


1. Introduction ' Con

Photonuclear reactions producing residual nucle1 in specific states have become one
of the basic sources of new.information on the properties of giant dipole -resonances.:
The distribution of residual-nucleus excited states over energy .and spin - is
determined by the energy, the number and the type of outgoing particles and also by
* the spin and.excitation energy of the -compound nucleus, which are practlcally known
at photoexcitation in the Giant D1pole Resonance.

If there are low-lying isomeric states in the nucleus, then the relative population of
isomeric and ground nucleus states will be determined by the distribution of above-
lying levels over energy and spin. Thus, the measurement of isomeric ratios (IR), viz.
‘the ratios between the reaction cross sections for producing the nuclei in the isomeric
and the ground states, provides a possibility to draw conclusions about the parameters
. describing the dependence of the level density on excitation energy and spm and also
~ about the transition probability to the isomeric and the ground states. - ~

The goal of the present work'is to obtain data .on IR for barium 1sotopes in the
wide range of neutron number N. Due to some reasons Ba  isotopes have been chosen
as the object of investigations. First, with increasing neutron -number in them from 74
to 82 the neutron shell is filled for 1hyy,. Secondly, quadrupole deformation parameters

- of the ground state decrease with the increase of neutron number. Thirdly, Ba ‘isotopes

give us the unique chance to study the population of isomeric states’ which are-
produced after photonuclear reactions with neutron escape. And - this provides addmonal j
data on the level densxty of these nuclei.

2. Experlment and Data Analysns

The present investigations have been carried out with the beam of bremsstrahlung Y-
quanta using the MT-25 microtron of FLNR, JINR, Dubna, in the energy region from
10 to 25 MeV [1]. The ‘electron current (15-20 pA) was dlrected on a tungsten
stopping target (2 mm) and measured continuously during the experlments The
electron energy was determined through measurements of  the gu1dmg microtron
magnetic field using the nuclear magnetic resonance method. _

Samples of natural BaO; were packed up in aluminium foil and during the
irradiation were placed just behind an aluminium absorber. Natural abundance copper
monitors 50 mm thick were placed just behind of the barium samples The investigation
of the isomeric and ground ‘state population” was’ performed using an activation
technique. The lines correspondmg to the y-cascades of the isomers were registered
by a Ge(Li) detecior .(with 60 cm® volume -and- an‘energy resolution of AE =3 keV -
for E, =1332 keV"- 60Co) coupled to-a - 4096- multichannel: analyser. ‘The -detector -
efficiency was experlmentally determined using the OSGI standard sources.

In Table 1 the main nuclea.r-phys1ca1 characteristics of "the studied isomers are shown
[2,3]: As can be séen from the table, the half-life and” gamma-energy of the investigated
isomers are very different and this allows a simultaneous measurement with natural Ba
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samples. The irradiation time for short-lived isomers was from 5 to 10 min, and for long-
lived ones - up to 5 hours. Repeated measurements to experimentally determine the half-
life of the studied radionuclides have been performed Spectra have been analysed w1th
the help of the ACTIV program [4]. - S

In Fig. 1-a typical y-spectrum of ™Ba obtained at maximum energy of Emax =

MeV is presented. One can see f-lines of a series -of Ba isomers produced in

photonuclear reactions.

Table 1. Half-life, energy, intensity, branching ratio, spin of studied nuclides.

Nuclide Tin E,;keV = I,,% ' Branch, %" s
ABmga - 213k 18234 - 470 0 772"
122, 2.20h 214.30 9.9 - e 1/2*
Blmpa . 14.6m 108.12 ~ 55.0 100 9/2
Blegy '11.8d 496.26 440 DR VA
- 1¥mpy 3890h - 276.09 175 79999 - 11/27
13¥ERa 1 10.54yr 355.99 62.2 e C12"
135mpa 288h 26827 15.6 100+ 1172
B ga stab. : : il 3/2*
- Bimpy 2.552m 661.66 - 90.1" 100 11/2°
378 ga stab. RNt 3/2*
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i The yields Y*(Enax) ~ of the reactions (y,n) were obtained by means of the relatlve
method companng y-ray photo—peak areas of the isomers and ground state :

