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Exact Solution of Electric Transitions and

Production Probability of Isomer State of FP

Hiroaki Wada*

Abstract

This report describes the study dome within the period of time when I was
postdoctoral research worker at Japan Nuclear Cycle Development Institute. The report
includes two parts as follows.

1) Exact Solution of Electric Transitions for High Energy photons
Technologies for creating high-energy 7 beams have been rapidly developed.
These advancements make the research using high-energy 7 -rays more important. The
electric transition rates for high energy 7 -rays were formulated. The electric multipole
fields were treated strictly in the process of calculating the electric transition rates and the
nuclear states were taken as the harmonic oscillator wave functions.

2) Production of the isomeric state of *®Cs in the thermal neutron capture
reaction *’Cs(n, 7 )'**Cs

In order to obtain precise data of the neutron capture cross section of the reaction
®7Cs(n, v )'*Cs, the production probability of isomer state ***Cs was measured in this work.
The 1436keV 7 -ray emitted from both of *%Cs and **"Cs was measured. A production
ratio of **"Cs to ( "**Cs and "*"Cs ) was deduced from time dependence of peak counts of
1436keV v -ray. The probability of the production of **”Cs was obtained as 0.75+0.18 and
this value revised the effective cross section upwards 9+2%. The effective cross section &
and the thermal neutron capture cross section ¢, were obtained as 6=0.29+0.02 b and
. 00=0.27%0.03 b with taking into account the production of 38"(s.

* Advanced Fuel Recycle Technology Division
Recycle System Analysis Group
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Exact Solution of Electric Transitions for High Energy
photons

Hiroaki Wada and Hideo Harada
Japan Nuclear Cycle Development Institute ( JNC ),
Tokai-mura, Naka-gun, Ibaraki-ken 319-1194

Abstract

The electric transition rates for high energy +-rays are formulated and obtained nu-
merically. The electric multipole fields are treated strictly in the process of calculating
the electric transition rates and the nuclear states are taken as the harmonic oscillator
wave functions. The electric transition rates between the 1s and the excited nl states
are calculated without the long-wavelength approximation (LWA) and compared with the
Weisskopi’s estimates in case of E1, E2 and F3. The calculated transition rates are much
smaller than the Weisskopf units for high energy photons. The results are used for the
order of estimates of electric transition rates at the energy region where LWA is not valid.
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1 Introduction

Technologies for creating high-energy vy beams have been rapidly developed ( e.g. powerful
synchrotron radiation facilities and v ray beams by inverse compton scattering, etc.). These
advancements make the research using high-energy <-rays more important. Using the high-
energy ~v-rays and X-rays, the progress is being developed in the fields of nuclear and atomic
physics, respectively.

A method of the long-wavelength approximation (LWA) has been applied to calculations of

the nuclear photo effects (e.g. calculations of y-transition, the giant dipole resonance, etc.) and
calculations of the atomic photo effects (e.g. calculations of X-ray absorption fine structure,
etc.). The LWA is nearly accurate under the condition |k{R « 1 where k means wave vector
of photon and R is radius of nucleus ( or atom ). This paper aims to provide exact electric
transition operators that are even valid for the case of |k|R > 1.
_ The error in calculation by using the LWA is not negligible under the condition [k|R 2 1.
For example, the LWA is not valid for the calculation of the differential cross sections of the
¥O(~, N) reaction in a few tens of MeV. Contributions of £1 and E2 multipole operators to
the differential cross sections were calculated within random phase approximation and Hartree-
Fock approximation, where expressions of the electric multipole fields were chosen as strict form
and the approximated form in the LWA. The errors induced by using the LWA became large for
photon energy above about 40 MeV ( |k|R 2 0.61 in this case ) [1]. As another example, the
radiative widths of the M1 transition from excited 2C (15.11 MeV excitation) to the ground
state led to a deviation of about 2% (|k|R = 0.21 in this case) by using the LWA, where the
matrix elements of magnetic multipole operators were expanded by the Fourier-Bessel series.
The spherical Bessel functions were expanded into a power series in |k|R and the leading term
is keeped in the LWA [2].

