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Several zirconium isotopes are in the path of slow neutron capture (s) process, and the direct components
of (n,y) reactions can be derived from their neutron spectroscopic factors. In the present work, the angular
distributions of (2C,*C) and ('*C,'C) reactions on targets ***>*%Zr were obtained using the high-precision
Q3D magnetic spectrograph at the Beijing HI-13 tandem accelerator in China Institute of Atomic Energy. The
distorted-wave Born approximation calculations were performed to extract the spectroscopic factors, using three
different sets of Woods-Saxon potential parameters for these heavy-ion systems. The neutron spectroscopic factors
for the ground state of **~’Zr have been obtained and compared with other experimental data.

DOI: 10.1103/PhysRevC.97.064614

I. INTRODUCTION

The elements heavier than the iron group are mainly
produced by two types of neutron capture reactions: the rapid
(r-) and the slow (s-)neutron capture processes, with the
different corresponding time scales [1-5]. The time scale of
s process is long enough to make all possible 8~ decays to
take place, which allow the s nuclei to occupy the B-stability
valley region. Of various nuclear processes within the heavy
element nucleosynthesis, the s process is perhaps the easiest
one to study, because many relatively minor abundance heavy
elements, such as Y, Zr, Ba, and La are observably affected
by s process, and the abundance changes can be observed
by spectroscopic techniques [6]. In order to understand the
heavy elements production in the universe, accurate neutron
cross section data in the celestial environment are of primary
importance [7,8].

Zrisotopes, which occupy the intersection of the weak (from
Fe to Zr) and main (from Zr to Pb/Bi) s process, have received
great attention, and the neutron capture reactions by Zr isotopes
are particularly significant [9]. For Zr isotopes, their neutron
number is at or close to the magic number of 50, their neutron
capture cross sections are relatively low [4,5,7-11]. So far,
experimental data for the (n,y) cross section of Zr isotopes are
extremely scarce, especially for the unstable isotopes, such as
87Zr(t 2 = 3.3d), *Zr (t1o = 1.5 x 10°y) and *Zr(t) 2 =
64.0d). The abundances of the Zr isotopes are used to extract
valuable information about various constraints regarding the
astrophysical medium, including the neutron flux density and
temperature, so that the neutron capture reactions rates of Zr
isotopes should to be determined with high accuracy. For an
example, the *Zr(n,y) **Zr reaction rates should be measured
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with an accuracy of 3%—5% [9]. The direct components of
(n,y) reactions for Zr isotopes can contribute about 10% to
the total reaction rates according to the evaluated data from the
National Nuclear Data Center. In terms of %°Zr(n,y)*Zr,
the direct neutron capture reaction rate takes up about 13%
of the total reaction rate. The value is much larger than the
demand accuracy of 5%, and it is meaningful to study the
direct components of neutron capture reaction accurately with
various experiments.

The spectroscopic factor is defined as the overlap between
the initial and the final states in the reaction channels. It
describes the single-particle structure of nuclei in the shell
model, and is the basic element for the understanding of the
nuclear structure [12—-15], and can be used to estimate the
direct component of the (n,y) cross section. The values of
the spectroscopic factor can be obtained by comparing the
experimental cross sections with the predicted cross sections
from a reaction model. The most commonly used model is
the distorted-wave Born approximation (DWBA) theory. Over
the past half century, considerable effort has been devoted to
the experimental measurements of the neutron spectroscopic
factors concerning zirconium isotopes [16—46], including
d,p), (p.d), (a,’He), and (*He,ar). However, the published
spectroscopic factors fail to agree with each other. Especially
for °Zr, the published neutron spectroscopic factors are
found to vary from 3.4-10.0, and such large difference may
cause more than 20% uncertainty to the total reaction rate of
87r(n,y)*°Zr. The shortage of the previous works mainly lies
in two aspects: the large experimental errors (such as Ref. [23]
20%, Ref. [32] 30%—-40%) and the ignorance of the influence
of the optical potential, which may bring large uncertainties to
the spectroscopic factors. In order to improve these defects, a
more accurate experiment and more meticulous error analysis
should be carried out.
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TABLE I. Isotopic composition of targets (%).

