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PREFACE .

Preface

The present progress report covers research and development activities using the HI-13 tandem
accelerator at the Beijing National Tandem Accelerator Laboratory (BNTAL) for calendar year of 2005.
During this period, the HI-13 tandem accelerator was operated smoothly and delivered ion beams over
4 000 hours, on the target, to the experiments in the fields of nuclear data measurement (20%), nuclear
reaction (including nuclear astrophysics, 24%), nuclear structure (22%), and nuclear application (34%).

Some main research progress was summarized as follows.

1 Nuclear Structure
The level schemes of 178Os, 152Gd, BT a R 136Ce, 106Ag and *Mn were investigated and the half life of
the levels was deduced. Signature inversion in doubly-odd nucleus |Tm was observed. Measurement of

g-factors of magnetic dipole states in 87r and measurement of 'Be decay rate in Au were finished.

2 Nuclear Reactions

The excitation functions of quasielastic scattering at backward angles were measured for the system
of 328+°%%7r. The barrier distributions were extracted from these measured excitation functions. The
measured barrier distribution of **S+%Zr was broaden and extended to lower energy than in the case of
328+°7Zr due to the couping of neutron transfer with positive Q-values, which resulted in a significant

enhancement of fusion cross sections at the subbarrier energies.

3 Nuclear Astrophysics
The measurement of 8Li(d, p)9Li was used to deduce the S-factors of 8Li(n, y)gLi and 8B(p, 'y)QC
reactions by ANC method. The reaction of 17F(d, n)lgNe was measured. Also, the '°C secondary beam was

produced. A setup for resonant scattering reactions with thick target was established.

4 Nuclear Data Measurement

We finished the measurement of double differential cross sections of %’Li induced by fast neutrons.
And the methodology study for neutron resonance parameter measurement within 0.1-1.0 MeV was made
by using HI-13 tandem accelerator facility. Research on EUV spectra of highly ionized titanium and

lifetime measurement of highly ionized ions were conducted.

5 Application of Nuclear Technology

151 .
3'Sm and "Se were precisely

By using accelerator mass spectrometry, traces of 1291 #Tc, *'Ca,
measured. Radiation effects in various biological molecules and cells were investigated with "Li ion and
protons beams. The single-event effects were calibrated for some important detectors and CMOS SRAM.

Some properties of solid material surface modified by nuclear tracks were studied.
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6 Theoretical Nuclear Physics

Calculations of electromagnetic transition probabilities and energy levels of the doublet bands in
34pr were carried out with triaxial projected shell model and lead to a conclusion that the observed nearly
degenerate doublet bands in 13pr can not be interpreted as chiral bands. Relativistic microscopic optical
potential of the nucleon scattering off nuclei was investigated in the framework of the Dirac
Brueckner-Hartree-Fock approach. A special attention was paid to the isospin dependence of the nucleon
effective interaction and effective mass. The dynamic calculation of heavy ion fusion was applied to study

of super heavy element.

7 Academic Exchange

The academic exchange has been enhanced year by year. The tandem beam time about 2 000 hours
was provided to outside users such as Peking University, Tsinghua University, Jilin University and
Institute of Modern Physics etc. For all users, the publication of SCI papers was about 50 per year.

The Tandem Upgrading Project, or Beijing Radioactive Ion-beam Facility (BRIF), was approved. A
construction contract was signed to build a 100 MeV, 200 nA compact proton cyclotron. The cyclotron
design started in this year.

Finally, I would like to thank all of scientists, technicians and administration stuffs for their great

contribution to the progress of this laboratory.

