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Experimental elastic scattering and double differential cross sections of 89Y(d,n) and 89Y(d, p) reactions
have been measured with 5, 6 and 7.44 MeV deuteron beams. It was found that about 76% of the total reaction
cross section is determined by compound mechanism and rest is due to direct and pre-equilibrium interactions.
Cross sections measured at backward angles were compared with calculations based on the compound nuclear
Hauser-Feshbach model. It was found that it is possible to reproduce the backward angle neutron cross sections
by compound model but it fails to describe proton cross sections. A pronounced peak is observed in neutron
differential cross section which might result from strongly populated states 0+, 4−, and 5− of 90Zr via di-
rect stripping reactions. The level density of 90Zr has been obtained from neutron cross sections measured at
backward angles. It is best described with the constant temperature level density model versus the traditional
Fermi-gas one.

PACS numbers: 21.10.Ma,24.60.Dr,25.70.Gh,21.10.Pc

I. INTRODUCTION

The level density is one of the most important quantities
for describing the statistical properties of excited nuclei. The
density of discrete levels close to the ground state and neutron
resonance spacings at the neutron separation energy have been
studied experimentally for most of the nuclei on or near the
line of beta-satiability so those results are well known. How-
ever, the level densities between the ground state and the neu-
tron binding energy are still uncertain since the spacing be-
tween levels decreases rapidly with the increasing excitation
energy so that levels cannot be resolved experimentally.

A common way to determine the level density is to make the
interpolation between discrete levels and neutron resonance
spacings by using such semi-empirical level density functions
as the Fermi gas [1] and the Gilbert-Cameron (GC) ones [2].
However, the interpolation procedure is still considered to be
uncertain since besides assumptions related to specific inter-
polation functions, it involves other uncertainties such as ones
related to spin and parity distributions. Therefore, more reli-
able theoretical analysis and experimental efforts are needed
to address this problem.

Another experimental method to obtain the nuclear level
density in the energy range between the ground state and
the neutron separation energy is the measurements of parti-
cle evaporation spectra from compound nuclear reactions [3].
The level density is extracted from the spectra of outgoing
particles. The method is based on the Wolfenstein [4] and
Hauser-Feshbach (HF) models [5] which utilize the Bohr in-
dependence hypothesis [6]. The advantage of this method
compared to interpolation procedure is that it is less sensi-
tive to spin and parity distributions and the energy dependence
of the extracted level density is explicitly determined by the
shape of the experimental particle spectrum. The assumption
of the specific level density model function used in interpola-
tion method is no longer needed. However, possible uncer-
tainties caused by contribution of non-compound processes
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still need to be addressed by careful choice of specific nuclear
reactions and interaction energies. Therefore the study of the
reaction mechanism is an inherent part of the level density ex-
perimental study in each specific case.

In this work, the level density of 90Zr was studied from the
(d,n) reaction on 89Y. The motivation of the choice of the 90Zr
nucleus is to study the level density of heavier nuclei com-
pared to those we studied in our early works [3]. In addition,
90Zr is a closed-shell nucleus with 40 protons and 50 neu-
trons. Therefore, we expect to see the unique nuclear struc-
ture effects in the experimental results, e.g., for stable closed-
shell nuclei, level densities are expected to be less compared
to nearly open-shell nuclei at the same excitation energies.

The 89Y(d,d) and 89Y(d,xp) reactions were also measured
in order to get more insights on the mechanism of the d+89Y
reaction at these energies. In Sec. II the experimental set-up
and data analysis are discussed. For 89Y(d,n) reaction, the
measured cross sections for two deuteron beam energies, the
angular distributions for eight different angles, and the exper-
imental results for the level density of 90Zr are presented in
Sec. II B. The experimental cross section and angular distri-
butions for 89Y(d,d) and 89Y(d,xp) reactions are described in
Secs. II A and II C. Finally, main results are summarized in
Sec. III.