Y (E) =2 Y ) . M-
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where ‘m and g correspond to the metastable and ground states respectively; S, is the

photopeak area, €, - the detector efficiency, I, - the:y-line. intensity, A - the:decay
-constant. The time factor f{t;,t. ,tm ) is equal to: : St
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where t; ,tc ,tn are the irradiation, cooling and measuring times. The yield is related to the
cross section by means of the following with integral relation:

E max

YEm)= | CONEERE, O

Eth

-where Ey, is the threshold of the reaction, Emax is the maximum energy of the y-quanta,

o(E) is the reaction cross section, N(E,Emx) is the energetic dependence of the
bremsstrahlung spectrum [5].
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Fig. 1. A y-spectrum of "Ba produced after the irradiation by bremsstrahlung y-quanta

‘with E ‘= 14 MeV and cooling time of 13 min. The time of spectrum collecting is 5 min.

One should note some interfering processes which can affect the yield, and therefore, the
absolute values of the given reaction cross sections. Such are (n, v}, (n,n’), (v,y"),
(v,2n) reactions and (y,p) reactions with B~ decay. As it is known, in bremsstrahlung



experiments neutrons are present, which'in reactions like (n,y) and (n,n’) on other Ba
isotopes can produce the same states which are populated in the (y,n) reactions. Neutron
flux with each y-quanta: energy - has been determined by capture reaction ’In(n, y)'"’In.

The most major contribution to the population of isomeric states after radloactlve
capture one can observe in the reaction “°Ba(n,y)"*'Ba at y-energy of 25 MeV and it
amounts to. 6%. For IR of *Ba the contribution of radiative capture reactions at
the same maximum gamma-quanta energy amounts to 4%. As we approach the closed
shell N = 82 the capture cross section significantly decreases [6], and the interference

at the maximum gamma-quanta energy becomes less than 1%. The same low

contnbunons (< 1%) have (n,n%) and (v,y*) reactions. (y,2n) and (y,p) reactions become
important ( 1-3%) only for the maximum gamma-quanta energy

3. Results

The dependence of the yields of barium isomers on bremmstrahlung y-rays is presented
in Fig. 2. They are obtained from the ratio of the isomer yield and the monitor reaction
and present initial information on the cross section: One of the methodical” solutions,
which gives a possibility 'to achieve a certain progress in the systematic study of the
dependence ‘of phoronuclear reaction cross sections on the excitation energy and
nucleon content of nuclei, lies in using a relative method of measurements with respect
to a cross section, which.is well known and taken as a standard. As well as in our
previous measurements [7,8] the cross section of the reaction **Cu(y,n)*Cu measured
by the direct procedure with the use of quasimonochromatic y-quanta is employed asa
standard [9].

The advantages of using a copper monitor involves the measurement of anmhllatlon
radiation peak with the energy of 511 keV at short- and long-term irradiation, as well as
the absence of resonance structure near the threshold region for even-odd nucle1

The relative method certainly has some advantages:
1) there i is no necessny to measure gamma-quanta yield*at the glven electron
energy, which are required at absolute measurements;
2) there is no necessity to account for uncontrolled changes of beam shape and
size. e B : oo ' g

To recover the reaction cross sectjons the iteration method of minimizing the
‘directed divergence has been applied .[10]. To realize it one needs to know the
bremsstrahlung spectrum N(E,E,...x). For this purpose we have taken the results from ref.
[5]. The interval of recovering the cross section was 1 MeV.

In Fig. 3 excitation functions of the investigated isomeric states are shown. The
deduced Giant Dlpole Resonans parameters the for the (y,n) reactions are presented in
Table 2. All dependences have a  single-humped’ shape. the maximum ‘of which is in the
region of 15 MeV. The same value have analogous parameters for the ground states.
Excluding the excitation function for 157 Ba(y,n), all other dependences are given for the
first time.
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Fig. 2. Dependence of barium isomer yields on the from bremsstrahlung spectrum.
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Fig. 3. Excitation functions for the studied isomers.
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Table 2. Giant Dipole Resonans parameters for (y,n) reactions on barium isotopes.