Mass number 070, 2710, %710, %710,
90 99.4 0.97 0.7 7.19
91 0.3 0.51 0.2 1.46
92 0.2 98.06 04 2.31
94 0.1 0.41 98.6 0.89
96 0.04 0.05 0.1 85.15

In this work, the neutron spectroscopic factors of *°Zr
were extracted through angular distribution of (!2C,'3C) and
(13C,'12C) reactions on targets *%929+%7r The experiments
were performed with the Q3D magnetic spectrograph at the
HI-13 tandem accelerator in China Institute of Atomic En-
ergy (CIAE), Beijing. The Q3D magnetic spectrograph has
a high-energy resolution of about 0.02%, and the angular
distributions can be measured with high precision. The neutron
spectroscopic factors of *°’Zr were then extracted accurately
by means of DWBA analysis.

II. EXPERIMENTS

Enriched targets of **92%4%7r0, were bombarded with
66.0 MeV '2C and 64.0 MeV '*C beams, respectively. The
abundance of Zr isotopes was shown in Table 1.

The angular distributions of '>'*C+Zr elastic scattering,
and ('>C,"*C) and ('3C,'?C) neutron transfer reactions
were measured. The experimental setup is shown in Fig. 1.
The '?C and *C beams from the accelerator impinged on
the carbon-supported zirconium enriched isotope targets
of ZrO,. The thicknesses of the °0°294%7Zr0, were
32.94+2.5 ug/cm?,30.0 £2.2 ug/cm?,41.0 £2.9 pug/cm?,
and 34.4 4 2.3 ug/cm?, respectively, which were calibrated
by normalizing the elastic scattering cross sections of front
angles to the Rutherford scattering cross sections. The
diameter of the target chamber is 479 mm, and the accepted
solid angle of Q3D magnetic spectrometer was set to be
0.34 + 0.01 msr for excellent angular resolution. A movable
Faraday cup was placed behind the target to monitor the
beam intensity. A AE-E detector telescopic system was set
at about 23° downstream of the reaction target for the cross
check of the beam intensity. The reaction products were
separated by Q3D and then measured by a 50 mm x 50 mm
two-dimensional position-sensitive silicon detector (PSSD)
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FIG. 1. Experimental setup.
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FIG. 2. (a) The two-dimensional spectrum of kinetic energy
versus the horizon position and (b) the horizon position spectrum
of object ions for *Zr('2C,3C) ®Zr at 32°.

at the focal plane. The high momentum resolution of Q3D
and the position-energy information about PSSD enable us to
identify the object ions from other reaction channels.

The typical two-dimensional spectrum of kinetic energy
versus the horizon position for %7r(12C,13C) P Zr reaction at
32° is shown in Fig. 2(a). It can be seen that the object ions
from the reactions can be clearly identified via the energy and
position information, so that the number of object ions can
be counted accurately through the position spectrum of object
ions, as shown in Fig. 2(b).

III. DWBA ANALYSIS

For %0:92:94.967,(12C 13C) and ('3C,'2C) one-neutron trans-
fer reactions, the angular distributions are peaked around 30°.
The shapes of the angular distributions show a slight different
as can be seen in Figs. 5 and 6.

The experimental cross sections were analyzed with DWBA
calculations. This procedure supports the extraction of the
spectroscopic factors by taking the ratios of the experimental
cross sections to the predicted cross sections. The equation can
be expressed as:

doexp dopwaa
o _ 508,

dQQ aQ -’ M
where the do.y, /d$2 and dopwea /d 2 are the experimental and
DWBA theory differential cross sections of transfer reaction,
respectively. The Sis¢ and Sz denote the neutron spectroscopic
factors for the ground state of *C = 2C ®@n and 4*'Zr =
AZr ® n, respectively. Siz¢ = 0.65 £ 0.06 was adopted from
the result given by Al-Abdullah er al. [47]. The geometrical
parameters of the single-particle bound state were set to be
ro = 1.25 fm and ay = 0.65 fm.
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TABLE II. Optical potential parameters of '>'*C4Zr.