Director % Z

Department of Nuclear Physics, CIAE
December 6, 2006
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1 Misleading Chiral Bands in **Pr’

Chen Yongshou, Gao Zaochun

(China Institute of Atomic Energy, P. O. Box 275-18, Beijing 102413, China)

The chirality is common and has important consequence in science. Many biological and pharmaceu-
tical molecules have static chirality when they are composed of four different atoms. The chirality may
exist in nuclei when a particular angular momentum coupling scheme appears, where three angular
momenta of the valence neutrons, the valence protons and the core are mutually perpendicular so that a
left- and a right-handed systems can be formed. The possibility was considered recently, following the
observation of doublet bands built on the intrinsic configuration of th,1,®Vh,12 in the A=130 mass region.
134pr is known as a best candidate where the nearly degenerate doublet bands were found experimentally.
The energy degeneracy of doublet band states with the same spin and parity is an important indication for
the occurrence of chirality. Among other things, however, the most crucial criteria for the chirality are the
equivalence of the reduced E2 transition probabilities in the doublet bands. Very recently, the decisive
experiment of measuring electromagnetic transition rates have been done, and a large difference of the
experimental B(E2) values for the doublet bands of 13pr has been reported”’. Then a serious question
arises whether the observed doublet bands in '**Pr can be characterized as having chirality, and this is the
issue that underlies the present investigation. To answer this question we carried out calculations of
electromagnetic transition probabilities and energy levels of the doublet bands with triaxial projected shell
medel (TPSM) which has been recently developed in CIAE.

The shell model Hamiltonian, involving a large number of nucleons moving in a spherical Nilsson
potential and an interaction of separable multipole Q - Q forces plus monopole pairing plus quardrupole

pairing, is written as
1 4 A 2
H=H0__ZZ,1 ZQLQM—GoPo;Pm_Gz 2})2:1[,2/4 (M
2 A=2 u=-2 H==2
The wave function is given by
Bl
W5 =2 fcBi| 4 @
Kx
where the three-dimensional angular momentum projection operator is written as

Rix =221 [aQD{ @R 3

and |@,) represents a set of triaxially deformed BCS multi-quasiparticle states. By solving the Hamiltonian
equation
H 1 ¥ )=E (D ¥ C)

we obtain energies E%() of states “0” as a function of spin /, together with wave functions fy, . The
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reduced rate of electromagnetic transitions between the eigenstates | #1°), induced by a spherical tensor

operator M, , is
BOMEi - =S| e ®
and the reduced matrix elements become
(e ) oensm 3 25
§:<1K — uAu|1,K ><¢Kf M, P | 62, ©)

The calculated band energies are compared with experimental data and shown in Fig.1, and it is seen
that a good agreement bétween theory and experiment has been achieved. Particularly, the crossing
behavior of the band 1 (yrast) and the band 2 (nonyrast) was reproduced by the present calculation. At the
nearly degenerate region from I=14 to 17, calculated B(E2) values are larger for band 1 than for band 2
by a factor of 3, in average, see Fig.2, and this is in a nice agreement with the experimental B(E2) data'’,
Detailed analysis for the intrinsic structures of calculated doublet bands indicates that from spin =14 to
18 the doublet bands have completely different nature, namely the band 1 is built on a 2 quasiparticle (q.p.)
state , 1nlp, while the band 2 is mainly built on a 4 q.p. one ,1n3p. The shell model configuration mixing
of 4 q.p. component gives rise to a strong reduction of B(E2) values of the band 2 in the band interaction
region, /=14 to 17. The chiral doublet bands should have a similar intrinsic structure, therefore our
theoretical résults lead to a conclusion that the observed nearly degenerate doublet bands in **Pr can not

be interpreted as chiral bands.

6 -
B Exp. bandl
@® Exp. band2
/A Theo. bandl
4L V  Theo. band2
> .
L
2
s
2]
2 b
e
el
ok x:z:ﬁ"n
1 L 1 . - 1 1 L J
6 8 10 12 14 16 18 20 22

Fig.1 Calculated and experimental energy levels of the chirality candidate bands of Bipy

The experimental data was taken from reference [1]
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Fig.2 Calculated E2 transition probabilities of the chirality candidate bands of **Pr

Reference
[1] Tonev D, et al. Phys Rev Lett, 2006, 96: 052 501.
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2 Signature Inversion as a Probe for Triaxial Rotation”

Chen Yongshou, Gao Zaochun
(China Institute of Atomic Energy, P. O. Box 275-18, Beijing 102413, China)

