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Abstract

The statistical 7-spectra of highly excited even-even rare earth
nuclei are simulated applying appropriate level density and strength
function to a given nucleus. Hindrance effects due to if-conservation
are taken into account. Simulations are compared to experimental
data from the 163Dy(3He,a)162Dy and 173Yb(3He, a)172Yb reactions.
The influence of the K quantum number at higher energies is dis-
cussed.

1 Introduction

Nuclear structure becomes increasingly complicated with rising excitation
energy. Residual interactions lead to vanishing quantum numbers associated
with the mean-field description. One of these is the K quantum number,
which is denned as the projection of the total angular momentum on the
symmetry axis of deformed nuclei.

'Left the institute in 1996



Several studies [1, 2, 3] indicate that the K quantum number might re-
main a good quantum number even at as high excitation energies as 8 MeV.
In order to make the interpretation of experimental data easier, a model for
simulation of statistical 7-spectra of highly excited nuclei has been developed.
In addition, this model can be used to validate the procedures for extraction
of primary 7-ray spectra from continuous statistical 7-ray spectra [4], and for
deconvolution of the primary spectra into level density and strength function
[5]. The model has been implemented in a Fortran computer code named
Decay [6].

2 Theory
It is assumed that the transition probability in the statistical region can be
described simply as the product of the level density at final excitation energy
g(Ef) and a 7-energy dependent factor commonly referred to as E^x+1, where
A is the multipolarity of the transition [7].

PiE^IunuKi -> Ex,f,Ift*ftK,) oc E™+1
e(ExJ,If,Trf,Kf)h(\ - AK)

(1)
The third factor describes the hindrance due to AAT-forbiddeness. The vari-
ous factors will be explained in detail below.

2.1 Level Density
2.1.1 Different Theoretical Approaches

For the purpose of the simulation three different regimes of nuclear level
density are denned.

• In the excitation region below 1.5 MeV almost complete level schemes
can be found in several compilations [8]. Thus, these low lying discrete
levels are used in that energy region. Since especially non-yrast bands
are not very well investigated for spins higher than 6 h typically, these
bands are extended up to spin 12 h applying Eiev = Ehead + ATOt 1(1+1).
For each band the rotational parameter Arot is derived from the spacing
of the low spin levels of the respective band.



• Since the Fermi-gas level density is not expected to be applicable for
excitation energies in the vicinity of the pairing gap (Ex ~ 2A ~ 1.8
MeV in rare earth nuclei), a constant temperature model is used [9].

g(Ex) = C e x p ( ^ ) (2)

In this equation, T denotes the temperature of the excited nucleus. A
typical value for the nuclear temperature of rare earth nuclei at this
excitation energy is T = 0.57 MeV [9], which is also used as default
value in the computer code.

• At even higher excitation energies, a backshifted Fermi-gas model is
applied [10]. The level density is described by:

^ ^ ( 2 / + l ) e x p ( 2 y ^ )

24/2ji(U + ty

In this equation a denotes the level density parameter, J the moment
of inertia, U is the intrinsic excitation energy given by U = Ex — 2?2A —
Erot(I) and t is the thermodynamic temperature of the excited nucleus,
given by * = 1 +^f^,

The energies above the yrast line, where those three different regimes of
nuclear level density are connected, are used as input parameters for the
simulation. The normalization constant for the Fermi-gas formula is taken
from neutron-capture experiments, where level spacing parameters for exci-
tation energies around 8 MeV can be extracted [9]. In Table 1 all parameters
of the simulation dealing with level density are listed.

2.1.2 Spin Distribution

The majority of levels around 1.3 MeV in rare earth nuclei has spin assign-
ments from 2 to 5 ft. This can be explained by the fact, that this energy
region is dominated by 2+ /?- and 7-vibrations and at slightly higher energies
by 3~ octupole-vibrations, and the rotational bands built upon these states.
This spin distribution is supposed to hold even at higher excitation energies
considering multi-phonon excitations [11, 12].