II. EXPERIMENTAL SETUP AND DATA ANALYSIS

The 89Y(d,n)90Zr experiment was carried out in the Ed-
wards Accelerator Laboratory with two different deuteron en-
ergies of 6 (5.91) and 7.44 (7.36) MeV from the tandem Van
de Graaff accelerator. Here, the numerical values in paren-
thesis are the actual deuteron beam energies due to the en-
ergy loss when it reaches the center of the target. The natural
yttrium foil with thickness of 0.005 mm (' 3.253 mg/cm2)
was utilized as a target. The natural composition of the target
consists of about 99.9% of 89Y. For the measurement of the
angular distribution of outgoing neutrons, the beam swinger
facility was utilized by rotating the direction of the incom-
ing beam and the target with respect to detector. The neu-
trons were detected by using a NE213 liquid scintillation de-
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tector at eight different angles, 150◦, 140◦, 120◦, 105◦, 90◦,
71◦, 45◦, and 20◦. The detector was located inside the well-
shielded 30 m tunnel area. The energy of the outgoing neu-
trons was determined by using the time-of-flight method with
a pulsed beam. For the given value of the detector diameter of
11.25 cm and the distance between the target and detector 6.75
m, the corresponding solid angle is 2.18×10−4 sr. The effi-
ciency calibration of the neutron detector was achieved with
the 27Al(d,n) reaction. Neutrons were measured at 120◦ with
Ed = 7.44 MeV. The efficiency was determined by comparing
the measured neutron spectrum to the standard spectrum from
the same reaction measured with a fission chamber [7, 8]. The
standard neutron spectrum indicates the expected number of
counts for a 100% efficient detector. The detector efficiency
has been obtained to be about 25% for neutron energies of 2
MeV and it decreases down to about 20% for 12 MeV neu-
trons. We also measured the background spectrum with an
empty target. The contributions from oxygen and carbon con-
taminations were estimated from corresponding peaks in neu-
tron spectra. The contributions from background, carbon and
oxygen contaminations were subtracted.

For 89Y(d,d) and 89Y(d,xp) reactions, the cross sections
have been measured with 6 MeV deuterons using the charged
particle time of flight spectrometer of the Edwards Accelera-
tor Lab. The spectrometer consisted of seven 2m flight path
tubes with Si detectors mounted at ends. The tubes were set-
up at 37.5, 52.5, 67.5, 97.5, 127.5, 142.5, 157.5 angles. The
particle identification was performed with measuring the flight
time and the energy deposited in Si detectors. The alpha chan-
nel has not been analyzed because of poor statistics due to low
incident beam energy and high coulomb barrier for outgoing
alpha particles. Experimental cross sections and energy of
outgoing particles have been converted to the center of mass
system for comparison with calculations.

A. 89Y(d,d) elastic scattering

The angular distribution of 5,6 and 7 MeV elastic scattering
deuterons is presented in Fig. 1 along with optical model cal-
culations using different sets of optical model potentials from
the compilation of Ref.[10]. Among presented calculations
the closest one is from potentials of Ref.[21] although the de-
viation of about 10% at backward angles is observed. This de-
viation could be compensated by reducing the volume radius
and/or diffuseness by about 20%. Adjusting parameters brings
the absorbtion cross section down to 332 mb from the original
396 mb obtained with the potential of Ref.[21]. Knowledge
of absorbtion cross section is important when comparing ex-
perimental outgoing particle differential cross sections with
calculations.
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FIG. 1: (Color online) The angular distribution of elastically scat-
tered deuterons on 89Y. Points are experiment, lines are calcula-
tions with different optical model parameters according to Ref.[21]
(Daehnick et al.), Ref.[22] (Perey et al.), Ref.[11] (Haixia et al.)

B. The 89Y(d,n)90Zr Reaction

1. Angular distribution

The analysis of the angular distribution of reaction prod-
ucts is an important tool to infer the reaction mechanism.
Reactions can be divided on direct such as stripping and
pickup, multistep direct (MSD), multistep compound (MSC)
and compound ones. In case of MSC and compound reac-
tions, the angular distribution of emitted particles is symmet-
ric at about 90◦ [15] since the memory of the leading ejective
is lost during the equilibration process. In Direct and MSD
reactions, the outgoing particles tend to be emitted in the di-
rection of the incident beam due to the fact that the equilibra-
tion process is not complete and the memory of the direction
of an projectile is preserved. It is believed that outgoing parti-
cles which are due to compound nuclear mechanism dominate
at backward angles. However, it is difficult to differentiate
compound and MSC contributions because both of them have
symmetric distribution at 90◦.