Weisskopf- suggested the transition rates in the LWA with a single nucleon state for the
order-of-magnitude estimations [3]. In these estimations, the wave functions are described by
a constant radial wave function inside nuclei (vanishing outside nuclei} and spherical harmonic
functions Y, (8, ¢). These wave functions represent that the probability of proton is uniform
in spherical nuclei. The transition rates between the ground state with [ = 0 ( s state ) and
the excited state with ! # 0 are conveniently and widely used as the units (Weisskopf units) of
the electric and magnetic transition rates. However, Weisskopf units do not give valid results -
for high energy photons or heavy nucleus (|k|R 2 1) because Weisskopf units are calculated by
using the LWA ({k|R < 1). It is expected to obtain the valid transition rates for high photon
energies and heavy nuclear masses with the simple evaluation forms as given by Weisskopf.

In this work, we restrict ourselves to Fl transitions and treat the electric multipole operators
strictly without the calculations by using the LWA. The nuclear states are assumed as single-
particle proton states that are the energy eigenfunctions of the spherical harmonic oscillator,
since the comstant wave functions are not energy eigenfunctions and are inappropriate to be
used in calculating the transition rates in the case of [k|R 2 1. We estimate the transition rates
of the El transitions from grand state 1s to the exited states for the absorption of photons as
typical El transition processes (where freedom of spin is ignored) in similar way of Weisskopf’s
estimation methods.



JNC TN8400 2000—015

Firstly, a derivation process of the £l transition rates with harmonic oscillator wave func-
tions is briefty followed in section 2. Next, the differences between the calculated transition
rates and Weisskopf unit are shown in cases of £1, E2 and E3 transitions in section 3. We
discuss the results in section 4 and summarize in section 5.

2 Formulation of the El transition rates

In this section, the formulation of the El transition rates with the electric multipole fields that
are not approximated by using the LWA is surveied. The electric multipole field is expressed
as

—i .

Ap(r; E) = —————_V x |Lj; (k") Y5,(Q , 1

(e B) = s sV x [Lai(inviu(@)| (1)
where [ (=t xp = —ihr x V ) denotes an orbital angular momentum operator. And k (

p = *1 ) indicates the wave vector ( the polarization index ) of the photon. Substituting the
electric multipole field (1) for the El transition matrix element for v absorption

Myl El) = ~VERETFT [ @r(Fa501i0) - Aules B)e™ ©)

and changing the expression of the El transition matrix element in a vector analysis, the El
matrix element is splitted in two parts [4, 5, 6] as

2mittl /2l + 1
[k|+/I(l + 1)

[ Erseioney-v | (1+r2) aurvo)

Mpi(lk|p; BT) = —

+k[? f d’rr - (f(t)fj(r)Ii(‘»‘))jz(lklf)}’w(ﬂ)}e"w - (3)

By performing a partial integration (the surface term vanishes because the extent of the nuclear
- current distribution is finite) and using the continuity equation for the current

0 = ZUORRED) + V- FEEEE)

?

= (B = B)(F@OI@®) + V- (FOL@) (4)
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the El transition matrix element is transformed into
2mit/2 + 1
{i+1)
Ef — E‘i V 3 * 3 .
hilk| 6P/d rip3(r, t)bi(r, 1) (1 + Tg) Hi([k|r)Yiu(82)

—i|kl% dre - [93(r, Q) Vii(r, £) — (Vo (x, €))hi(x, )]

Mi{|k|p; ET)

jz(lkl?”)qu(Q)}e""”‘ : (5)

The symbol M, ( e, ) indicates the mass ( charge ) of the proton.

In viewpoint of independent one-particle model, the wave function of the nuclear state is
given by the wave function of the proton. We take the wave functions of the nuclear states as
harmonic oscillator wave functions

7! __33_7.2 % —i
wnzm(r,t)=\/2a3lr(n+ e (o LE 2 (02r2) Vi (8, $)e—iBmt/A (6)
2

The initial and final states are 1s state ( ¥; = topo ) and nl state ( ¥y = Y ), Tespectively.