The spin dependent part of the Fermi-gas level density can be factorized
out at high excitation energies. Writing U = E — Erot where E = Ex —
£J2A and considering states with high intrinsic energy U >• 0 or E >̂ Erot,
development to the first order of the exponent of the Fermi-gas level density
formula (3) yields:

Further, the approximation E as U « at2 and the introduction of a spin
cutoff parameter ^ = JJ [9] results in

e(Ex,I) = (2J + l)expM^J

where the spin dependent part could be separated.

Nucleus
Pairing gap
Constant temperature region*
Rotational parameter
Level density parameter
Spacing of (n,7) resonances
Neutron binding energy
Normalization constant

162Dy [13]
A=1.89 MeV*
1.6-2.0 MeV
.4=13.4 keVJ

a=16.2 eV-1§

D=2.9 eV
5n=8.20 MeV
C=24.43

1 7 2Yb [9]
A=1.61 MeV
1.3-1.7 MeV
4=13.1 keV
a=17.7 eV-1

D=6.9 eV
Bn=8.02 MeV
C=10.44

Table 1: Fermi-gas formula parameters used for simulation.

Since the level density formula of the constant temperature region (2)
has no spin dependence, this has to be introduced artificially. The most
convenient way to do so, is to introduce a spin dependent factor C(I) [14]
and match it with the Fermi-gas level density. In Figure 1 a typical level
density scheme is given, where all three regimes of nuclear level density are
included.

"Calculated by means of A = 2 42L MeV

* Derived from the energy difference between the first excited state and the ground state
§ Calculated by means of a = ^ eV"1

^The constant temperature region is assumed to range from 300 keV below the pairing
gap energy to 100 keV above.



Level Density of 16zt

Figure 1: Typical spin-dependent level density scheme, including the regions
of discrete levels, the constant temperature model and the Fermi-gas model.
The discrete levels are taken from 162Dy [15].

Unfortunately, up to now, very little is known about the K or parity dis-
tribution in the statistical region. In the present work, a flat K distribution
with a maximum Kmax = 6 and equal level densities for both parities are
assumed for the simulation.

2.2 Transition Probability

Electromagnetic transitions in the nucleus are subjected to various conser-
vation laws. The three most important are energy, angular momentum and
parity conservation which result in the following equations: E{ — E^ = Ef,



Ii — Iy = If and 7i\ TT7 = 7T/. In the following, the effect of these selection
rules on the transition probability will be discussed.

According to equation (1), the transition probability is proportional to a
7-energy dependent factor commonly expressed as E*x+1, and a hindrance
factor h. However deviations from this simple 7-energy dependence might
occur, so the first factor can also be written as F(Ey) = E*x+l f(E^) [5] where
f(E^) denotes the 7-strength function. In the present simulations a smooth
7-strength function was used, so the 7-energy dependent factor was assumed
as F(E^) = E*2 [7]. For other applications, like testing the procedures
for deconvolution of level density and strength function from primary 7-ray
spectra, a customized strength function can be used for simulations.

The transition probability decreases with increasing 7-ray multipolarity.
Therefore only dipole transitions are taken into account in the simulations.
However, since decay within the ground state rotational band of even nuclei
can only take place by electric quadrupole transitions, also E2 transitions
with Ii — If = 2 are allowed. In the simulations, E2 transitions are suppressed
by a factor of 100 with respect to dipole transitions in order to make sure
that quadrupole transitions do not disturb the decay pattern in the statistical
region. Electric dipole transitions are normally faster than magnetic ones.
Nevertheless, for simplicity this was not taken into account in the simulations.