System V (MeV) ry (fm) ay (fm) W (MeV) rw (fm) ay (fm) rc (fm)
setl 63.9 1.23 0.52 35.0 1.15 0.56 1.0
12C 4 0917, set2 98.0 1.21 0.50 29.5 1.16 0.57 1.0
set3 33.7 1.28 0.54 31.9 1.28 0.37 1.0
setl 63.0 1.23 0.52 35.0 1.15 0.56 1.0
BC 4 997, set2 99.2 1.17 0.57 29.6 1.17 0.54 1.0
set3 34.5 1.27 0.58 34.9 1.29 0.33 1.0
setl 63.6 1.23 0.52 35.0 1.15 0.56 1.0
12C 4 9297 set2 83.8 1.21 0.50 31.8 1.14 0.71 1.0
set3 29.8 1.30 0.51 28.9 1.25 0.51 1.0
setl 62.6 1.23 0.52 35.0 1.15 0.56 1.0
BC 491927 set2 90.6 1.22 0.50 31.8 1.14 0.66 1.0
set3 32.6 1.31 0.51 31.3 1.26 0.44 1.0
setl 63.2 1.23 0.52 35.0 1.15 0.56 1.0
12C 4 %957r set2 99.5 1.18 0.55 384 1.17 0.57 1.0
set3 32.3 1.29 0.50 34.9 1.11 0.66 1.0
setl 62.3 1.23 0.52 35.0 1.15 0.56 1.0
BC 4 9%z set2 100.1 1.16 0.58 33.9 1.18 0.56 1.0
set3 34.5 1.25 0.63 35.4 1.27 0.38 1.0
setl 62.9 1.23 0.52 35.0 1.15 0.56 1.0
12C 490977 set2 100.4 1.18 0.55 30.3 1.17 0.53 1.0
set3 324 1.26 0.6 27.4 1.28 0.38 1.0
setl 61.9 1.23 0.52 35.0 1.15 0.56 1.0
B 4 95%zy set2 98.7 1.17 0.59 29.4 1.17 0.57 1.0
set3 33.3 1.26 0.63 29.0 1.28 0.40 1.0

To extract spectroscopic information, the computer code
FRESCO [48] and a volume Woods-Saxon form for the real and
imaginary potential were used. In order to analyze the influence
of heavy-ion interaction potential, three sets of optical potential
parameters were adopted in the DWBA calculations, as shown
in Table II. Setl was taken from Ref. [49], and no attempt
was made to fit the reaction data by varying these parameters.
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FIG. 3. The angular distributions of differential cross sections of
12C 4. 9092949671 The solid curves are calculated by Setl, the red
dashes and blue short dashes represent the results of Set2 and Set3,
while dots are experimental distributions.

Set2 and Set3 were obtained by fitting the elastic scattering
angular distributions, and the optical parameters of '>13C +
89.91.93.95977r were substituted with the adjacent Zr isotopes.
As shown in Figs. 3 and 4, the elastic scattering angular
distributions of '>13C+Zr were calculated with these three
optical parameter sets. It can be seen that the experimental data
were well reproduced with the optical potential parameters.
DWBA calculations were performed for the ground state
of ~%7r by using the parameters listed in Table II. The
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FIG. 4. The angular distributions of differential cross sections of
130 4 90.92.94.967,
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10 . . TABLE III. The results of neutron spectroscopic factors of *=7Zr.
o (a)
TS Isotopes Setl Set2 Set3 Average

1t 3= 07y 7514102 7534+£1.03 7264+099 7.43+1.02
g LX> - NZr 0.82+0.12 086=£0.10 0.83+0.10 0.84 £0.11

\ )
" 900y 12/~ 13~ 89. : 920, 12 13191 W Zr 126 +£0.16 1.674+022 151+£020 1.484+0.26