Reactions Eo, MeV  Tp, MeV  Gpax, mb Gin, MeV.mb
"*°Ba(y,n)'*"Ba 153 3.1 72 347
2Ba(y,n)"*'""Ba 15.1 29 . 64 293
*Ba(y,n)**"Ba 15.1 3.1 52 256
**Ba(y,n)"**"Ba 15.2 32 52 259
13Ba(y,n)"*"™Ba 15.2 26 39 162

4. Discussion and Summary

As alréady noted above, the excitation functions for (v,n) reactions with the formation
of nuclei in isomeric and ground states have the some behaviour, and the Giant Dipole ‘
Resonans parameters in both cases have are close values. That means that the mechanism
of population of isomeric and ground states is the same - a neutron is emitted from the
Giant Dipole Resonance to the levels with several MeV excitation energy, followed by a
cascade of y-quanta. The dependence of IR on y-ray energy for different Ba isotopes is
given in Fig. 4. Two regions of IR behaviour are recognised. The first region - from the

" neutron escape threshold to y- quanta energy of 16- 17 MeV. In thlS region the i xsomenc

ratio increases sharply. .
The presence of a significant angular momentum in the residual nuclei ( Table 1) in
comparison with the 1~ momentum of the excited nuclei - ***>"**%13*Ba, leads to the
formation of a substantial threshold in J for these reactions. As the emitted. neutrors in
the first region have a low energy &, ( as a'rule this is true for : s and p ‘neutrons), the
low angular momentuin / is’ carried away by these neutrons; - It follows that in this
region the metastable level are populated via a limited number of transitions. With
mcreasmg the excitation energy in the compound nucleus the energy of the ‘emitted
neutron increases also and hence the distribution of the level densxty of residual nuclei.

~over angular momentum is enhanced. In the second reglon (beyond 17 MeV) IR

changes slightly.

One would mark one more distinguishing feature in the behaviour of the IR energy
dependence. This is the difference in IR values for various Ba isotopes. '*Ba has the
highest IR. Then this ratio decreases with increasing the mass number A and has a
minimum value for the semimagic nucleus *Ba.

One can assume the existence of several reasons, which can affect the behaviour of
IR dependences. The first one could be the different values of neutron binding energy
for Ba isotopes. As known, with increasing the mass number A the neutron binding
encrgy B, decreases. Thus, this dependence should influence inversely the IR
dependence at the same excitation energy. Therefore this is not a positive argument in
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mterpretmg the experimental dependences. Secondly, approximately the same difference
in spins of isomeric and ground states should not affect the IR dependence, too.
Thirdly, if one takes into account the level density of '*"**'** 1378, isotopes, then it

can be seen (Fig. 5) that it correlates with the detected IR dependence. The dependence
" in Fig. 5 has been obtmned on the base of describing the level density by a

phenomenological method taking into account the influence of shell effects and their.

atterluatlon with the increase of excitation energy [11].
To calculate the level densities of a nucleus, p (U,J), having a given excitation energy
U and angular momentum J, the Fermi gas model [12] has been used: .

expl2 Ja(U = B) ]

p (UJ)=10) | )
oa” (U- A)sm _

where the spin dependence in (4) equals to:

@+ (@+12y
)= —— exp[ -—1] - (5)
2o’ 2¢°
where the spin cutoff parameter is determined via: '
v . 6 )

o’=  kA® JaU-8) ~(6)

TCZ

Thus, the nuclear level ‘density (4) is determined by two parameters: level density
parameter a and the average taken over angular momentum projections of single
particle states in the Fermi energy <m’ > =k A**. A is the pairing energy (in MeV). A
is the mass number. On the other hand, Spln cutoff parameter is connected with
moment of inertia I by the ratio: ;

o’ =1T/h? ' @)

and moment inertia is presented by the dependence:

I =2/5 MR? (1+1/38) (8)
where M, R and B are the mass, radius and quadrupole deformation coefficient,
respectively. '
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Fig. 5 Level density for "“"**1**%7Ba at excitation energy of 16 MeV.