Changes in the K quantum number are governed by the following selec-
tion rule: AK = \K{ — Kj\ < |A/| . However K is assumed to be a good
quantum number only at low excitation energies, so K mixing might appear
at higher excitation energies with a partial violation of the K selection rule
as a result. Nevertheless transitions with AK > A where A denotes the mul-
tipolarity of the transition, are hindered compared to so called if-allowed
transitions. This effect is taken into account introducing a hindrance factor
h in the transition probability [16], denned in the following way:

f bx~AK if A< AK ,e.
l (6)

The hindrance basis 6 is an input parameter of the simulation. In the present
work a hindrance basis b = 10 was used.



3 Simulation Technique
For the simulation the user-specified excitation energy interval is divided into
different excitation bins. At each excitation energy a 7-cascade is simulated
for every possible initial spin, parity and K value in the following way: De-
cay probability into all possible final states is calculated, and a normalized
cumulative probability distribution is derived. This cumulative probability is
compared to a random number between 0 and 1. In this way, one final state
is picked up, and the 7-spectrum is incremented by a number proportional
to the population of the state with the initial spin, parity and K combi-
nation. Unfortunately, in this way the 7-spectrum has not true statistics.
Also, the non-flat distribution of the initial excitation energies populated in
the reaction is not taken into account. This drawback is compensated by
fast calculation. However, in a future version of the program this might be
changed.

4 Comparison with Experimental Results
The simulations have been compared to data from the 163Dy(3He, a)162Dy
and m Yb( 3 He, a)172Yb reaction. The experiments are described in [17] and
[7] respectively.

One of the critical points of the simulation is the initial spin, parity and K
distribution. It could be shown, that the (3He, a) reaction mainly populates
states with spin 3 to 5 in the resulting nucleus [18, 19].

Because little is known of the initial K distribution, a Gaussian K distri-
bution P{K) = exp ( —|fj), with KQ = 4, is used as default in this work. It
is also possible to adopt a flat K distribution. In addition, the initial spin,
parity and K distribution can be customized by the user. In Figure 2, the
default spin, parity and K distribution is shown. Although it looks though
as states with spin 2 are mainly populated by the (3He, a) reaction, one has
to keep in mind, that for higher spins, more states with different K quantum
numbers contribute. Actually, in the default initial spin distribution shown
in Figure 2, states with spin 4 are dominant. In the simulations for 162Dy
and 172Yb, the 7-decay from the initial excitation energy region between 4.0
and 8.0 MeV is studied.



Initial Default Spin and K Distribute

Figure 2: The normalized default initial distribution of the spin and K quan-
tum number. This spin distribution is used for the simulation of statistical
decay in the nuclei 162Dy and 172Yb. Both parities are assumed to display
the same spin and K distribution.



4.1 The 162Dy Nucleus
In Figure 3, the simulated statistical 7-ray spectrum is compared to an ex-
perimental spectrum. The experimental spectrum was obtained by adding
28 unfolded spectra using Nal(Tl) detectors. The simulated spectrum was
smoothed in order to get energy resolution of about 10 % around 1 MeV and
5 % around 9 MeV. The agreement between the two spectra is quite good
and the main features could be reproduced, but some differences can be ob-
served. The peaks between 0.8 MeV and 1.3 MeV in the simulated spectrum
are smeared out in the experimental spectrum, resulting in a broad structure,
where only two peaks clearly can be distinguished. This might be due to the
fact, that the unfolding routine applied to the Nal(Tl) raw spectra cannot
resolve such narrow peaks. Also the slopes of the two spectra towards higher
7-energies are different, which can be explained by assuming additional fine
structure in level density and strength function, not taken into account in
the present simulations [5].

In addition to the low-resolution spectra obtained by Nal(Tl) detectors,
also a high-resolution 7-ray spectrum up to 2 MeV using Ge detectors was
recorded. In Figure 4, the experimental high-resolution spectrum is com-
pared to simulation. The agreement between experiment and simulation is
gratifying.