The constant o is defined as

M, 0
2 ™

and wp is the angular frequency of the oscillator. The energy eigenvalue of the harmonic
oscillator wave function ¥, (6) is

o=

Aw
Ey = 70(471 +20+3). (8)
The matrix element between 1s and nl states is
nl(20 + 1) 1 i3
ME K El) = i6,m20H5 (2n + 1) ——ep—
f #m VL( n+l+ HRIE+1) k| * M,

@+1) [ drrt e 1D @y i)

A
‘ﬁz (2n+1) f drri0e LD (022) iy (1Kir)
h2 2

2MC; =(2n 4 1) lf drri*2e=2 5, (fk|r)

2

2 (+1)
R a (an)fo P -azrzu“_ﬂ 1(|k|7‘)} . (9)

Tz dr
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Summing over m of the final state and the two polaization of the photon, the El transition rate
is

1 k| [ (H.0.) ) 2 .
T(z,E)_m%MZZ‘Mﬁ (klw ED| (10)

pu=x1 m=—I

3 Results

The El transition rates for the photon energies E., ( values of [k|R ) are shown in Fig.1,3,5
(Fig.2,4,6). Solid lines are the results of the Weisskopf units for the EIl transitions. Points
represent the strict El transition rates T({; E). The radius of nucleus is supposed as R =
1.2x AY3*fm , where A indicates mass number. The Weisskopf units are continuous and large at
high photon energies and heavy nuclear masses. However, the strict El transition rates T(; E)
with the harmonic ocillator wave functions decrease with increasing photon energies and nuclear
masses. And, T'(I; E') are discontinuous because the initial 1s state transmit disconnectedly to
excited energy levels nl through the E! transitions. The strict El transition rates T(l; E) are
approximately equal to the Weisskopf units in the case of low photon energies and kR < 1.
The differences between the strict transition rates and Weisskopf units increase with increasing
photon energies and the values of |k|R.

4 Discussions

The expression of the electric multipole field is not unique. For example, another form of the
electric multipole field than Eq.(1) is

W E) = A ValnY®) — i e Y@ . )

The E! transition matrix (2) becomes

Ml (ki BY) = x/2_ml\/__zz+1{
[+ 1E; - E ) |
+T {n“,|k| ° / @roi (x, 1vu(r, 1) ([Klr) ¥ ()

iy s [ [ O - (79 e, 0,

T (k)Y 41(Q) }e_m (12)

with the electric multipole field (11). Both E transition matrix elements M #i (5) and M}, (12)
must have same contributions to the El transition rates. The matrix element between 1s and
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nl states of the harmonic oscillator wave functions with the electric multipole field (11) is

nl(20 + 1) 1k {

MEO) El) = 5, 2a" 2n+{)—e,—
i (Klw Bl = #oum2a | ﬁ[r(n+z+§)]3l(l+1)(n W,

I+1) f drr 26~ L4 (42,2 (k)
0

“+%)(02T2)

oo £+2 ___&.2,1.2 dLn B
+ (l—l—l)/; drrtie _'“Tﬂ-i—l(lkl'r) , (13)

2Myc

and the both F! transition matrix elements of 1s — nl with the spherical harmonic oscillator
wave functions M9 (9) and M'(#-99 (13) are equivalent.

However, if the nuclear states are the constant wave functions that are used in deriving
the Weisskopf units { i.e. the ground state 1/3/R3Yp(f, ¢) and excited state 1/3/R3Y}, (6, $)
vanishing outside nuclei ), two types of the El transition rates calculated from M; (5) and
My, (12) are nearly equal at [k|R < 1 but differ from each other larger and larger in increasing
the values of the |k|R. An origin of this trouble is that the continuity equation for the current
(4) must not be used with the constant wave functions, because these wave functions are not
the energy eigen states and do not have energy eigen values. Then, the spherical harmonic
oscillator wave functions are used in this work.

The initial state is ground s-wave state (1s) in this work. However the initial states must be
considered to be excited states, when the final states nl of the transition 1s — nl are already
filled with nucleons. The F1 transition rates of 3s — np ( n > 3 ) for the nuclei that has the
mass number A = 220 indicate in Fig.1. Behavior of the transition rates of 3s — np is similar
to the fransition rate of 1s — np, but the values of the transition rates of 3s — np are larger
than the transition rates of 1s — np for high photon energies. When the energy of the photon
is enough large, the nucleon is ejected from nuclei. The F1 transition rate 1s — the spherical

wave states ({ = 1)} of the free particle %1 / ?—M—yfr’—“" Ji(lk|r)Yim (8, ¢) for mass number A = 20 nuclei
is shown in Fig.1. For the photon enegies E., > 35MeV, the transition probabilities of 15 —
the ejected nucleon are more dominant than the transition probabilities of 1s — the nucleon
bound by nuclei.

5 Summary

We treated the electric multipole fields strictly and formulized the E! transition rates that are
valid at not only [k|R < 1 but |k|R 2 1. The spherical harmonic oscillator wave functions are
used as the nuclear states. The only 1s — nl transition process is considered in this work. These
simple evaluations of transition rates are expected to be convenient units of order-of-magnitude
estimation for high photon’s energy.

