on pu're Al foil substrates: Aboutl012 atoms of 
178HF2 we~e placed on each sample. ' . 

For the neutron irradiatiorfthere was used ·a pneumoti:ansport chanrier of the "Osiris" 
reactor at Sacl~y. A- standar-d size container was 'transported t~ the position near the re
actor 'active zone where the neutron flux reaclied 2-1014 n/cm2s. The construction o(the '

·. iiradiaticin device is shown schematically iii fig:4:--The container wall has a 1 mm Cd layet 
between two Al sh~lls. so·, a ther~al neutron Hux was damped perfectly :;,bile resonance 

. neutrons, E~ ~ 0.5 eV, ½'.ere slightly abs;rbed. The· filter layers' were pressed do~n. into a 
~ ~thin wall (0.5 mm) Alcup. A•c6upl_e of such filters with 'the sariiple-between them, were 

placed in the transv_erse hole of.the Al cylinder. whicli was inserted in an Al-Cd container. . 
Four 178Hf".'2 samples were exposed simultaneously. After the end of 65•hour-exposurethe 
,container was delivered in a shielded box, where it ~as shaken out by the manipulator and 

"- all elements fell do~ri separately beirig not fixed in: . · ' . . .··. ··.. '. -. 
· -The ac:'tivated targets were taken out and were studied on a HP. Ge 7-spectrometer after . . 

. · a 3 'day CO<)!ing. The enormous background of th~ 24N~ (T 112~15 h) activity pro'duced in the·. · 
. ( n,a )-reaction oi'i Al foils was decaying, spectra were· cleaned tip and the seaichedactivity _. 
of,179HF2 wa; detected successfully in all P 8 Hf7'.2 targets exposed with diffe~ent filters .. 
- The typical spectrum of the neutron exposed 178HF2 sample is presented in t~ble 5. Ali -

~ · ,:lines of 179H_F2 ·. have c~ri-ect intensity ratios'.' The area:s · of the 179HF2 . pe'a.ks· are. determined 
with a statistical accuracy better than 1% ... The riurnber of.1'.8HF2 and 179HF2 atoms•and 
their ratio. N!;9m, /N!;sm, · were det';;rmined after. the processing of ,-spectra'.. The statistical 

. accuracy of much better- tharr 1 % ; was reached due to averaging ofthe figur~s · det~rmined . 
by alllines in many spectra measured dur_ing two.weeks. An eventual inaccuracy of the Ge· 

-· detector efficiency ( calibrated. by·abso!tite sources) do not influence strongly tlie final resµlt, 
. N!;9m'/N!;sm,' hecause hoth of the numbers are determined basing 0~ the same efficiency 
--function. Howev~r, the ,-quanta yield per clecay. is given in the literature c;;~pilation with 
· a limited accuracy and it is accumulated i~ the error of the final result . 
' ' The activation yield of thi r~sidue riu~l~us N;:• /N~~T~ 'is connected with. the neutron 
. fluence ii>· and tlie. resonance int'egral valu_e ,I..., by the following equation: 

• "' ; ' • f ,,. 

~ '' ,\ . ~ .. 

N
. res/Ntarg • ·.._ • J. .._ · 

. at at = <7th~th + .. 'YC':J!'!'es,· 

where C is the spectri'irh norm~izing .constant. The first ter;; 'of this equation is negligible 
. due to full absorpti_on,of thermal neutrons when the irradiation i.s dorie_with a Cd screen; 
. The a~tiv~tion yield rneasmed with.out any filter (in_ ~1dition to. Cd) gives a possibilit! to 
•. deduce the I..., values for the ~78HF2 (n,1 )179HF~ reaction: , i ' . . , •· _ · - _ . 

\. 

L., = (1060 ± 60) b;;_rn;~ • 
. . . . . ' ~ - ---,; \ . . ' ... ,' . ,. . , ... 

1which 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 
L;,~ ( 1560±40). barns for the 198 Au yield 'l'vas · m;~d. · For the .179HF2 . yield - the standard de-· 
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Fig.3: \Ene~gy de~endencies' of the tot~l neutro~ cross-secti~ns for 10 B, Rh, Cd, Er 
and Au-nuclei. .. . . . . . • ·- . 
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~- Table 5.-Typical ")'-spectrum of the neutron exposed '.17~HF2 :target 
" .. ., . ' . - . ) 

·• - lines of the 179Hf"'2 ./ 

E· Area, Error
1 

..,, .. 
kev·· counts counts 

122.7•. 46172 593 
146 · ·::i5348 558 l . 

169.8 32294 . 433 . * 

192.8 357°34 . 412 * • 

213.4+ 
217 431338 1031 
237 . 50672 4i5 ,I 

257.6 '46396 .. 490 ,· I ,. 
. < 268.9 13757 320 

316.0 18999 .. 298 • I * /. ,f 

. 325.6 .192174 513 

•·> f 362.6 ··32706 · 280 
/ .. 426.,4 • . 159018" 447 

454 72910 315· 

-·· . 495.0 104917 360 
535.0 12277 li6 
574.2 ·. 115535 380 

. Table 6. Yields of the radioactiveisot~pes ~179Hf"' 2 and 198 Au induced in t_he 
epicadmium. neutron irr~dia!ion _of the l78HF~ aiid 19

: Au t'.'-rgets _as :a /u'ncti?n 
of t~e Jilter spedes. · · 

Filter 
material 

Average 
thicknesss, 
g/~m2 · 

Absorption 
hand, eV' 

N179m2/N17Bm2 
~ __ '!!_ 

·Reduction 
factor 

N19BjN197 
_____!!!_ ___ a{_ 

Reductio~ .. 
factor 

/. 

'., 

·-· 
h 

\.~tRh ' 10B (81%) 

'":· 
0.56:; ··0.33.' 0.077 

•-., 

-
.-/ I 0.37-.0.631_1.02:1.5§ I 

5.25-6.45 
::;5.2 

1.20:lo:..3 ll.02-10:..3 I l.06·10-3 I 0.596·10-~ 

1.0 0.85 i:J.88- 0.497±0.005 
\ 

1,77.10-3 . 0.783·10-3 

. - '-< 

1.0 ,\ 0.442±0.003 

_/·, 

9-
;::;_, 

\,, 

• ! 