-~ Zr(°C,°C) Z
G A5 C o ——t d " )= ! SZr 0.45+0.06 0584007 0.54+£0.06 0.52+0.08
% 10! ® Dna ® DATA %7y 289+040 2.88+040 2.74+033 2.84+0.38
° T Szr 0.27 £0.04 030£0.04 0.28+0.04 0.28£0.04
Y N i %7r 3944059 3.81+£057 3.64+051 3.80+£0.57
1 ; ¢ 0.74£0.10 0.75+£0.11 0.73£0.10 0.74£0.10
94Zr(1ZC,1SC)932r SGZr(1ZC,13C)952r :
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FIG. 5. The angular distributions of differential cross sections of
90.92.94.96 7,12 13C),

calculated results are shown in Figs. 5 and 6 as three kinds
of different curves. It can be seen that at the peaks of these
angular distributions, all the theoretical curves can describe
the experimental data successfully. However, the differential
cross sections below 30° agreed not well due to the influence of
other reaction mechanisms. The neutron spectroscopic factors
from the present investigations of the ('>C,"*C) and (*C,'2C)
reactions on *92%+%Zr are summarized in Table IIL It is
obvious that the spectroscopic factors extracted by three sets
of optical parameters were extremely close to each other. The
average values were considered as the result of the present
work. The uncertainties of the spectroscopic factors consist of
the experimental errors (statistics errors and the nonuniformity
of the target thickness, about 10%), the influence of the
optical parameters (from 1%—12%) and the error of S (9%).

= = -Set2

10
~ 1
Q
% QDZr(13C,12C)91Zr szzr(13c,12c)9szr
E [ DATA ) ) [ ] DATA' ) )
-g 10L—se (c) 4—set (d) |

A 94Zr(130 12C)952r QGZr(”C 12(.:)972r
20 30 40 50 20 30 40 50 60
0, m (deg)

FIG. 6. The angular distributions of differential cross sections of
90,92.94,96Zr(l3c712C).

TABLE IV. Comparison of the neutron spectroscopic
factors of *°Zr.

Ref. S907, Reaction E, (MeV)
[16] 9.6+1.3 (p,d) 31
[17] 6.1 £0.6 (pol p,d) 22
[18] 95+ 14 (p,d) 55
[19] 48+0.6 (p,d) 65
[20] 51408 (p.d) 120
[21] 39+04 (pol p,d) 65
[22] 8.9 (pol p,d) 90
[23] 9.6+ 1.9 (pol p,d) 90
[24] 77405 d,t) 21.4
[25] 10.0 £ 2.0 (*He,o) 18
[26] 3.41 (*He, o) 25
[27] 8.0+ 0.8 (*He,«) 39
(28] 9.7 +1.94 (*He,o) 18
[29] 9.1+09 (*He, ) 97.3
Present 743 +1.02 ?¢c,Bo) 66

TABLE V. Comparison of the neutron spectroscopic factors of *' Zr.

Ref. So17, Reaction E, (MeV)
[16] 0.98 £+ 0.10 (p,d) 31
[26] 0.67 (*He,a) 25
[30] 0.94 (*He,w) 24
[31] 0.98 +0.15 (or,He) 65.9
[31] 1.04 +£0.16 d,p) 33
[32] 0.89 + 0.09 ,p) 15
[33] 0.95 +0.14 ,p) 7.5
[34] 0.75 + 0.08 d,p) 15.9
[34] 1.09 (pol d, p) 11.1
[35] 0.69 + 0.07 (pol d, p) 56
[36] 0.98 3c,20) 28-33.5
[37] 1.0 (*°0,"0) 104
Present 0.84 +£0.11 (3c,'20) 66
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TABLE VI. Comparison of the neutron spectroscopic
factors of **Zr.

TABLE XI. Comparison of the neutron spectroscopic
factors of *'Zr.