The El matrix element M}, was gotten with another form of the electric multipole field A’
than the ordinarily used one A. The matrix element M }z. gives the same results as the ordinary
matrix element Mpy; with the harmonic oscillator wave functions. The M}, is profitable for
numerical calculation efficiently becuase the M}, has simpler expression than Mj;.
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The procedure for calculation of 1s — nl transitions are possible to extend the n'l! — ni
transition in a case of realistic subjects. We did not consider the magnetic transition rates
yet. But, it is possible to extend the electric transition rates to the magnetic transitions with
introducing the spin of the nucleon.
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Fig. 1. - E'1 transition rates vs. photon energy E. at various mass number A.
Solid lines are Weisskopf units. Each points are strict transition rates T(I = 1; F)
for 1s — 1p, 1s = 2p, - - in the order of increasing photon energies.

Fig. 2. - E1 transition rates vs. |k|R at various mass number A.
Fig. 3. - E2 transition rates vs. photon energy E.,, at various mass number A.
Fig. 4. - E2 transition rates vs. [k|R at various mass number A.
Fig. 5. - F3 transition rates vs. photon energy E., at various mass number A.

Fig. 6. - E3 transition rates vs. [k|R at various mass number A.
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1s—2p, ==~ in the order of increasing photon energy
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2.2 Production of the isomeric state of ®Cs in the

thermal neutron capture reaction >’ Cs(n, 7 )*%Cs
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In order to obtain precise data of the neutron capture cross section of the reaction
B Cs(n, v)1*8Cs, the production probability of isomer state 138mCs was measured in this work.
Target of about 0.37MBq "Cs was irradiated for 3min. in the pneumatic tube facility (Pn-3)
of Kyoto University Reactor (KUR). The 1436keV 7 -ray emitted from both of *%Cs and
1¥7Cs was measured, A production ratio of 8"Cs to ( 3%Cs and 138"Cs ) was deduced
from time dependence of peak counts of 1436keV v -ray by making use of difference of
half-lives of "***Cs (33.41min.) and **"Cs (2.91min).  The probability of the production of
1387 Cs was obtained as 0.754-0.18 and this value revised the effective cross section upwards 9
+2%. The effective cross section & and the thermal neutron capture crosé section O g
were obtained as d=0.29i0.02 b and 0¢=0.27+0.03 b with taking into account the

production of **"Cs.

KEYWORDS: neutron capture, cesium 137, cesium 138, isomer, thermal neutron,

cross section, nuclear transmutation
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1. Introduction

Precise data of the neutron cross sections are extremely important for the study of the
nuclear transmutation of the fission products. The '*Cs is one of the important fission
products because it has large fission yield. The thermal neutron capture cross section ¢ g of
the reaction *'Cs(n, 7 )"**Cs was measured for the first time by Stupegia in 1960,
Stupegia’s result ( ¢=0.110+0.033 b? ) was obtained by an activation method with a Nal
spectrometer.  In 1990, the thermal neutron capture cross section was measured by using a
high purity Ge detector and the obtained value was ¢¢=0.25+0.02 b @®, This result
much reduced the error of the 0 ¢ value compared to that from Stupegia’s result. However,
the contribution of the isomeric state to the ¢ value has never been included in the previous
measurements. Both of the ground state **¢Cs ( the spin and parity are 37 ) and the isomer
state "**"Cs ( the spin and parity are 6" ) are produced in the reaction ''Cs(n, v )'**Cs as )
shown in Fig. 1. There has been no experimental data of the probability of the production of
¥8MCs.  In the previous works®®, the 7 -rays of *"Cs were not measured because the
half-life of **™Cs is so short as 2.91 min. Therefore, the probability of the production of
138mCs, x, was estimated in ref.3 by the calculation based on the Huizenga—Va.ndenbésch
model®. The theoretically estimated value x is as small as 0.11 ( or 0.34 ) if the spin pallity
of compound nuclei is 3" (‘or 4% ), and the value x revises the neutron cross section only
upwards +1.2% ( or +3.9% ),

A purpose of this work is to measure the probability of the production of **"Cs, x.
To obtain the value of x experimentally, not only the 1436keV - -ray emitted from %Cs

but also the 1436keV 7 -ray of **"Cs were measured.