,> 

·, . 
,'--



·--

:,~-

...,_. -

• • .-· • . , !'...-·- , ~ 

viation of the I'Y value includes random errors and sys.tematical errors of all tabular data· 
u;ed. ·-; ,. ~. 

'The variation of the a~tivation yield as· a f~nction of filter species i; pre~ented in table 6 
for the Hf and control Au-samples., The 4ir ~veraged filter thickness.was cal~ufated.taki~g 
into account a· Qji mm air gap bclween the sample· and the filter ~up, see fig.4 .. Using that 

. and the cross-section functions ;howri in fig.3 ·~ne can cal~ulate for each filter the ban!I of 
the Hux absorption down to· ::(e-1 level. The absorption· band intervals are a.'lso given.in 

. table 6. As o~e can ;ee in table 6 such filters as Er and Rh influence slightly the yield, while 
. the ioB filter suppresses the yield significan_tly. It' mea11s that no major resorianCC'!S of, the . 
studied reaction are found at an energy range 0:3-2 eV,The·10B filter damps the 198Auyield 
a little more drastically. than_t,he one for the-179mHr: Since the 197 Au (n,1 ) reaction has a· 
single powerful resonance at Er==4:91 ev; we can conclude that in the reaction 178HF2 (n,1 ) 
the centroid of the .resonance strength is placed near a 6 eVneutron energy. If.one assumes 
a' single rescina.'nce in the latter reactfon, the result taken ~ith the'10B"filter will rnntradict 
tne·one with the Er filter which has a resonanc~ just ·at an energy ·of 5.9 eV. So, one can 
make a conclusion abciut:the presen~e of at least two resonances at energies of perhaps 4-5 , 
and 7-8 eVs. . . . . . . . .. . . . . . 

This :conclusion is ·in a: good. agre_ement with the statistical theo;y estim,;tions which 
give the meari interresonance distance of about'.4 eV for the 178Hf'."2 target. So the model 

'predicti~ns for the spin' dependence of the level den;ity are corifir~ed 'now ekpe~irnentally. 
- · The ·second conclusion can.be.done: the high value oLthe resonance integral.value for. the 

179HF2 yielcUndicates perhaps the p~efei-~ntial population of the high-K i~oiner in the residue 
'-nucleus when the.target nucleus is also~ high:K isomer. ' ' ,, ,' C ' ' 

• • ' ....__ ' • • • • -...l.• 

. . . .· .· 2.2, Tes( for the 178He°2 , (,,ri) 177HF2 reaction yield :. 
.. . Phcitonudearreactio.mi with a'high-spi_n isomeric nucleus is areal challenge iri the study 
of giant resonances built on high-Kstates a~ weH as of the K-mixirig at high excitation [19].· 
The idea of the presence of special K-mixcd levels at_some excitation energy (2:4 MeV) 
was suggested after the· experimental observation' ofthe threshold behaviour of the isomer 
feeding in photonudcar reaction as a function ~{ the bremsstrahlung boundary energy• Em·· 
It was supported [20] after :revealing scim

1

eshorf-lived high-K isomers which are decay_ing 
'on .thelow-Klevels without any significant hindrance fa."ctor'. The excitation energy of_the 

- 178HF2 isomeric state sh~uld be eventually not far from' the'first ·K-inixed level and one 
can·expect the allowed depopul~tiim of high-'K ·sti-ti~ture in' all riuclear.:reacti.ons such as 
(,,,'), (,,n); (ri,1) on this i;omer. The res.ult taken in the 178Hf"'.2 (n,7)1

;
9HF2-reactio'u 

supports rather the stability of the high-K.stru~ture. ·So, it is ~ost interesting to study the 
(, ,n )-reaction on 178HF2 nucleus. . 

1 
., • • . 

,,. 

. ·. The 178HP"2 ( 1 ,ri) 177HF2 re~cdon is .a uniqil~ case when the reaction on a four-quasipartic:;le 
K" ==16+ .isomeric target· le;dirig. to another exotii:·five-'quasiparticle· K" =37 ;2- isoin~r could · 
be detected experimentally. 'fhis.js because the 177HF! isomer (T112==5L4 min) has decay 
prnperties· convenient for'.the obseyvation by the· activation technique (s'ee table 4 ). H~wever; 
the background .conditions due to bremsstrahiung induced activation of all'elements vJere . " -

' rather hard because a low enough absolut~ level of 'the }77HF2 . activity. is expected .. Be foil . 
. was chos~n as a target backing material since it is activated slightly by _the bremsstrahlung,. 
'theyieldofthe 7Beact1vityissmaU"enough .. ·:· .. ·-'. _- •.. _.', -'.·. 

. -- A 178HF~ _taq~ct of 3-i013 atoms. on a BJ substr~t~ w~s prepare.a° u'sing precision radio
.. chemical methods .. A lot of care was:taken tojind the purest Befoil as well as to purify 
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the hafnium fraction· ftom. both balla;t activi~ies. and weight conta~inants~- This. target 
was exposed.to the efemsstrahlung with maximum energy of 24. MeV on the electron beam. 
with an intensity of 15 ·µA of·the MT-25. microtron at Dubri·a .. The irra:diation scheme was 
optimized to reacfthe maxi~u~·sensitivity, it is shown.in:fig.5.. . . 

The activated samples were placedjust·after the.2:5 mm W converter. The.Ta foil was 
used ·as a control sample· for the -~bsolutization of the standard phot6neutron · yield usirig· 
'the reaction 181Ta(,,n)180Ta9 • The 178Hf"'2 target·was covered with a Be catcher to collect 
the 177Hf"'! atoms recoiled eventually from the thin target layer. Almost isotropic neutron 

· emission in the {,,n)Teaction leads to.about-50% efficien~y of the'activity. collection by the. 
catcher. · · · · · · · :.C ._ _.._ 

After the irradiationthe a:ctivities of.both the target and the. catcher were m;as~red on the 
· high:re'solution "Ort'ec"'and ~Canberra" 'HP Ge -y-detectors a:s well as on a Si spectr~meter 
. of conversibn electrons:with a: ma:gnetii: guid~ line. The experimental condition such as-tlie .. 
geometry and time intervals of the irradiation and mei~~rernent·we;e opti~ized, however,·-_ .. 

