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The excited states of 3 Mo have been investigated via the °3Nb(P, ny)*3Mo reaction with pro-
ton beam energies of 2.5-4.3 MeV. The parameters of the nuclear level density formula were
determined from the extensive and complete level scheme of > Mo. The Bethe formula for the
back-shifted Fermi gas model and the constant temperature model are compared with experi-

mental level densities.
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INTRODUCTION

Excited levels of Mo have been studied exper-
imentally via5-decay [1, 2] and nuclear reactions with
light [3, 4] and heavy ions [5, 6]. On the other hand, in
all statistical theories, nuclear level density is the most
characteristic quantity and plays a crucial role in the
study of nuclear structure.

In this work, we have provided additional exper-
imental information about the existing level structure
of *Mo through the **Nb(P, ny)*>Mo reaction and then
determined nuclear level density parameters of the
Bethe formula and the constant temperature model for
the > Mo nucleus.

EXPERIMENTAL PROCEDURE

A self-supporting 0.55 mg/cm thick metal foil of
natural, spectroscopically pure >*Nb, was bombarded
with a proton beam of 2.5 MeV to 4.3 MeV. The target
was placed at an angle of 45° with respect to the beam
direction and was thick enough to stop incident pro-
tons. Angular distributions were measured at 0°, 30°,
45°,55°,75°, and 90°. The y-rays were detected with a
70 cm coaxial HPGe detector, with a resolution of
1.9 keV for the 1332 keV y-ray of ®*Co. Excitation
functions of various y-rays were measured at 55° with
respect to the beam direction, at 2.7 MeV, 3.0 MeV,
3.5MeV, 4.0 MeV, and 4.3 MeV beam energies, to as-
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certain that the channel of compound decay is domi-
nant as compared to the Coulomb excitation at the in-
cident proton energy of 4.3 MeV. Other details of the
experimental procedure may be found in our previous
publications [7-9].

DATA ANALYSIS

Gamma-ray spectra were analyzed using the com-
puter code PEAKFIT [10]. A typical gamma-ray spec-
trum at 90 degrees for the incident proton energy of
4.3 MeV was given in our previous publication [7-9].
The excitation functions of all observed gamma-rays
were carefully analyzed as a function of energy, with
those from the (P, ny) reaction being easily identified by a
characteristic rise above their threshold energy. The rela-
tive branching ratios used for further analysis are the
weighted averages of the respective values at 4.0 MeV
and 4.3 MeV bombarding energies.

The extraction of multipole mixing ratios of the
observed transitions and the assignment of spin values
to the excited levels were made from the y>-fitting of
angular distribution data ata4.3 MeV proton beam en-
ergy. The optical model parameter sets given by C. M.
Perey and F. G. Perey [11], based on the results of F. G.
Perey [12] for protons and Wilmore and Hodgson [13]
for neutrons, were used to calculate transmission co-
efficients. Apart from the observed neutron channel,
all known (P, P'y) and (P, ny) channels were also in-
cluded as competing channels. The Moldauer with the
fluctuation correction [14] was taken into account, as
well. Typical experimental angular distributions of
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some of the observed transitions, together with the the-
oretical curves for different possible spins of these lev-
els and the respective y- fitting, are given in our previ-
ous publication [7-9]. A 0.1% confidence limit was
used to exclude unacceptable spins and 6 values. Coef-
ficients A, and A, from the polynomial fits to the ex-
perimental distribution, along with multipole mixing
ratios (9), are given in tab. 1.