Fig. 2 shows the experimental angular distributions of neu-
trons emitted from the 89Y(d,n)90Zr reaction measured with
the deuteron beam energy of 7.44 MeV. Each point represents
the cross section integrated over 2 MeV energy interval. It can
be seen that the angular distribution is almost flat at backward
angles where compound contribution dominates and there is
an increase in cross sections at forwards angles due to the
contribution of direct reaction. However, there is an excep-
tion for the energy range from 10 to 12 MeV where the pro-
nounced peak is observed. The angular distribution in this
energy range is a decreasing function even at backward an-
gles. It means that there is a contribution to this peak from
direct reactions even in backward angles. The same behavior
should be valid for the corresponding peak for the 6 MeV of
deuteron energy which is located between 8.5 and 10.5 MeV
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FIG. 2: (Color online) Angular distribution for different energy inter-
vals of emitting neutrons from 89Y(d,n)90Zr reaction with 7.44 MeV
deuteron beam. Solid lines represent the result of fitting (Eq. (1)) to
experimental data points.

of neutron energies (see Fig. 3).
The angular distributions in Fig. 2 are fitted by using the

following equation [15]

y = a0 exp(a1 cosθ)

+a2[exp(a3 cosθ)+ exp(−a3 cosθ)],
(1)

where a0, a1, a2, and a3 are the fitting parameters. The first
and second terms represent the contributions from direct and
compound reactions, respectively. The parameter, a3, repre-
senting the anisotropy of the angular distributions of the cross
section in compound reaction, is set to zero for convenience
since its value is supposed to be negligible. Eq. (1) has been
shown [15] to reproduce a large variety of experimental angu-
lar distributions of nucleon and alpha induced reactions. Ac-
cording to our estimations based on Hauser-Feshbach model,
the anisotropy caused by compound reactions such as (p,n)
and (d,n) is expected to be less than 10%. The anisotropy
is largely determined by orbital momentum of both incoming
and outgoing particles. Therefore, higher momentum transfer
reactions such as (α,n) would give us larger anisotropy which
can be used for studying the parameter of the spin distribution
(spin cutoff parameter) of residual nuclei. [16].

In order to determine the relative fractions of direct (for-
ward peaked) and compound (isotropic) components, the an-
gular distribution for the whole energy interval of neutrons
has been fitted with the Eq. (1). To avoid excessive param-
eter correlations we assumed that three experimental points
at most backward angles are entirely due to compound re-
action mechanism. This assumption is supported by the fact
that the experimental angular distribution at backward angles
is flat. This is especially apparent for low energy neutrons

which constitute the main fraction of the total (angle inte-
grated) cross section. The flat angular distribution is con-
sistent with the isotropic angular distribution expected from
compound reactions. The high energy neutrons might contain
some fraction of the pre-equilibrium non-isotropic component
but the cross section of such neutrons is about two orders of
magnitude smaller compared to that for low-energy neutrons
(see Fig. 2). This allowed us to secure the parameter a2 to be
10.4(±0.3) . The other fitting parameters were found to be
a0 = 1.96(±0.5),a1 = 1.90(±0.4). The resultant fraction of
compound component is obtained to be (76±4%). This value
is roughly in agreement with the estimation obtained for sim-
ilar deuteron energies for 27Al and 56Fe targets [23].

2. 89Y(d,n) Cross section

The experimental differential cross sections (dσ/dEn)(En)
were determined in terms of the incoming deuteron beam cur-
rent, the target thickness, and the detector efficiency. From
the estimated systematic uncertainties for each component,
the total uncertainty of the cross section is obtained to be
about 25%. Fig. 3 shows the experimental cross sections mea-
sured at backward angles with deuteron energies of 7.44 and
6 MeV. Here, the experimental differential cross section are
compared with theoretical calculations from the EMPIRE pro-
gram [13]. Since backward angle cross sections are suppos-
edly due to compound reaction mechanism, we used Hauser-
Feshbach model for calculations.

The Hauser-Feshbach theory [4, 5] is based on the Bohr
hypothesis and reciprocity theorem [9] to describe compound
reaction cross reactions. According to this theory, the cross
section of X(x,y)Y− reaction depends on transmission coef-
ficients of outgoing particles y and on the level density of the
residual nucleus Y. For the given total angular momentum, J,
the partial cross section to final states of the residual nucleus
is defined by

σ1,2(J,S′Y ) =
π

k2
1

(2J+1)
(2sx +1)(2SX +1)

∑l1, j1

∫
dEY Tl1(ε1)∑l2, j2 Tl2(ε2) ρY (E∗Y ,S

′
Y )