All discrete transitions, which could be observed in the experiment, are
shown in Figure 5. The discrete level scheme is taken from [15]. It is a
striking fact that feeding of the ground state rotational band from excited
bands can only be seen in the case of high K bands. This might indicate that
the feeding of those excited bands from the statistical region is subjected to
K selection rules. Since the experimental data for 162Dy is of high quality,
it might even be possible to trace back a K distribution in level density to
an initial K distribution up to 8 MeV performing a statistical analysis of
feeding of the ground state rotational band from excited bands with different
K quantum numbers.
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Figure 4: Comparison of experimental and simulated high-resolution spectra
around 1 MeV. Although no fine tuning of the model is done with respect to
branching ratios in the discrete level region, the relative strengths of transi-
tions around 1 MeV turn out to be quite accurate.
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Figure 5: Experimental partial decay scheme of 162Dy. As shown in Figure
4, the simulated spectrum is in excellent agreement with the experimental
results, so the transitions seen in the simulated spectrum are not displayed
in a separate level scheme. Levels taken from [15].
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4.2 The 172Yb Nucleus
In Figure 6, the simulated spectrum is compared to an experimental spec-
trum. Also in this case, the experimental spectrum was obtained by adding
28 unfolded spectra using Nal(Tl) detectors. The simulated spectrum was
smoothed in order to get energy resolution of about 10 % around 1 MeV and
5 % around 9 MeV. The agreement between the spectra is remarkable, espe-
cially the height and shape of the so called 1 MeV peak could be reproduced.
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Figure 6: Experimental and simulated spectra of the statistical decay in
172Yb.

Also in the case of 172Yb, a high-resolution spectrum up to 2 MeV was
recorded using Ge detectors. In Figure 7, all discrete transitions are shown,
which could be observed in the experimental spectrum. Approximately two
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thirds of all discrete lines seen in the simulated spectra are shown, including
all lines forming the 1 MeV peak. The discrete level scheme is taken from
[20].

Unfortunately, the doublets 1093 and 1094 and 1001 and 1003 keV could
not be resolved in the experimental spectrum. However, it could be shown,
that the experimental branching ratio of the strongest observed discrete 7-
transition (E^ = 1094 keV, intensity « 217 counts) supports the interpre-
tation as a transition from the K = 3 excited band to the ground state
rotational band (see Table 2). Since all other observed transitions are con-
siderably weak (intensities between 20 and 45 counts), one finds that most
of the transition strength forming the 1 MeV peak is due to transitions from
the high K band to the ground state rotational band.

if*-band

3+

1"

Transitio
From Level

1376
1263
1172
1541
1353
1331

ns [keV]
To Levels
1263/1172
1172/260
260/79

1331/540
540/260
260/79

7-Energies
[keV]

113/203
91n/1003*
912/1094*

21071001*
81371093*
1070/1252t

Branching
Experimental

0.28 ±0.14
tt

0.18 ±0.06
< 0.54
< 0.10
> 0.8

Ratios
Literature

0.31
0.96
0.23
0.24
0.55
0.84

Table 2: Comparison of experimental branching ratios to literature for the
two transitions at 1093/1094 keV and 1001/1003 keV. Almost all strength
observed as discrete lines forming the 1 MeV peak is due to transitions from
the K = 3 + band to the ground state rotational band. Branching ratios are
taken from [20].

"Assuming all observable strength at this energy is due to this transition.
tThese transitions could not be observed, upper limits are calculated instead.

tf The 91 keV transition is below the threshold of the experiment.

14



Experimental Spectrum of
K Bands Low K Bands

1666

1510

3T

. I80J

. 1706

.1641
K" = 4

1263
1172

_ 1558
~ 154-

_ 1353
— Ml;
_ 1222
= 1198

1155
K"- 1 '

_ 912

. 79

. C

Simulated Spectrum of 172Yb
10 , 2213

Figure 7: Experimental partial decay scheme of 172Yb (upper part). In the
lower part two thirds of all discrete lines obtained in the simulated spectrum
are shown, including all lines forming the 1 MeV peak. Levels taken from
[20].
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5 Conclusion
A model for the statistical decay of even-even excited rare earth nuclei was
developed and implemented in a Fortran computer code. An excellent over-
all agreement of the model with our experimental data could be achieved.
Especially, the so called 1 MeV peak, which is formed by transitions from
vibrational states to the ground state rotational band, could be reproduced
in the simulated spectra.