STATISTICAL FORMULA

Nuclear temperature 7 can be defined by nuclear

level density p(E) [15]
1 d
—=—Inp(E 1
7= qg mPE) (1)
The integration yields the constant temperature

Fermi gas formula [16]
1 E-E,
E)=—ex 2
pE)= p( T ) (2)

Nuclear temperature 7 and the ground state
back-shift £, can be determined through experimental
data on level density. The Bethe formula of the level
density [17] for the back-shifted Fermi gas model [18,

19] can be written as
exp[2Ja(E—E, )]
12V204/a(E-E, )’

In this case, the level density parameter a and the
ground state back-shift £/, are obtained by a fit to the
experimental results. The distribution of spins J is de-
termined [16, 17] by the spin cut-off parameter o

72 . 2
f(J)=exp(Jz —exp[”ﬂ”}z
20 20

p(E)= 3)

With this spin distribution, the spin-dependent
level density is

P(E,J)=p(E)f(J) (5)

where, o7 is related to an effective moment of inertia
It and to the nuclear temperature 7[15, 18]
I T
62 _ Zeff ( 6)
72
The nuclear moment of inertia for a rigid body is
Ipigia= (2/5)MR?* (where M = A, the amu nuclear mass;

R =1.25A"3 fm, (nuclear radius), resulting in [18]
o? =001504°"°T (7)

Gilbert and Cameron [16] calculated the spin
cut-off parameter for the Bethe formula with the re-
duced moment of inertia,

o2 =008884%3 Ja(E-E,) (8)

FIT OF THE LEVEL
DENSITY FORMULA

Each of the two level density formulas has two
free parameters. They may be obtained by fitting the
measured level schemes experimentally. We have ap-
plied these formulas to the measured level scheme for
Mo reported in tab. 1. Our best fit values obtained
using the Bethe formula are: the level density pa-
rameter @ = 11.60 MeV~! and the back-shift £, =
=0.941 MeV. Results obtained using the constant
temperature formula are 7 = 0.528 MeV and
back-shift £, =0.9199 MeV.

The accumulated levels N (E) as functions of en-
ergy are plotted in figs. 1 and 2. The examination of
these figures shows that the agreement between theory

40

W
Bast Mo
(7}
5 Bethe formula
2 80F  a=11.600 MeV"'
£ E, = 0.941 MV
2 25f
)
=4
@ 20
7]
>
o
5 151
3
o
£ 10
3
z

5 -

0 n 1 1 1 1

0 500 1000 1500 2000 2500 3000

Energy [keV]

Figure 1. Plot of the number of levels V(E) up to the
energy E for **Mo, along with the fitted curve calculated
by the Bethe formula
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Figure 2. Plot of the number of levels NV(E) up to the
energy E for **Mo, along with the fitted curve calculated
by the constant temperature model
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Table 1. Level energies and the results of the angular distribution measurements in **Mo

Transitions Gamma rays [keV] J 1” ->J ; Multipole mixing ratios, o A, Ay
+ +
1363.1 - 0 1363.1 LA 0502 ~0.03(1)* ~0.01(1)
2 2 .
ot 7t +0.03
1477.3 - 1363.1 1142 ey 0057505 0.02(2) 0.01(2)
ot st
14773 50 1477.3 T E2 0.25(1) —0.04(1)
3t 5t
14923 >0 1492.3 T Ml 0.06(2) 0.04(2)
7t st +0.5
15203 >0 1520.3 T 1273 0.34(5) 0.03(5)
st gt
1695.0 — 1363.1 331.9 T Ml 0.05(2) 0.04(2)
st st
1695.0 >0 1695.0 SO MI 0.08(4) 0.00(5)
+ +
2142.0 - 1363.1 778.9 AN —9.7+0.2 or — 0.04f8'8£ 0.07(2) 0.05(3)
2 2 g
13t ot 1<+0.04
2161.9 — 14773 684.6 5o 01570 05 —0.32(1) 0.05(1)
3t st
2181350 2181.3 5o Ml 0.04(1) 0.05(1)
1t ot 01+0.02
22473 — 14773 770.0 e 017003 ~0.34(3) 0.08(4)
- +
2304.4 - 14773 827.1 n ., —0'2f8'{$ -0.02(0.3) -0.00(0.3)
2 2 -
5= 7t +0.02
2356.1 — 15203 835.8 T 0.057 703 0.12(2) 0.01(2)
st 3t
2398.1 — 14923 905.8 =5 Ml 0.03(0.3) 0.00(0.4)
5t st
2398.1 0 2398.1 T Ml 0.06(3) 0.01(3)
of 11t
2409.1 — 22473 161.8 o Ml 0.02(2) 0.01(2)
9t ot
2409.1 — 1477.3 931.8 s Ml 0.08(4) 0.01(4)
ot st
2409.1 -0 2409.1 T E2 0.24(1) —0.03(1)
17t 13t
2430.0 - 2161.9 268.1 = o E2 0.19(1) ~0.00(1)
77 7t
2431.0 - 1363.1 1067.9 T —0.03+ 0,01 or 1.2 £ 0,01 ~0.04(1) 0.01(1)
- +
2431.0 - 0 2431.0 7,5 657011 ~0.06(1) 0.00(2)
2 2 -
A
2440.6 — 1363.1 1077.5 S —9.7+ 012 or 0.05+ 011 -0.02(1) 0.01(1)
137 11t
2450.2 - 22473 202.9 oy El ~0.04(2) 0.00(2)
7+t
2479.0 —» 1363.1 11159 ey —0.04 £ 0.04 or 0.98+0.11 0.02(2) 0.02(2)
9t ot
25345 - 14773 1057.2 5o Ml 0.04(2) 0.01(3)
1047.0 3,3 1287015 02403 0.01(4
2539.3 — 14923 : 5o 287014 24(3) 01(4)
15t 17t
2642.0 — 2430.0 212.0 = Ml 0.04(1) 0.03(1)
157 13t
2642.0 - 2161.9 480.1 e 0.05+ 0.07 ~021(4) 0.05(5)