2'. Experiments

The experiment was performed at Research Reactor Institute, Kyoto University.
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The standardized radioactive *’CsCl solution was obtained from Amersham Co. Because
3¢y produced via Ci(n, 7 Y*°CI reaction emits 1643keV 7y -rays, the removal of chlorine
from the irradiation target was a significant procedure for the preparation of the target. The
cesium chloride was changed to cesinm nitrate as follows. The standardized solution was
once dried by heating in a glass vial. Then, about 1m! of 3% nitric acid solution was added
and the solution was heated to dryness. This procedure was repeated three times to convert
the source to >"CsNO;. The dried " CsNO; was dissolved with 1m! of 3% nitric acid. 95
11 of this solution whose radioactivity was 0.37MBq of 'Cs was transferred into a
polyethylene tube with a capacity of 1ml and dried out. In order to avoid the production of
the Y Ar via the irradiation of *Ar contained in the air, the air in the tubes was substituted for
helium, and the tubes were sealed. The samples were imradiated for 3 minutes in the
pneumatic irradiation facility (Pn-3 ) of Kyoto University Reactor (KUR). The flux monitor
wires, Co/Al and Au/Al alloys, were irradiated together. Because the polyethylene tubes
contained a trace amount of chlorine, *CI was produced via the irradiation of *’CI. Thus,
after the irradiation, the "*"CsNO5 in the tube was quickly dissolved with 3% nitric acid and
transferred into an unirradiated tube. This was performed within 2 minutes from the end of
the irradiation, and then it was fed to 7 -specirometry.
The 7 -rays emitted from the irradiated sample were measured with a high purity Ge
detector. The performance of the Ge detector was characterized as a 90% relative efficiency
to a 7.6cmX7.6cm¢ Nal(Tl) -detector and 2.1keV FWHM at the 1.33MeV 7 -peak of D co.
The energy dependence of peak efficiencies of the Ge detector were calibrated with a standard
- -ray source of *Eu. The pulse height data with 8k channels were stored in a hard disk of
a personal computer at 60 sec intervals for about 15 min. from the beginning of the

measurement. After about 15 min., the pulse height data were recorded at 600sec intervals.

The details of the 7 -ray measurement are described in ref. 2 and 3.
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3. Analysis and Results

Fig. 2 and 3 show 7 -ray spectra obtained from the irradiated '*’Cs sample. Fig. 2
shows 7 -ray spectrum measured for 15 min. after 2.07 min. from the end of irradiation.
Fig. 3 is 7-ray spectrum measured for 80min. after 17.8 min. from the end of irradiation.
The 1436keV 7 -ray of *Cs and the 662keV 7 -ray of ®*'Cs can be seen in the spectra,
The 1436keV 7 -ray is emitted from both of *%Cs and *¥"Cs. ‘The time dependence of a -
ratio Y,(1436keV)/Y,(662keV) was extracted from the observed 7 -ray spectra in order to
obtain the probability of the production of **"Cs, x. The ¥,(1436keV) and Y,(662keV)
represent the peak counts of the 1436keV 7 -ray of **Cs and the 662keV 7 -ray of ¥°Cs,
respectively. The ratio ¥,(1436keV)/Y,(662keV) does not depend on the amounts of ¥'Cs
contained in each target. The correction of the dead time is also made automatically by
using the ratio in the analysis. Fig4 shows the behavior of the ratio
Y,(1436keV)/Y,(662keV). The solid line is a curve 4 exp(—A,, )+ 4, eXp(~ A, ?) fitted
to experimental data, where A 13z, and A 135 are the decay constants of **"Cs and 1%Cs,
respectively. The data of A; are listed in Table 1®). The coefficients 4; and A, are free
parameters. The values of A 1and A; in each of ten runs are listed in Table 2. By averaging
the results of ten runs, the coefficients were determined as A1=(2.68 +0.35) X 10* and
A2=(2.24+0.03) X 10*.