The level density parameter depending on excitation energy is described by the ratio:
a(E)=a [1+fE)SW/U], %)

where a is an asymptotic parameter value at high excitation energies.

IR correlate with the quadrupole deformation parameter. With the decrease of the
neutron number and the increase of IR, both the dynamical quadrupole deformation the
primary even-even nuclei [13], and the static deformation in the residual odd nuclei [14]
increase. N

- A similar dependence has been observed in y-lnelasttc scattering [15].
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Fig. 6. IR versus quadrupole deformation coefficients <B*>"? for (y,n) reactxons L and

for neutron capture ones ® . The maximum y-quanta energy is 16 MeV.

This dependence is similar to the well known. cross section systematics in which a
correlation with the neutron excess (N- Z)/A is observed [16 17 18] -

(N-2) |

In(IR)=B-C (10)

A

10

5, Conclusion

where B and C are constants :N, Z are the neutron and _proton numbers. This dependence
shows a sensitivity of IR to the nuclear structure of atoms. = D

40{ .
O ‘ \‘\?\\ ‘\‘ -
'f_‘: -1.5- ] T 1\;\\ -

204 0 o 6L e g 23Mev
Q SO i

g 254 E . N

@ -3.0] e 1w 15 Mev

Fig. 7. Dependence of the IR of banum xsotopes in (y,n) reactlons on the neutron excess; 5
(N-Z)/A. o
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_ The isomeric ratios obtained for the nuclei POPR68R, confirm dur assumption

concerning the role of deformation. One should note that Ba isotopes have no ‘high-
static deformation, although some experlmental results indicate the increase of the ‘static -
deformation coefficient. In this region of nuclei the quadrupole deformatlon coeﬂicxent
is - basically associated with dynamic deformation. :

“Thus, the existence of deformation should result in occurrence of v1brat10nal and.
rotational states, in this case rotational bands ‘most efficiently manifest themselves in
aligned states, i.e. in states with the maximum spin. Therefore, the concentration of
high-spin states increases and thls leads to the decrease of IR, which is observed in the
experiment.
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Ha naoronax Gapl/lﬂ B 06]IaCTPl I‘HraHTCKOI‘O ImrlOJIbHOPO peaonanca

HpCI(CTaBJICHb[ peayanaTbI naMepeHnn ceqennn peaxunn (y, n) B oﬁnacrn

tI‘I/II‘aHTCKOF() I(HHOJIbHOI‘() peaoHcha rlpmsozmumx K OCHOBHHM U I/IBOMCprIM‘

cocrosmnsm h“ /2B Heqembrx ugoronax Bac A = 129 - 137. I/IcnonbaoBancsr
METOX M3MEPCHUS. HaBez(ermon axmsnocm l'lpOIlyKTOB peaxunn I'[onyqena
32BUCHMOCTb M30MEPHOIO OTHOMIEHHS! OT JHEpTHH ¥-KBaHTOB M MacCOBOrO UHC/Ia
u3oTONa. Ochxqrarorcn paannlnme d)axropm Bnnsuoume Ha Benntmny nao-}

Pa6o"ra anonHeHa B ﬂaﬁopaTopnn smepnbrx peaxunn nM F H d)neposa |

K :Hpenpnil'n' Qﬁennirennom MHCTHTYTa n}ieprrx ncchenosannﬁ.ﬂyona, 1995 A
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; The cross sectlons of (y, n) reactlons in the range of the Glant Drpole:
Resonance, leadlng to the i isomeric states k112 in odd 1sotopes of Ba with mass

. ?-numberA 129 137 are presented An activation method of measurement has
: ‘been used. The dependence of the isomeric ratio on y-energy and mass number

of the 1sotopes has’ been obtalned leferent factors mﬂuencmg the value‘- ,

e of the 1somer1c ratlo are d1scussed
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