In the case of 172Yb, the low resolution spectrum fits very well the exper-
imental data, whereas the high resolution spectrum shows clear deviations.
In the simulation one can find much more transitions from low K bands
to the ground state rotational band, than in the experiment. One could of
course alter the initial K distribution to e.g. a flat distribution, or a Gaussian
distribution with an average K quantum number between 3 and 4, but un-
fortunately, this destroys the agreement with the low resolution experimental
spectrum. On the other hand, the experimental data is of poor statistics, so
further improvements of the experimental setup, like the intended setup of
6 Anti-Compton shielded Eurogam Phase I Ge-detectors in connection with
the new SIRI particle detector, might provide better data sets [21].

In the case of 162Dy, the agreement of the high resolution spectrum with
experiment is striking. However, the low resolution spectrum is not so well re-
produced as could be explained above. Also here, the feeding of the ground
state band can only be seen from high K bands. This is a feature which
should be investigated further. It might be possible to trace back a K distri-
bution up to excitation energies around 8 MeV, applying a statistical analysis
to the experimental ground state band side feeding. Anyway, one should keep
in mind, that all simulations are carried out with a moderate AK > A hin-
drance factor of h = bx~AK with b = 10, so partial conservation of the K
quantum number at this energies is already taken into account in the model.

The authors wish to thank R. Tangen for making the targets and E. A.
Olsen and J. Wikne for excellent experimental conditions. Financial support
from the Norwegian Research Council (NFR) is gratefully acknowledged.

16



References

[1] J. Rekstad, T. S. Tveter, and M. Guttormsen, Chaos in Nuclei and the
K Quantum Number, Phys. Rev. Lett. 65 2122 (1990)

[2] J.Rekstad, T. S. Tveter, M. Guttormsen, and L. Bergholt, K dependence
in the gamma decay of neutron resonances in 168£r and178Hf, Phys. Rev.
C 47 2621 (1993)

[3] L. Bergholt, M. Guttormsen, J. Rekstad, and T. S. Tveter, K depen-
dence in the 7 decay of neutron resonances in ie6Ho, Phys. Rev. C 50
493 (1994)

[4] M. Guttormsen, T. Rams0y, and J. Rekstad, The First Generation of
j-Raysfrom Hot Nuclei, Nucl. Instr. Meth. A255 518 (1987)

[5] T. S. Tveter, L. Bergholt, M. Guttormsen, E. Melby, and J. Rekstad,
Observation of Fine Structure in Nuclear Level Densities and j-Ray
Strength Functions, Phys. Rev. Lett. 77 2404 (1996)

[6] G. Muiioz, The 1 MeV f-ray structure described by a Monte Carlo sim-
ulation model, cand. scient. thesis, Department of Physics, University
of Oslo, 1996, and the-computer code Decay, G. Muiioz, M. Guttorm-
sen, A. Schiller and S. Siem, Department of Physics, University of Oslo,
1996, unpublished.

[7] L. Henden, L. Bergholt, M. Guttormsen, J. Rekstad, T. S. Tveter, On
the relation between the statistical 7-decay and the level density in l62Dy,
Nucl. Phys. A589 249 (1995)

[8] C. M. Lederer and V. S. Shirley, Table of Isotopes, 7th Edition, John
Wiley &: Sons, Inc., New York, Chichester, Brisbane, Toronto, 1978
and Nuclear Data Sheets, Academic Press, Inc., San Diego, New York,
Boston, London, Sydney, Tokyo, Toronto.