..,;the searched for 1!7H:£""2 activity was not manifesting itself in the spectra: The -y:spectrum 
_of the catcher taken. 15 min after' a 100 mi_n irradiation is shown in: fig,6. The_ intensive · 
lines ~hould be attributed to· the activities listed in table:2 which are generated in the 

. rea~tions on ccmtaminantsin the.Be foil. Only the upper limit of the 177Hf"'2 activity yield 
can be· estima:ted by the spectrum sho~n in fig.6. The activated .178Hf"'2 target itself was 
also studied, but the s~nsitivity was. not better due to a high e~_ough. self activity of. the·.· . 
178Hf',;2 isoII1er.1 · · · • . , . · • '. , '. . . · . _, _ . _ ~ _ • ': _· : . · __ . : _·· 

. Fim1lly after a series of.irradiations and measurements using')' and __ e- spectrometers.the: 
: -yield of the 178Hf"'2,(-y,n)177Hf"'2 reaction was limited to ab~ut 20% of the 181Ta(-y,n)180J'a9 

reaction yield:·· -: · ✓' 
. . .. _...__ Y(177Hr:)/Y(180Ta9 ) -5, 0.2.< 

This.un~xpectediy low feeding probabilit~ for the 177Hf"'2 isomeric ~tate in the ~vap;;-ra' 
tion residue of the ( -y,ri)-reaction seems to be:'a significant result for physical interpretation; . 
Proceeding from the ea:rlier bbserved [6,8] high probability,of the 178Hf~"2 (n,:'y) 179Hf"'2 and 

. 180Tam(7,2ri)178Ta'_"·reactions, one can predict for the 177Hf"'2 state the feeding intensity oL 
about 50% bf the total reaction yield. Thi/expe~imentalresult deviating from this prediction . 
canlJe interpreted by efficient trappi~g oftli~ deexcitatio~ cascade intensity on so~'e le~els, 
·connected with the ground state band by enhanced transitions. It is aiso necessary.to study 
the~retically whether the reg~lar st.iti;tical code is capable of explaining the_ observed feed-· 
ing intensity of 177Hf"'2 : In such calculations the deexcitation _cascade is considered normally· 

. in th;·coordinates of excitation eµergy E* arid spinJ, no selection by th;;-K-quantum number,' 
i; assumed. So this-could be a real confirrriati7in of the K:mixiilg if the statistical calculation 
:eprod~ce~ tht! experimental r;sults on isomeric l~vels p~pulatio~ in feactions fith_~h spin• 
ISomenc targets.- · · · · · · · 

- ' 2:3; Charged particles_induced-reactio~s ori !.!ie' 1
•
78Hf"'2 target ~- .. 

- In the fram~work o'fthe int~rnational "Hafnium collaboration" a few experi~erits· were. 
performed to stud/the ~ucle:i.r properties of the 178Hf".'2 ' isomeric state using the ''in-beam" 

· nuclear spectroscopic technique .. A high" quality beams o(Eu~opean: accelerators_ and preci0 

·· sion spectrographs cre;ted earlier were used·succ~ssfully in these experim~nts [9,17,18]. The 
. spectra''of the inelastically scatterea deuterons 'and protons were rneasmed in the Muenchen 
. experi~enLwith the first .178Hf"'2 target p;ep~red on.'..i. thin C backing at Orsay from the .. 

material prociuced·at Dubna. T_he quantityof th~ : 78!J.F.2 ,isbmer·~was 2.1 X 1014 _atoms _iri 
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-. a spot.of 5 mm in diameter: The. Q3O s'pectrograph of nuclear readiori products on the· 
'. Muenchen Tandem beam has. an ·energy resolution of about 4 keV induding t_he beain res> 
olution [21], and it deteni1ines the quality of charged particle spectroscopic measurements:. 
As already discussed iri refs.[12,17,22] the excita:tion·orthe'first level (17+) of the" rotational 
bapd buil_t on the 16+, isomeric state.was probably ob~erv~d in the spedra of the (p,'p') and 

-( d,d')-'reactions. Such an a~tribution of the peak placed at an excitation energy E~=353 keV 
looks reHable because its position arid amplitude are in accordance with preliminary theoret-' -

/ ical estim-:i.tions: Hoiever, the ev\dence strength is not an ab~olute one. So it was important 
to confirm the position of the 17+ level by another method;· ·· • . - . · - • . . . ·· 

The _Coulombexcitation of the 178Hf"'2 isomeric target was studied recently on the. 208Pb 
ion.beam with an energy of 980 MeV and inten'sity'of about 3 electrical nA on the )'Unilac'} 
acceler~tor at Darmstadt, The precision "Coulex" array ,vas worked-out earlier for the 
measurement of the absoiute probability of the-Coulomb eicitation as a furi'~tion o( the· 
impact parameter in heavy-ion'collisions [18]: It consists ofa 4,r gas filled po';itibn-sensitive. 

. ·- avaianche coimter sy;tem for. the detection of scattered ~uclei and eight HP Ge "}'-detectors 
switched on 

1

coincidenc~. The -y-spectra wer~ processed by a-special ~omputer ~ode in order' 
to introd~ce the Doppler-shift correction: .. During a one week run on the 208Pb beam the 
spectra taken 'on· the isomeric i 78H{'.'.'2 · targets as' well as on' the t~rgets prepar~d by the_ same 

·'\: ·; . method from stable enriched hafnium isotopes were record_ed. The spectr~ of the iso'me(ic . 
· arid stable !77Hf targets are compared in fig.7 .. The stable isotopes composition· of both 

targets was qu;i,litatively similar; and one,can see that _alm~st air peaks a~e..obs~rved in 
identical positions in b~th spectra. So, the ~nly evident additional peak at E.,=354 keV in 
the· spectrum of thejsomeric ta;get can be attributed. to the 178Hf"' 2 nucleus. The ~ri.ergy of ' 

. this peak is just near the position ~hich was observed 'earlier in the ( d,d') spectrum and it. 
' • is most probable that an energyof the 17+ -, 15+ transition in·. the· rotational band built on 

0 

the isomeric st~te is really about 354 keV; The moment of inertia ,r'of this rotational band 
. can be d~duc~djmmediately JJ.sing the eq~atiori/. . ' . ' - .· . . . . . ' . . '....- . 