The probability of the production of *"Cs, Jf, was deduced from the coefficients 4,
and 4; as follows. While irradiation is performed, numbers of *'Cs, %87y and *®8Cs nuciei
are given by equations as

dN,

_ﬁ =~AuNpy; ~RN,, (1)
t
dN.
"7]:& = " AsgnNisgm TIRN 5, 2
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dN
dltzsg B —/IIBSgNIBSg FATX)RN g Y- WA, Nigg - ®

The Ny3; represents the number of *’Cs nuclei contained in a **’Cs sample. The value of
N37 is almost invariant during the irradiation. The Niss, and Niag, are the numbers of 28"Cs
and '*2Cs nuclei. The R is the reaction rate of the reaction BCs(n, v)*8Cs.  The ¥
represents the intensity of the 8~ decay from *”Cs. The A iy is the decay constant of _
*'Cs.  From Equations (1)~(3), the numbers of *"Cs and **8Cs nuclei produced during the

irradiation, Ny, and Ny, , are represented as

‘RN .
Nl = o2 [1-exp(- Ay, T, )] @)

3Bm

and

= %[l ~exp(~ Ay, T,,)]
AlSBg :

+ x(1~ y)RN,, [exp(" A )~ CXP(_Alasg T, )] . 3)

AlSSm T MNage

0
NIBSg

The irradiation time T, is 180 sec in the experiments.  After the end of irradiation, numbers

of 1Cs, " Cs and *Cs are given by

dN,, _ |

a’;” =" AnNg ?
AN, _
—ﬁs—”‘- - _%SSmNIBBm * (7)
dN,

dl'tasg =g Nz, VA~ W A5, Nigg - ®

The peak counts Y,(1436keV) and Y,(662keV) can be calculated by using the equations
“)-(8). The ratio Y,(1436keV)/Y,(662keV) is expressed by the function
A exp(~ Ay, 1)+ A, exp(~A 5., t) , and the coefficients 4; and A, are represented as

LG (1436keV)[1,,, (1436keV) = L2080 1 (1436keV)] Ay, N,

)
t &,(662keV) !, (662keV)A, N,

and
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_ & (1436keV)1,, (1436keV)[ Agq, N3, + 52000 hue o ]
£,(662ke V)] (662keV)A, N,

(10)

The I, ,(1436keV) and I, ,(1436keV) are emission probabilities of 1436keV 7 -ray emitted
from '*"Cs and "**Cs, respectively. The I, (662keV) is the emission probability of 662keV
7-ray emitted from '¥’Cs. The data of A, I and y are listed in Table 1©. The £
(662keV) and £, (1436keV) are detection efficiency of 662keV and 1436keV 7 -ray,
respectively.  From Equations (4,5,9,10), the probability of the production of '*¥7Cs, x, is

represented as

A

- 4, ' . an
1,,(1436keV) _ (1~ 3) A, J1=exp(-Au,T,) _ 4 ooy
I (1436k3v) AISSm _Al38g Jl exp(~ AlBSg I,) 4 438!:1 _A1383 '

For the averaged values A4;=(2.68+0.35) X 10 and A,= (2.2410.03) X 10, the probability of

the production of '**"Cs was obtained as x = 0.75+0.18. It is noticed that the value of x is

much larger than the theoretically estimated value x = 0.11 or 0.34 ©.
From Equations (4,5,10), the reaction rate is expressed as

4,8, (662keV) 1, (662keV ),

R= ()]

£ (1436keV)I (1436keV)[1+x(M2_33&— JJ[l-exp(-/lmgT,.,,)]
38¢

The values of the reaction rates in each of ten runs are listed in Table 2. The neutron flux
were measured in four runs by the flux monitors ( Co/Al and Au/Al alloys ) in Westcott
convention®™. Simplified neutron flux notations, ¢ and @,, are defined as & =nu, and
" $,= nur(T/To)”.  The n is the neutron density including thermal and epithermal neufron.
The neutron velocity vpis 2,200 m/s. The r is a measure of the relative density of epithermal
neutrons. The T and Tj are the neutron temperature and 293.6K, respectively. The quantity
r(T/To)"” gives the fraction of epithermal neutron in the neutron spectrum. Values of the

simplified flux ¢ and ¢, at the "*’Cs sample position are summarized in Table 3. The
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effective cross section & = R/(ny,) = R/¢ was obtained as 6 =0.30%0.02 b in the present

measurement.

4. Disscussion

The inclusion of the feeding from the isomeric state ( x= 0.75+0.18 ) revises the
neutron cross section upwards 9+2%. The effective cross section of the previous work™®
increases as &= 0.29+0.02 b after taking into account the production of “*"Cs. The
present measurement ( & ;0.30 +0.02 b ) and the revised result from the previous
measurement (6= 0.29+0.02 b ) agree within the limits of the errors. Therefore, the
weighted average value ¢ = 0.29+-0.02 b is recommended as the effective capture cross
section. The capture cross section o g for 2,200 m/s neutrons is 0.27+0.03 b after taking
into account the isomer production.