* The numbers in the brackets in the last two columns indicate the uncertainties in the deduced values of the coefficients
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and experiment is very good and that both formulas fit
the measured level scheme equally well.

Furthermore, the spin cut-off parameter o2 has
been obtained by fitting the known spin distribution,
N(J) of tab. 1, with the theoretical expression (4)
shown in fig. 3. Our best fit value for this parameter is
o2 = 13.17. This deduced value is different from its
corresponding rigid body value of o = 10.02. This
finding is opposite to the claim made by some authors
that the spin cut-off parameter reduces to its rigid body
value at lower energies.

= B0

Figure 3. Spin distribution of low-lying states. The histo-
gram is a representation of experimental data (data from
tab. 1). The curve corresponds to the statistical distribu-
tion where o” = 13.17

CONCLUSIONS

The purpose of this study was to provide additional
experimental information on the existing level structure
of 3 Mo through the (P, ny) reaction. We have measured
y-ray energies, branching ratios, and multipole mixing
ratios of various transitions in **Mo.

This complete and extensive nuclear level
scheme of Mo provides a valid basis for statistical
interpretations of low energy nuclear level schemes
based on various tests of statistical theories. The level
density near the ground state is well reproduced by the
Bethe formula, as well as by the constant temperature
formula, if the two parameters are fitted.

The spin cut-off parameter of *>Mo has been
determined from the analysis of the experimental
data on spins of low-lying states given in tab. 1. This
has not been confirmed by its corresponding
rigid-body value.
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Poxanax PA3ABM, Tajed KAKABAH]

NMPOYYABAILE HUBOA %Mo IIOMORY PEAKIHAJE %3Nb(P, ny)?*Mo
W TYCTMHE TUCKPETHUX HUBOA Y %Mo

IMo6Gyhena crama *>Mo ucrpaxusana cy nocpencrBom peakumje >Nb(P, ny)**Mo, ca npoToHcKuM
cHOmoM eHepryja 2.5-4.3 MeV. ITapameTpu chopmyiie 3a TyCTHHY HyKJIeapHUX HIUBOA O6unu cy oapebenn Ha
OCHOBY €KCTEH3WBHE M TOTNyHe Ineme HuBoa Mo. BereoBa ¢opMyna 3a Mojien yHasajn cuTOBAHOT
depmujeBor raca U Mojiesl KOHCTAaHTHE TeMIIepaType ynopebeHu cy ca eKClepiMEHTaTHUM BPEIHOCTIMA
TYCTUHE HUBOA.

Kmyune peuw: wema nusoa *>Mo, “>Nb(B ny)*>Mo peaxyuja, yzaona paciiodeaa, modea Pepmujesoz zaca