., \ \ 

. t,,2 · . ·. - .. 
E1 = 

2
~)J(J+ 1) \ Jo(Jo·+ 1)], 

. \ . ' - - ~ . - ' "-

~ where J0 is the spin value of the basic le_vefof the band: In tab!~ 7ithe moment~ of inertia 
deduced in-the .same way frorri the energy position of .the first levels in the _K=0 g.s.b. 
(J" = 2+), in the K=8 band (J"._;,. 9-) and_..in the K=16 band_(r-= 17+) are-comparyd, 
The strong incr~ase of. 'j ·. value is evident' when, dycoupHng-of qufsip3:rticles. takes 'place. 

' This result i~not unexpected, however, it is-interesting for the theoretical interpretation in 
terms of the superfluidity reduction with the decoupEng of nucleon pairs . .'I'hequantitative 
tre;t~ent of the absolute counting rate for the 17+ peak iri the' Coulomb excitation. ~nd 

. ( d,d') spectra will lead to the determination of.the B(E2) value, 'st.a tic quadrupole momerit. 
Q~ and_quadrtipoly deformation parameter /J2 for thei'soin~;ic 1o+~state !78HL _ _- .·· ·· 
. .. One·can anticipate the observation ~f the s~cond level 18+ .of the K=16 band in addition 
to the 17+ level, howeve;. the statistics in. the spectru!rr' shown in fig. 7 is noCsufficient to-

·_observe '. the transition'I8+-, H\+. at an energy neaf"700 k~V. The schematical p.itt.ern 
ofthe Coulomb excitation process is presented in fig.8. Taking into account the excitation 
probability, the deexcitation branching and)he detector efficiency variation 011e c.an estimate 

. that.1he peak inte~sity of.the 1s+ -, 15+ transition sh~uld be abo'iit 20 tim~s lower than the 
; 17+"-, 16t peak.in th~ spectrurii: The statistics should be' increased hy-~bout'l0tin1es iti 

. order to observe 'the_ seconcl ·level of the_ K~ 15+ · baild; A lead beam i1;tensity_ 1 () times higher 
:,·, 
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Table 7: Moments of ii1ertia deduced 

', fr~m th~ first' lever~nerii;Y' 

of th~ bands in 178Hf, 

K 

•I .o I· 2+-,0+ 

s 1. 9-...:..s-: ·-
16 i7+..:..16+ 

.keV. 111 

353 .. 

,32 

41 

48 
.....__-.&.J'----'---''----- 2~46 Rigid rotor: - 77 

•'Fig:8. Schematic diagrarr;of the Coulomb excitatipn 

of the rotatioi:t~l_band built.on ,the 1(';+_·~ 

iscirrieri~ state in the.!78 Hf. ./-· 
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C than the one used was available. Ho\Vever, it was,li~ited by-tlie target instabi!ity under the 
. lead beam. During the run described the target was covered by additional carbon foils for . 

- the mechanical fixation.Jt disturbs the DoppleMhift correction processing and ·one ~an see 
'in ~~p_ect~a that Hrte widths are increasing with energy Ry. So, there are plans to contiriue 
the Coulomb excitation experiment in better conditions;, eventually using· the "Eurogam" 
facility. . - . ·. , ·. . ·. . . . · . .. . . . . ' 

. Another e~p~i-imenf w~ performed i~ the frame-of th~ Hafnium collaborati~n 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 178Hf"2 target allows to measure the effect' 
of bl~cking the aligned quasineutron orbitals on the neutron pair transfer. Tlie j ,K" =16,16+ 
state with the same configuration as_in 178Hf is placed in 17~Hf at.an excitation e~~rgy of 

0 ·3226 keV. So the triton kinetic energy for the 16+.-:-> 16+ transition can be calculated·--::, 
' exactly .. 'The target'oi 17~Hf"2 was exposed to a proton beam with aii energy'c:lf 1'9 MeV .·· 

ofthe Tandem at OrsaY. a~d :trito~ spectra and angular distribution' w~te':measU:red using . 
'•.a splite-pole spJctrograph with a position-seiisitiv~ drift ch~ber as a.focal detector.· The. 

overall energy resolution was)5. keV full .width at'half maxirniifu/The peak was ~bserved 
·~tthe expected loc~tion of 15+ -+- 16+ transition, no~elements:presented in the target' 
can generate this peak. Tlie angulardistribution of the 16+ -+ 16+ ti-ansitio0: was well '" 
reprocluced by the_ typicai shape for ,1=0 transitions _measured for th~ case of other hafnium 
isotopes.' However, the cross-se~tion sh~ws strong deviation from the measured one for even
'even.hafnii:,,m isotopes. As seen in fig.9 the differential cross-section' of the.(p,t) reactions 

' is reduced in case of odd isotopes of HJ as a re~ult of the blocking by the unpaired nentron 
orbital. A~d for the 178Hf"i:targefthe rediiction is qu~dratically. drnstic. So the evidences 
are obtained for the first time, that "decoupled neutrons in th,eeven-eve~1 isotope 1'.8Hf both 
play the r;le of odd particles. This new result perhaps will b~ treated b,;' theoreticians.· . 

\.. - - ,· . ' ' ' -~ .,- . ,- ' . 

III. · Lase~ spectrosc~py o-f the .178Hf"2 , it'om 
- c' •• ·- -, .' ' .- :· • ' 

, An in-beam laser experim~nt [24) was performed on the ''Pa;is" _mass:separator at OrsaY 
where hafnium atoms 'with a 40 keV kinetic eriergy were ex~ited by a single mode dye.laser· 

'' 'in a c~ntralinear g_eometry.:The,hafnium tetrachloride vapor is flowed fromaheat~d sample 
. into the i~n source chamber, in :~hich it is· decomposed and ionized: The elemental ioris are 
extracted and.accelerated by a 40 key potential and finally I!,lass-sep~rated.· Thl seleited 
mass is .delivered into the collinear array, where ions a~e neutralized in the sodium vapor of a 

•. charge exchange cell ~nd inter~ct with a fi;ed frequency !~er b~m .. The f;equency scanni11g 
was done by the ion beam velocity tuning in the charge ex~hangecell. The f!u~i-~scence light: 
after passing through the· filters was defected by a photomultiplier/ The hyperfine ~ting 

_ and isomer shift were measured for ions with a mass number A=l 78, A complete multi.tplet 
of hyperfin~ structure wasdetect~d and it is a reliable eviden~e for the attribution of these 
atomic levels to the atom of 16+ .178Hf"2 nuclear state. A powerfurpeakof tlie 178Hf ground . 
state was obs~rved too. The frequenc/spectrum of the reso0:ance fluorescence is presentei . 