The decay branch of 138mcs to 8 Ba via §° decay, y, is 0.19:£0.02"® and the error
of yis as large as 11%. Fig.5 shows that the allowed value of x variesas 0.56<x<1 in the
region of y=0.19+0.02 ©-®  The error of y has a great influence on the value of x.
However, the uncertainties of ogand 6 due to the error of y are small ( about 3% ). In
order to make the uncertainty of x small, the value of the intensity of the B~ decay from
138mes. v, must be measured accurately. If the intensity of isomeric transition, (1-y), can be
measured accurately, the value of y will be known accurately. In the present measurement,
79.9keV 7 -ray emitted by the isometric transition was not detected because emission

probability of 79.9keV 7 -ray is small ( 0.369+0.010%® ).

5. Conclusion
In order to determine the probability of the production of 38mcs x, in the reaction

B3705(n, v )8 Cs, the variation of the count of the 1436keV 7 -ray with time was measured.
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The experimental result of x was 0.75+0.18 and this was much larger than-the theoretically
estimated value x = 0.11 or 0.34. For the value of x = 0.75 +0.18, the value of the effective
cross section is revised upwards 9+2%. The effective cross section & and the thermal
créss section ¢ ¢ of the reaction I37CS(F‘£,’)’)138CS were obtained as 6 = 0.29+0.02 b and
0 ¢=0.271£0.03 b, respectively.

The decay data, the production of isomeric state *"Cs, significantly affects the
neutron cross section data of the reaction 137C.';(n, 7)%8Cs.  In order to obtain precise data of
neutron Ccross se.ction using activation method, studies of the decay data are important as

shown in this case.
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Table I The data used in the calculation®®.

parameters data
A 138m In2 /(2.9140.08 min)
A 138 In2 /(33.41£0.18 min)
I (662keV) 0.851+0.002
I .(1436keV) 0.19+0.02
1. .(1436keV) 0.763+0.016
Y 0.1940.02

Table 2 The coefficients A, and 45, and the reaction rates.

Target No. A4 (X107%) 4, (X107%)  R(X107¥[l/sec]
1 2.37+1.39 2.134:0.14 5.02+0.38
2 2.85+1.12 2.19+0.11 5.234+0.30
3 2.98+1.04 2.22+0.11 5.32:+0.29
4 2.68+1.20 2.4940.11 5.85+0.31
5 0.65+1.08 2.50+0.11 5.5440.30
6 4.01+1.09 2.06+0.10 5.15+0.29
7 2.74+1.03 2.10£0.11 5.0240.29
8 3.24+1.10 2.31+0.11 5.554+0.30
9 2.24+1.05 2.20%0.11 5.15+£0.29
10 2.9241.06 2.194+0.11 5.24+0.29

Average 2.68+0.35 2.24+0.03 5.31+0.18

Table 3 The neutron flux determined by Westcott convention.

RunNo. ¢ [n/cm? sec] ¢, [n/cm” sec]
1 (1.65%0.01) x10"  (6.64 £0.08) * 10"
4 (1.83£0.0))x 10"  (5.07+0.06)* 10"
6 (1.64£0.00)*10"  (4.89+0.05)* 10"

8 (1.85£0.00) 10"  (4.42%0.05)*x 10"
Average  (1.75£0.11)*10®  (5.00%0.03718%)x 10"
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Fig. 1 Process of 137Cs(n, ¥ )138Cs reaction
and decay scheme of 137Cs, 1382Cs
and 138mCs.

Fig.2 v -ray spectrum obtained for

irradiated 137Cs sample.
( Measurement was started at 2.07 min.
~ after irradiation and the counting
| perlod was 15 min. )

Fig. 3 g -ray spectrum obtained for

irradiated 137Cs sample.

( Measurement was started at 17.8 min.
after irradiation and the counting
period was 80 min. )

Fig. 4 The time dependence of the ratio
Y,(1436keV)/Y (662keV).

‘Fig. 5 The dependence of the value of x
on the value of y.
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Yp(1436keV)/Yp(662keV) (x 104)
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Fig. 4
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X : the probability of the production of 138m(Cs

the regldn of
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y :the intensity of the 8~ decay from 138m

Fig.5
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