The signature inversion phenomenon has been widely observed in nuclear rotational spectra but has
no common understanding for more than 20 years. The signature inversion is strongly related to the
triaxial rotation, while how a triaxially deformed nucleus rotates is a fundamental question in nuclear

structure. The present study attempts to achieve a thorough explanation for the signature inversion and to
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provide the rules to probe the rotation of triaxial nuclei by examining experimental signature inversion
data. The signature is associated with the invariance of a system with intrinsic quadrupole deformation
under a rotation of 180° around a principal axis, and is defined in the cranking model. We define the
dynamic cranking axis as the axis along which the total angular momentum has a largest component. Note
that the dynamic cranking axis can be any one of three principal axises of a rotating triaxial nucleus, while
the cranking axis defined in the cranking model is a fixed one. We interpret the signature inversion as the
change of the dynamic cranking axis in the rotational triaxial nuclear system. Take the yrast band of old

proton nucleus 157

Ho as an example, where the twice signature inversions were observed experimentally
at spin I=37/2 and 53/2 respectively'!. This band is based on an intrinsic configuration of the Fermi
aligned proton orbital in the proton A1/, shell, namely the proton Fermi level lies in the middle of the shell,
which has a large alignment component Iy along the y-axis, the intermediate axis, thus the occurrence of
the signature inversion in the band is mainly determined by the characteristic of the y-axis, namely as the
dynamic cranking axis or not. In order to investigate the double signature inversion and explore the
triaxial rotation the quantity S(/)=E(/)—E({—1) for the yrast band of THo was calculated with the
triaxial projected shell model (TPSM) which has recently been developed in CIAE as an extension of
RASM. The shell model Hamiltonian, involving a large number of nucleons moving in a spherical Nilsson
potential and an interaction of separable multipole Q - Q forces plus monopole pairing plus quardrupole
pairing, is written as

H=Ho—%ila iQLQu“GoPospoo_Gziszszp M

A=2 p=2 u=-2

The wave function is given by

REOEDWEI MM @

where the three-dimensional angular momentum projection operator is written as

Rix =24 D] @R ®)

and |@,) represents a set of triaxially deformed BCS multi-quasiparticle states. By solving the Hamiltonian

equation

H|¥5,) = E°(D|¥,) @
We obtain energies E°(J) of states “o” as a function of spin I, together with wave functions £, . The

expectation values of the components of total angular momentum along the three intrinsic principal axis
can be calculated by using the eigenstate wave function "{ng> The calculated results quite well

. . . . 157
reproduce the double signature inversions observed in

Ho, as shown in Fig.1. Detailed calculations
show that the first signature inversion is caused by the change of the dynamic cranking axis from the y- to
the x-axis, while the second inversion is due to the change back of the dynamic cranking axis to the y-axis
from the x-axis, the shortest axis (Fig.2). The cause of the dynamic axis change may be attributed to the

alignments of the pair of neutrons in the i3, shell. The mechanism for signature inversion provided in the
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present study is general, can be applied to, for example, odd-odd nuclei 120-130¢

cranking axis is the x-axis at low spins and becomes the y-axis after the inversion spinm.

1.0 @
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0.8F . o
O Theo.
51/2 o
0.6 l o
(o]
o 39/2 / .\

E(-E(I-1)/MeV

0.4 o * o
/¢
A Av
02} .
0.0
5/2 13/2 21/2 29/2 37/2 45/2 53/2 61/2 69/2
Spin/h

Fig.1 Calculated energies E(I)—E(I—1) of the yrast band states for 57Ho,
compared with the experimental data

Arrows indicate the signature reversion point
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Fig.2 Calculated expectation values of ) A I,,2 and I,? with the wave functions

that has reproduced the double signature inversions in Fig.1

References
[1] Hagmann B, et al. Nucl Phys, 1984, A424: 365.