. i11 fig. 10. From these exp·erimental result~ after qu~titative processing tlie dipoie_magnetic · 
moment µ1, static quadrupole moment Q0 and mean square radius change were.deduced for . 
the 178Hf"'2 "nucleus: .. . . . . 

µ1=_8.16(4)11:m.; · · --

" 

\,· 

.I, 

,, 



.,,J 

i. 

1 

' .... ;, 

,_>6 00 
If) 

. ..:.+ --:c 400 
.. ~· 

:::i. • 
-:::,, 

_...., r • 

O· • ·~· 200 ·/l Hflp)) ✓ 
II 

.Ep=l9MeV~ CD ,·. -
b' 100 

I 

70 

176 _',..178- 180,, A (target) 
i' 

Fig.9. I . '.· , - . . ' . ' . . • . 
'Cross-section systematics for the (p,t)-reaction on hafnium nuclei. 

\ .:. 
Cl:l 

·"C. 
' tJ) 

-.~::,;. 

Black circles - stable isotopes; others -178H Jm2 target (x - theory, ■ and □ 
.~ experimental limits). . 

250 

200, 
_/· 

·, 150 

. . . 

t::' 
I 
~ 

. , $1 t:: . 
. . 1·1 

t:::~.-

Cl) ... 

' ti --~~ 

· r=340 ms 

.::-- ,'. 

Cl) 

t 
!9 

"' 'f, 
~ 

100· 1 · I '1 • p I , I . 1::izu. m~ ~a. . i . i . . . . . I . , . 
2/. 

'' Fig.10.-- Resonance photoab;orption SIJectru~~ of-~~ at~nnic\e~m of the 178Hr2+f. 

16 

\ 

-"'·-· 

', 

·.,I 

·_./ 

"; . . ' . . t 
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) 9 'm2 = -0.059(9)Jm2
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'This experiment demonstrates perfect possibilities of n~~lear properties ~easure~ents by \ 
the method of atomic le;~ls hyp_erfirie structure spectioscopy. Also a beam of 178HF2 isomer 
ions was produced for the first time, and the high enough· efficiency reached opens _additional 
perspectives for the isomeric ions acc'eleration,.. separation· from· groirnd·.state' nuclei ·and· so 

. ori.' The numerical result; give'u above are.iipportant for the theor_etica(description of the· 
is~ineric state ;uclear structure.·· · ·· · · · · · · · · 

IV'. future experiments with th~ 17,8Hf1'2 targ~t 
The experiments alreadyJulfilled with 178HF2 ·isomeric targets have demonstr;ted ·en~r

m~us difficulties_due to backgrounds generated by'stable hafniu~ isotopes present iri ,the 
i~omeri~ target.as wellas by the weight quantities of the backing material and microadmix'. 
tmes in that. Soi it isv~ry import~.nt to cre,;:teisomei-ic t~rgetf of the seco~d generation with 
highe( concentr~fion of the 178HF2 nuclei iri'the target layer; There are good possibilities to . 
produce the separation of the 178Hf isotope on the ma;s-separator "Paris_"· at•Orsay, where, . 
as high as 25% 'efficiency has been achieved ;ecently for the hafnium separation /25/: _Also 
a possibility'was discussed to w~rk out a metho_d ~£separation of isomeric and ground~tate 
178Hf nuclei using their mass differen~e, LiM/M=L5· 1Q~.~, on a. special cyclotronreson~nce 
_analyzer devdoped by:the Fre~ch'group (M. Sa~t~Simon et:al) and installed now at CERN._ 
The~e methodical progress together with the'.production of an additional quantity of the 
178Hf"' 2 , materlal will determine in future the.success of new e~perirrie~ts; .- Now we.w'ould 

. 'like to discu'ss·some new proposals 6f.€,xperiment~ 
0

whichare most interesting fro~a·physical 
.. point of \'iew:· ' ' . .. •, . - . ' ' ' ' ' ' 

...: . , , ·4.1, 178HF2 <,;-y')-reaction. . 
As h~s been alreadr mentioned above; a giant·cross-sectio~ fcir'th~ 180Ta'."(,,'."f') -reaction· 

. with .tra~sition from K=9 to K,:.,l state was observed in re(/19/. After that.the idea about 
K-mixing for ;xcited states was suggested'. So'it :is important' tb continue, studies of the 
feeding.of states withdifferent'K;valuesin the(,;,') reaction ~n ·a·high~K'target. The· 
178Hf".'2 'isomeric targetis 'Very inleresting,for this experiment becauseone can expect. a 
high cross-sectio; for the population by l>reinsstrahlimg in(,,,'); r~action for the'Ievel ~ith 
J, K»:=14,14-, E*==2.574,MeV i~d T 112768 µs-as we!Las -for the l_evcl ~ith .J, K~=6,6+; .. 

· E*==L544, MeV and T112=78 ns:· · The fragment. of the 178Hflevel schen1e is' presented in 
fig.· 11. On~ can see _that theoutput transiti~ns :rr~m 'thcsc,lcveis are not the:_same a; 

; cascade transitions in the radioactive decay. of the ,178HF2 state, So, 'the' population C of 
the K;,14 an.cl K=6 levels' in the (-y,,')-readion Orf a K=16'target of 178Hf"'.i can b~ studied 
exp~riinentally with using the detedionofthe delayed 7-tadi;tion after the pulsed ·excitation: 
of the target by the bremsstrahlung>However, th~ difficuitics with the ,-raybackgrotinci 

·, make this experi~ent difficult. . . . ' . . . . . . . 