Ref. S92, Reaction Ep MeV) Ref. S977, Reaction Epp, (MeV)
[16] 1.86 +0.33 (p.d) 31 [32] 0.98 £ 0.39 ., p) 15
[34] 1.18 £0.12 (p.d) 22 [42] 1.20 £0.18 d,p) 33
[38] 1.43 £0.29 (pol p,d) 22 [46] 1.06 + 0.11 (pold,p) 12
[26] 0.86 (He,a) 25 [42] 1.02 £0.15 (.”He) 65.7
[27] 1.46 +0.15 (He,a) 39 Present 0.74 £ 0.10 (*c."*0) 66
[31] 1.14 £0.17 (,*He) 66
[31] 1.89 + 0.28 d,p) 33
[32] 144 £0.14 d,p) 15
[39] 1.21+0.18 d,p) 12 The comparison of neutron spectroscopic factors obtained
[40] 1.08 £0.22 (d.p) 12 in the present work and that from the previous works was shown
[41] 1.56 +£0.31 (pold,p) 33 in Tables IV-XT and displayed in Figs. 7 and 8. It is evident
Present 1.48 £0.26 (?C.R0) 66 that our results of °>’Zr are in accordance with the average
values.
TABLE VII. Comparison of the neutron spectroscopic
93
factors of "Zr. IV. CONCLUSIONS
Ref. So3z; Reaction Ej, (MeV) Zr isotopes are in the path of the s process, their neutron
[32] 0.54 + 0.05 d.p) 15 capture.reactions are very importa.lnt in t.he hequ elements
[42] 0.64 -+ 0.10 . p) 33 synthesis and should to be determined with a high accuracy
[42] 0.48 + 0.07 CHe,a) 65.7 of about 5%. The direct components of neutron capture
Present 0.52 + 0.08 (3c,20) 66 reaction take up about 10% in the total capture cross sec-
tions and thus are worth measuring accurately with various
experiments.
TABLE VIII. Comparison of the neutron spectroscopic In the present work, the angular distribution of (‘2C,'*C)
factors of *Zr. and (*C,'2C) on the Zr isotopes targets are measured with
the high-resolution Q3D magnetic spectrograph. The neutron
Ref. Soa7, Reaction Ew, MeV)  spectroscopic factors of **"’Zr are extracted by comparing
1] 218 £ 022 (pol p.d) 65 the diff§rential cross sections of expérimental and DWBA
[43] 254025 (p.d) 194 cglcglatlons. The current spegtroscoplc factors are in very
126] 516 CHe.a) 25 51gn1.ﬁcant good agreement Wlth the average values Qf the
[27] 261 +0.26 CHe,a) 39 previous works. It is worth noting that the data measured in this
[32] 3.41 + 034 .1 15 work have better precision than most of the previous works,
Present 2.84 + 0.38 (2C,13C) 66 and the theoretical calculations can reproduce the measured
: : 15 1.5
TABLE IX. Com]li):;(s)(r);l ;)ffgtshzerfleutron spectroscopic g/ SRe T 0 @) - b)
R P e [N N S,
Ref. Sos7, Reaction Ei (MeV) w o i...§..:..._\._‘ _}" 1.0 } { %}:' { I
[32] 0.30 = 0.09 d,p) 15 : S I DR S
[42] 0.37 £ 0.06 (d.p) 33 Q065 7670 1975 1980 2020 3960 1970 1980 2020
[44] 0.32 £ 0.01 d,p) 15.5 25 08 ,
[42] 0.36 & 0.05 (He,a) 65.7 27 () B7p (d)
Present 0.28 + 0.04 (B3¢,120) 66 20 + } _______________ 06| T
w'15] 4 t } } } B S }
rofo b b L 04
TABLE X. Comparison of the neutron spectroscopic factors of **Zr. ' .
0.5 0.2 N N P
Ref. Sooy Reaction Eys (MeV) 1960 19?|—?me (;s::)) 2020 1960 191?::]1 . (;:::)) 2020
[32] 5.75 £0.58 d,t) 15 . 0093
[45] 4.41 (p.d) 19.4 FIG. 7. The neutron spectroscopic factors of °Zr. The blue
[27] 45405 CHe,a) 39 dots are the spectroscopic factors from the references, and the red
Present 3.8 4057 (2C,1’C) 66 triangle represent our result. The dotted lines show the average value

region.
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FIG. 8. The neutron spectroscopic factors of >~ Zr.

angular distributions very well. The influence of the optical
potential has been also considered by adopting three parameter
sets.
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