[2] Gao Zaochun, Chen Yongshou, Yang Sun. Phys Lett, 2006, B634: 195.
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3 Theoretical Study on the ZH(d, 'y)4He Reaction Below E_,, <3 MeV

Ma Yinqunl‘z, Ma Zhongyu1
(1. China Institute of Atomic Energy, P. O. Box 275-18, Beijing 102413, China;
2. Physics Department, Taiyuan Normal University, Taiyuan 030001, China)

The quantitative Cosmology is becoming a valid description of modern models of the early universe.
The results deduced from the prediction of big-bang nucleosynthesis (BBN), combined with the latest
Cosmic Microwave Background anisotropy measurements, give independent and accurate predictions of
the baryon density and can be used to test the standard cosmology framework. The abundances of the light
nuclei, °H, *He, “He and "Li have been used to test the consistency of the hot big-bang model at early (first
10 seconds) stages of evolution of the universe. To construct the BBN reaction network, the astronomical
measurements of the light element abundances need to be complemented by the reaction rate knowledge
in the relevant energy region (from few tens to few hundreds of keV). The deuteron- deuteron radiative
capture reaction is one of the deuterium-burning processes for which the cross section is not well known
at very low energies. For the reaction H(d, 7)4He due to extremely low reaction rates at the astrophysi-
cally important energies (about below few hundreds of keV), the relevant cross section data are imprac-
tically obtained for direct laboratory measurements. The present study was undertaken to obtain ones.

We present a phenomenological study of the 2H(d,y)“He reaction that allows for the D-state
component of the colliding deuterons. In the L-S coupling states of the d-d system may have the following
possible states with lowest angular momenta: 350, °S5, 3P0,1,2, !D,. Considering electromagnetic radiation

with multipolarity less than 2, the following transitions are allowed:
(“He|E2|°S,),(*He|E2|'D,)

The wave function of the d-d system can be expressed as produces of internal deuteron wave func-

tions (I)j and a relative motion f(R),

J
w(SIL,) = ¥[YL(1€)(¢51=1¢3=1)S]; e))

Considering D-state components in “He, the ground state of *He could be expressed as
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w, =cos oy('S,)+sin wy(D,) )

where the radial wave functions are normalized to one. The mixing angular @ parameterizes the D-state

amplitude in “He. The scattering wave functions of the d-d system are,

1/2
1

v = iL(——‘“‘(?‘vL ”)j Ly s, ©

where L is the orbital angular momentum, S the channel spin, and J the total angular momentum. v and k
are relative velocity and wave number of the colliding deuterons. The scattering wave functions are
normalized to unit flux.

We simply display our results for the capture cross section

5

Am2S+1( E Y 1 ¢° e <2

OE.n)=D, = —L | ——[AC*L)| @)
so2 15 45 \av ) k* hv

where E=E,+23.847 MeV is the energy of the emitted photon, A(***'L;) is the transition amplitude. As
mentioned above, we will adjust@to reproduce the absolute normalization of the low energy experi-
mental cross section. At low energies, it is most convenient to present the data in terms of the astro-

physical S-factor, defined by
S(E, ) = O(E, )E, , exp (2m7]) Q)

where 7=¢’/iivis the Summerfield parameter. The radial wave functions in “He are calculated in Woods-
Saxon potentials, which parameters are adjusted to reproduce the d-d break up energies of “He and low
energy d-d elastic phase shifts, respectively. The parameters in our calculations are given in table 1. We
can well reproduce the energy dependence of the S-factor if we choose w = —0.275 for the potential
leading to a “*He D-state probability of Pp=7.4%, and theoretical results are compared with the experi-
mental data in Fig.1. The agreement with the experimental data at E.,, <<3 MeV is very satisfactory. We
extend our model to the energy range E., <50 keV, which is important for the *He nucleosynthesis
during the big bang. Our S-factor is nearly linear in energy: S(E.m)=~So+S1E.m and can be well approxi-
mated with the coefficients So=6.29x10_6 keV-band S;= — 1.14x10"%b.

Table 1 Woods-Saxon parameters used in theoretical calculations

States Vo/MeV Ry/fm a/fm R/fm Eg/MeV
1So —48.284 2.96 0.9 1.83 —23.847
D, —100.413 2.96 0.9 1.83 —23.847
D, . 154 2.96 0.9 1.83

D, —16.5 2.96 0.9 1.83