4;2 .. Threshold K-mixingbehavi.our in the 1:~Hf':,12 (p,p' ;Freaction. ... . 
One can suggest ·another variant of studying the K-mixing threshold behaviour u~irig the 

proton i~duced reaction which is prefera~lein the sense ~f better. ba<;kground co
0

11ditions: -
-, ,, 
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As it is seen in fig. 11 the hypothetical K:mixed level is located at ari ex'citation-energy of 
about 3 MeV, e.g; not far from the 16+ isbmeric state. So it should be excited in the (p,p·') 
scattering with a high eriough probability, because the K:hindrarice is invalid for mixed level. 
Being excited it can de-~ay to the ground state band and a'high multiplicity -y-cascade shoul_d · 

·arise as a result of s·pin _conservation~ So, the detectia'n.of inelastically s<;attered protons in. 
the coincidence witlr a high 7-miiltiplicity cascade, M-y,:;;8, · will indicate the excitation of 
tlie K-mixed level. A iegular _inelastic.scattering with an excitati~ri of rotatiimal bands of 
stable Hf nuclei gi~es multiplicities n'ot higher then :r..1~~2°4, and does riot create a da11gerous _· 

'background~; • 
A proposed- scheme of such an experiment is present~d in:fig .. 12. The p~oton· b~~ 

with.an energy abo~t 20-30 Mey from a t?-ndem accelerator hits an isomeric target .. The 41r~ 
: granular -y-defcctcir provides high effici~ncy of the detection of high /-multiplicity events in . · 
coincidences ~ith. inelastically scattered protons detected by _the a,r;_nular ·• detector in back
ward direction for the solid an'gle increase. "The measured concidence rate as.a function of 

. the detected proton ene~gy has to show a step ihcrease at an excitation energy of the target 
· 1_78Hf"'2 nucleus ·of about 0.5-LO MeV, This energy_ corresponds to the expected.position of 
the K '. mixed level. . Such ·anobservation being'" realized . will rri~;~, a direct discovery of a 
special,K-rriixed level which pfays a veryirnportant role in the proce;s of levels population 

, with a strong cha,ng~ of·the.K 0 vah1e. ' · ·· · - · ·· · , , 

. . 4.3: Gi.;_nt reson~nces·built ori four~quasiparticle· state '. .. _ . . . 
As" it was d~monstrated by the IPN Oisay,group a fewyears ago [26)heavy-ion inelastic 

scattering is a powerfulinstrumertt for the excitati_on aiid sttidyii::tg of many giant resonances -
. of different natur~ .. The.·spectra·_of inelastically scattered icms were ineasu.red in a f9r~ard 
direction on a beam.with~an energy of abciu·t 50 MeV/a-.m.u, Up to no~.giant resonances 

. built--on isomeric states are npt studied. This idea can be realized on the U-400 cycloti:on 
... at Dubna using an isoIIleric 178Hf"•.target 'in a heavy-ion inelastic scatteriu'g eiperiment. 

The most difficult methodical problem is to separate the scattering eve~ts ori an isomeric 
riucleus from those on' stable Hf nuclei presented-in the target. To ~olve thi_s p;oblemwe 
suggest to use the method of high -y-multiplicity filter in coincidence with scattered ions. ·As 
shown in fig. _13 ions scattered at an angle near 0° are detected by a magnetic sr>'ectrogr~ph 
with a focal detector switched .on coincidences with a 41r grarmlar. -r:multiplicity filter .. For.' 
additional ·selection of events cine can use the _time~of-flight parameter: At the for~ard
angle inelastic scatteriri{~ri- stable nuclei high-spin states _are pop11lated with a negligible 
probaJ>lity but notjn the case of scattering ori the 15+ isomeric nucleus._· So'/the detection 
of a high -y-multipHcity, events.in toincidence w'ith scatte;ed ions piovidei reliable selectio~ 
of the_ reacti~ns with an:isomeric nucleus. $~, the giant resonances of the i;omeric nucleus 
could be ·studied-by this method. . - . - . ' . 

. ' . '•, .... ' . ., '~-- ,_ ' . ,' \ ~ '.' .· , . ~-;, 

4.4:,Transition mass-density distribution of the ·118Hf"2 nucleus . 
, The charge r.?-dius of.the 178Hf"'• nucl~us w~ m~a~i:ired r'ecently [24] in the framework 

. of the "Hafnium collaboration" by tli:e_rnethod of· the collinear laser-spectroscopy. H -is 
. .interesting to measure also the mass:iadius and compare' it with the ch~ge radihs . . ·As: 

k~owri for' decades, the diffraction proton-scatterillg ingular di~tribution brings information.
on the mass-density distribution in ~ nucleus., O~e can cite· the systerri~tical rrieasurments of 
the elastic s~attering on tlie 1 Ge V proton bean{ at Gatchina and developed _methods o'f the 

,data tre~tment usingGlauber-Sitenko approach [27]. It is difficultto measure the angclar 
. distribution of the_elastic scattering on the 178Hf"•·nucleus because_ of the impossibility 

-· 
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Table 8. Properties of some high-excited isomeric states 
./ .. . - . . . -· . . . 

'_,-f 
Isomer 24Nam 38~lm 42Scm goZr':' 93Mom 111Hf"'.' 178Hf"'' 212pom 

T112 0.02s 0.72s 62s. 0.81s' 6.9h 0.85h 3ly -15s. · 

I; - ~ -1 + 5-. 7+ __ _. 5- 21;2+ · 37/2- ]6+ . 18+· 

~M/Mi, 2.1 : 1.9 1.6 2.8 2.8 1.7 · L5 L5 
10-s_ . .: . 

,\ -< 
I. 