[9] T. von Egidy, H. H. Schmidt and A. N. Bekhami, Nuclear Level Densities
and Level Spacing Distributions: Part II, Nucl. Phys. A481 189 (1988)

[10] H. A. Bethe, Nuclear Physics B. Nuclear Dynamics, Theoretical, Rev.
Mod. Phys. 9 69 (1937)

17



[11] U. Kneissl, A. Zilges, J. Margraf, I. Bauske, P. von Brentano, H.
Friedrichs, R. D. Heil, R.-D. Herzberg, H. H. Pitz, B. Schlitt, and C.
Wesselborg, First Experimental Evidence for Two-Phonon Octupole^f-
Vibrational Excitations in Deformed Nuclei, Phys. Rev. Lett. 71 2180
(1993)

[12] A. Zilges, R.-D. Herzberg, P. von Brentano, F. Donau, R. D. Heil, R.
V. Jolos, U. Kneissl, J. Margraf, H. H. Pitz, and C. Wesselborg, First
Identification of Dipole Excitations to a 2+ ® 3~® Particle Multiplet in
an Odd-A Nucleus, Phys. Rev. Lett. 70 2880 (1993)

[13] S. F. Mughabghab and R. E. Chrien, Study of Radiation Widths and
Neutron Strength Functions of Dy Isotopes, Phys. Rev. C 1 1850 (1970)

[14] A. Gilbert, A. G. W. Cameron, A Composite Nuclear-Level Density
Formula with Shell Corrections, Can. J. Phys. 43 1446 (1965)

[15] R. G. Helmer, Nuclear Data Sheets for A=162, Nucl. Data Sheets 64
79 (1991)

[16] A. Bohr and B. R. Mottelson, Nuclear Structure, Vol. II Nuclear Defor-
mations, W. A. Benjamin, Inc. Reading Massachusetts, London, Ams-
terdam, Don Mills Ontario, Sydney, Tokyo, 1975

[17] T. S. Tveter, L. Bergholt, M. Guttormsen, J. Rekstad, Statistical "f-ray
multiplicity distributions in Dy and Yb nuclei, Nucl. Phys. A581 220
(1995)

[18] T. S. Tveter, M. Guttormsen and J. Rekstad, J. Kownacki, T. F.
Thorsteinsen On the 171Yb(3He,a) Reaction Mechanism, Nucl. Phys.
A516 1 (1990)

[19] M. Guttormsen, L. Bergholt, F. Ingebretsen, G. L0vh0iden, S. Messelt,
J. Rekstad, T. S. Tveter, H. Helstrup, T. F. Thorsteinsen, The (3He,a)
reaction mechanism A study of the angular momentum transfer, Nucl.
Phys. A573 130 (1994)

[20] B. Singh, Nuclear Data Sheets for A=172, Nucl. Data Sheets 75 199
(1995)

18



[21] S. Siem, T. S. Tveter, P. A. Butler, T. L. Khoo, L. Bergholt, M. Gut-
tormsen, G. L0vh0iden, E. Melby, S. Messelt, E. A. Olsen, J. Rekstad,
A. Schiller, J. Wikne and S. W. 0degard, Proposal to get Eurogam de-
tectors to Oslo, Annual Report 1996, University of Oslo, Section for
Nuclear Physics and Energy Physics, in preparation

19





FYSISK INSTITUTT

FORSKNINGS-
GRUPPER

Biofysikk
Elektronikk
Elementaerpartikkelfysikk

Faste stoffers fysikk
Kjerne- og energifysikk
Plasma- og romfysikk
Strukturfysikk
Teoretisk fysikk

DEPARTMENT OF
PHYSICS
RESEARCH SECTIONS

Biophysics
Electronics
Experimental Elementary
Particle Physics
Condensed Matter Physics
Nuclear and Energy Physics
Plasma and Space Physics
Structural Physics
Theoretical Physics

ISSN - 0332 - 5571