,....:::.:: .. :---

·,_ 

.. '-

20 
'\ 

·./ 
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· to separate-that from the ela:s'tic scatteri~g on stable Hf nuclei, H~V.:ev:r, in the case. of 
.the inelastic scattering it:is p~ssibl~- when using the same.scheme as lief~re (see fig. 13). 
The mobile spec.trograph should ·r_!i.easure the.angular distributi~n of'inelastically scattered 

, protons in coincidences·_with a 7:multiplicity filter: The estimations of the absolute counting 
rate co;firm the possibility to realize·such an expe~iment onthe proton-beam with an energy 

· : of 0.5~ 1.0 Ge V. A big mobile spectrograph on the Ring cy~loti-on at Osaka (28] is a favorable 
facility for this type of studies." When_ the elastic scattering is studied, one can _deduce 
the mass-density dis.tribution for the target nucleus. In the discussed case the scattering 
with the excitatio~ o(s~me level is piop2sed to h,e measured; so the transition ~ass-density 
distribution will be deduced, ~hich characterizes- the- individual transition. This information 

· - is valuable from the thecire_tical poirit of vie\v _--< · 

5:'.Isolrieric beams 
Relati~ely long-lived nuclear isomeric states are in abundan"ce tl1rough the nuclides chart 

in a wide range of mass numbers: They.are systemat.ized in fig.14, and one can see th~t the 
-- highest spin isomers a;_e located in· the region cif. A~180'.210. · Properties of few interesting 
-.. isomeric states are pre~ented also in table 8, their' excitation energy is given in ratio t~ the __ , · 

.. mas; of.the 'nucleus. > · · · . · - · , _ . . . · · · ·. - -- · - ~ · · · ·.- · 

,. ~ Isomeridons asprojectiles were discussed earlier by Kutschera in reU29] Oil the 178Hf"'2 

as well as by Armbruster and Polikanov [30] in the GSI proposal on pi:oduction of secondary 
.: beam of spa'ntaneously · fissioning isomer. , Rec.eritly the first successful_ experiments on the ·

production -of the 26 Alm, 38K':' and 42Sc':' isomeric beams were performed on the Michigan 
and"French tandem~cydotron facmties at East-Lansing and Caen (31?32]:. In the cited and 
future works fo~ the isomeric bea~s producHon one ha~ to overcome the following difficulties: 

. ," - ,, ~ _, ' -- '"' . ' . 

' 1. Th'e physical limitations on the producti~n rate' or' isomeric .atoms deinanddor high' . 
·_tifficiency-of acceleration,-or high efficiency_of isomeric _ions consumption wlien working 
on_ a se~ondary beam·, . - . . - . 

2. Sh6rt lifetimesof many isomefs Ji~it the t6tal pro~~ssing time fro";f;\he ~~oduction to 
consumption of the isomer nu~leu~. - · ·· ··- - · - · · · · 

3. Not high iscimeric-t~-ground ~tate ratio in th~ produdng le~~tion ~reat~s ~nomi.o~s 
r - . difficulties for the formatiim of a purely 'isomeric bearri:"' - - -- . 

-- , - • - < • • --~ ' 

'. ✓- . -~ .,, '. . . -- - ,,..,, . - - . ' 

, . In this_ talk some general problems such as atom ionization, acceleration; stripp_ing; · stora 
age and extraction are not discus1ed in detail because they happen to be already solved when 
any heavy-ioncbeam is produced. Only special problems of.isoin~ric beai'us ar~ co;sidered 
iii a sch~matical app~oach and soine concrete advantageo{is_variants forthe pr~duction of 
beams ~f individual isol!lers are suggested~ - . -._ . -. , - - ' 

·) __ -- -. · •. ---- - . 5;1. Direct• acceleration or180Tam_ i,some~ic ions ', . : ._ ,- ~ _ 
· The 180Tam, is the, only isomer abundant in:natme (l.2·10:-2 %) due to its record, long 
lifetime :2:1.2-'1015y. Two odd _nucleons being aligned produce this:75. keV; J~ -=9- excited 
state while _the g;ound state 1 +, has a short lifetime, 8.15h .. 'fhe weight quantities <if/80Ta"' 

, / ._ ; ,;_-;~_ already av~ilable for.acceleration.In addition, iri this case. the presei1ce of ground:state 
-'nucl~i is excluded-\vhich·is· an important advantage.·:~'he enricl;ed' 180Ta'.7' material is very 

expensive, hence the most effective acceleration- should he -achieved using a cy~lotr~n ill'. 
. . ·,··, ·"- . -· ' -
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1
ion-s6urce [33). -M~derately high (non-iec~rdf efficiency v~l~es 

-are about 0.1 for the ionization•in an ECR source and about 0.1 for the· acceleration in a 
cyclotron ai:~ciriling to_ literature .. The total efficiency of about 10-2 can be r~ached for the 
production of a 180Tam ion beam·by this method. When a Ta material enriclied to 1 % of the · / 
1
.
80Ta m contentis used, one can expect the beam intensity on the level of 1010 / s of the ,180Ta m ', 

ion~. So the accele~ator will consume 180Tam at a :rate of 30 µg/day. Such expenditures of 
the material are not high botli from the technical an_d eC:onomical points of vie_w. The project. 
ca1i' be realized at Dubna cin the cyclotron U-400M when1an ECR source is rrioimted. An· 
ion energy of about 6 MeV /amu is expected for 1s+ charged .Ta ions, which is sufficient for' 

• ' \ , ,1 ·: . .. • : . ' ' • 

_nuclear physics ·studies. / ... , ;_ : ___ · ; .. , •· _·, · _ · . , , , ,_ •. • •. ;. · . 

'. . '' . \ :_ ' c.5.2. J\.ccelei-ation of 178Hf"'2 nu~lei . . ... I t. ·, ' ! . 

, 'The maximum prodtic\ion rate of 1.78Hf"'2 reached on the U-200 cyclotron at Dubna is 
·· about 1015 atoms•pe'r irionth 'of effective i~radiation time. B~sed on the presented above_·_ 
acceleration efficiency value one can estimate that 1015 atoms is sufficient for one day of', . 

. work at the 178HF2 ion bea:iri int.ensity i.s low as 108 /s. It means; ~nmmous ~penses for the 
' ·' 

178HF,' material produdion ar1; required .. A more efficient way' to use this materjal is the .· 
. preparatio~ o(178Hf"2 targets as descri_bed aboye. In addition, the, fact; that the isorrieric

toaground ~tate ratio is not 'higher .than 5% fo~ the 178HF2 production, leads. to serious 
,, difficult.ics in the.pure isomeric beam creation: _It is dear that· another way to produce a 

~ , ~'.
8 Hf,"2 i?.~ beam_should be,~o~sidere~ ... _. .• •. .. . , _ · .. ·. ; .·.. . _.. , . _ 

.. · , • _, Let us assume that a heavy-ion storage facility, similar to the Darmstadt one is available_. · 
: T'heieare plans to construct in a few years:a h~avy-ion storage ring compl~x K4-KlO·at 

'· , Dubna [34); 'The Darmstadt facility is an assembly of th~- Unilac ~ccel~rator, the SIS syn~,,· 
ch~otron? '+.he FRS fragment separator and the ESR cooler storage ring.·. Radioactive isotopes _, 

'I I ',~re produced ,wit~ a high enough yield ~t the sis energies·, th~y can be_ selected b:y th_e FRS. 
. and stored atthe ESR. This scheme is acceptable for the 178HF2 secondary beam creation., 

On~ can ei°cpecta good ~riough yi~id for th~ 1'.8HF~ isomer produ'ction in the fragmentation,.:. 
. re~i:tion _on the 1 GeV/amu 181T~ (for inst~nce) ion beam: So, efforts to produce a ,178H.f'i'ori 

··._ b~am are not much greater.than those for. any radioactive secondary beam. I 

High mom~ntimi resolution of the beam· in the storage ring' reached aftef the ele~tron 
cooii~g gives a possibHity to' s~lect a pure 178Hf"'2 beam with a d~ep red'uction ofthe 178Hf9 
ion beam. The rr{ass difference of g and m2' states in 1.78Hfis 2.45 MeV, or 1.s-10-s:in relative. 

' units. This is sufficient for the separation in the' ESR 'cooler' be~aus~ its ~Ome~tum resolu
tion' is on the level of 10-6

• Hundreds of MeV per amu ion beam <>f1 78HF2 is apromising 
one fJr nuclear readions with high-spin partners 'sthdies, for inst~nce, for investigation of 
rr{~Uiphonon: giant reso~ances b~ilt on a higfspin q~;siparti'cle isomerand ~o on. 

I_ . '-- The ·same: way is acceptable to produce beam~ of oth_er isomers li;ted in Table 8'. High, 
~nough AM _value _'is promising for, ~fficient separation of. the. isomeric and · ground state 
beams in 'the· storage ring. Besides, isomer; with the highest AM values are physically most 
intriguing as'iiuclei 'exotic in structure .. ' ' .· '. . ' ' ' . . . . ,. 
' ·_:' '. ' '-. ,, ' '/ '. ) :· .· ' . ,. ' ' . , " ' ' - ' 

. _I ' ' • 5.3; se'condary beams.of the s.f. isomers 'and 212Pom' . ' 
It is possible t~ consume secondary radioactive beairi on the' target j~t after th~fragment 

separation without storing 'in' the dng: ;This variant is more advantageous because it1 avoids . \ 
losses ohadioactive ions during storage and cooling. However, there is no possibility to 

·_, separate' i~om~ric and gr'ound state nuclei with_out storage. In the cases of some isomers this. 
. a more efficient 'way is stiU open. For inst'arice, in ref.(30] it is proposed to_study secondary 
l • ', < • • •• ' 
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/ interactions cif ~pontaneously fissioning isomers ~sing the delayed fission as a trigger for the 
. • sel~ction of events of the s,f. isomer interaction. Such a selectiori gives a po~sibility to study• 

t'he elastic a'nd in~lastic (with a ,~decay deexcitation) scattering of ~.f: isorriers in spite of a 
low. value, ~lQ-:4, of the isomeric-to,ground state ratio in.the beam. · . , , , ,' . /. 

'The 212Pojisomer (J" =18+) has along e'nough lifetim~, T 112=45 s, to be stored, however 
it is much.better to use this micleus just after the separation in.the FRS, The fragmentation 
of 232Th n~cl;ii~ can be used for the production of the 212Pom nuclei. The ground state of 
212Po has T11;=3·10-7 's·and it _decaysafter._a_ short path. So; after FRS one, can use a pure 
~12Pom 'isomeric beam'. ,Nuclear .reactions with ,an exqtic' four-quasiparticle 212Pom isomer 

. were never discussed in literature either in experimental or theoretical'approach. / '. . 

. . . . ·• 5.4 . .A~~el.eration pf:s212Pom nu.clei 
1 

'. ' • . . . . 

A few groups in the world are, deveJoping (31,32,~5] during the de_cade a method for the • 
production and acceleration-of light radioactive beams on a tandem-cyclotron facility. _The 
FLNR JINR has three powerful operating cyclcitrons .. So we can. propose to produce and · · 
acceleratiiexotic ;uclei as heavy as 2i2Po~. In this proJect pciwerfuL4He-ion beam ext'racted 

! from the U-200 cyclotron willbe transported to the area of the ECR-sourc~· assembled .with, 
the U-400M,~yclotrori: (as schematically shown in fig,,15f 212 Pom nuclei will be produced 
in the reacticin 210Pb(4He;2ri) with a mbarns'. cross~section, The target rriaterial of 210Pb is ' 
available at Dubna: in the required quantity. Th'ere is a technical task t'o collect the 

1
produced 

· 212 Pom 'nuclei and· to transport'them into the ECR source 'of the U~400M cyclotrbn'.' After 
that the ionization and acceleration of 212Pom . atoms will be produced by the sa~e way as 
ofany other'atoms. The pfoduction:,rate of tlie reaction21°Pb( 4He',2n), 212Pom should be 
about 5-107 

/ s. The efficiency of the transportation into' the ECR source is unknown, however,· 
taking 'into account good volatility of Po atoms one can lpect 'a ri6t too low effici;ncy for the 
penetration th~ough a heated qua:rtz pipe filled with a' rare gas at a low pressure. Assuming· 
the known effi.ci~ncy of ionization and ac·~eleration and some~hat' arbitrary transportation . 

"· effi.ci~ncy ·one can anticipate the final intensity of the 212Pom ion beam on .the level ~£ 105 / s. 
' . .,· . ' ·1_ ., "j. 

Summary, 
,The current interest fo the reactions with high-spin' nuclei is motivate·d: Recent stud~ 

ieswith-.t.he exotic _178 H f,;:. 2 isomeric target taken -in reactions in~ucedby bremssiahlung; · 
, neutrons arid charged partides demonstrate a possibility to obtain.new information both in 
the field of ~uclear' structure and '<if nudear reactions'. New prnposals .. for the continuation· 

· and. developrrient of experiments with, a. 178 H fm 2 target are described. The, production <if . 
isomeric beams is con~idered in a schematical approach for some exotic in structiire.isomers. 

. -. : ' > , ' j , ~ t , , ' l .'· ,/ ,,._ , ' , , • ,, • :, 
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