∑Y ′,l, j
∫

dEY ′TY ′,l ρY ′(E∗Y ′)
,

(2)

where S′Y is the angular momentum of final states in the
residual nucleus Y , k is the wave number, and the term
(2J+1)/(2sx +1)(2SX +1) is the statistical factor, g1, which
is the probability to form a total angular momentum, J, by
summing the relative angular momentum, l with the spin j.
The range of the relative angular momentum, l, is from |J− j|
to |J+ j|. Here the entrance channel spin, j1, which is defined
as the sum of the projectile spin sx and target spin SX , ranges
from |SX − sx| to |SX + sx|. Likewise, the exit channel spin, j2,
which is the sum of the residual nuclear spin, SY , and emitted
particle spin, sy, ranges from

∣∣SY − sy
∣∣ to

∣∣SY + sy
∣∣. Tl1 , Tl2 ,

and ρY (E∗Y ,S
′
Y ) are the incoming and outgoing transmission

coefficients and the level density of the residual nucleus, Y ,
respectively. The term ∑Y ′,l, j TY ′,l ρY ′(E∗Y ′) in the denominator
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indicates the sum of all possible exit channels, which satisfy
the conservation of angular momentum and energy. Here, ε1
and ε2 are the center-of-mass kinetic energy for the entrance
(x + X) and exit (Y + y) channels represented by the number 1
and 2, respectively. These quantities in the formula are fixed
for a given excitation energy of the compound nucleus, E∗C and
the final state of the residual nucleus, E∗B, through the relation
ε2 +E∗B = E∗C +Qc→b+B [9].

The transmission coefficients are calculated from the opti-
cal model potentials provided by the Reference Input Param-
eter Library (RIPL) database [10]. For the entrance channel,
d+89Y, we used potentials of Ref.[21] but with corrected vol-
ume radius and diffuseness to be able to reproduce elastic scat-
tering of deuterons on 89Y (see section II A). The optical po-
tentials for the exit channel, 90Zr+n, were deduced from the
global systematics given by Koning and Delaroche [12]. Since
the transmission coefficients are already well established, the
cross section is strongly influenced by the nuclear level den-
sity.

The Empire program has several options for input level den-
sities. These are Empire specific level density, the Ignatyuk
model based on superfluid consideration [13], the Gilbert and
Cameron model [2] and the microscopical model of Ref. [19].
Parameters of all the models (including microscopical one)
are adjusted to reproduce experimental values of neutron res-
onance spacings. The calculations with GC and microscop-
ical models are presented in Fig.3 versus experimental cross
sections measured at backward angles. Ingnatyuk model has
also been tested and found to be very close to GC one for this
nucleus. Empire specific model largely overestimates experi-
mental cross sections. Therefore calculations with these two
models are not shown in Figure. Since the fusion cross section
in calculations is assumed to be 100% compound but the neu-
tron angular distribution in Fig. 2 indicates that 24% of the
neutron cross section is due to non-compound contributions,
the calculated double differential cross section for outgoing
particles have been multiplied by the factor of 0.76. This fac-
tor takes into account the effective reduction of the deuteron
flux which is responsible for the compound nucleus forma-
tion. This fraction has been estimated based on the neutron
outgoing channel only. It was not possible to make the same
estimation for the proton channel since the number of mea-
sured angles was restricted to backward angles only. There-
fore we assume the same 0.76 factor to be valid for the pro-
tons. The possible uncertainties of this number do not affect
the main conclusions of this paper because this is just the same
scaling factor which is applied to the calculated cross sections
of all outgoing channels. The sharp peaks observed above
En = 8.5 and 6.5 MeV for Ed =7.44 and 6 MeV, respectively,
correspond to discrete level region where the individual dis-
crete levels of the known energy, spin and parity are used in
calculations. One can see that calculations with default Em-
pire level density models do not reproduce experimental data
points well.

In Fig. 3, the pronounced peak is found in the range
10− 11.5 MeV and 8.5− 10 MeV for Ed =7.44 and 6 MeV,
respectively. This peak is supposedly due to direct mechanism
of the nuclear reaction populating discrete low-lying levels of
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FIG. 3: (Color online) Experimental neutron evaporation spectrum
(points) from the 89Y(d,n)90Zr reaction measured at backward an-
gles with 7.44 and 6 MeV deuteron beam. Lines are EMPIRE calcu-
lations with different level density input models.

the 90Zr nucleus. Table I displays discrete low-lying levels
for 90Zr in the energy range corresponding to peak locations
in Fig. 3. As is described in Fig. 4, 89Y absorbs a proton

TABLE I: Discrete levels for 90Zr with excitation energies, Ex, and
the corresponding emitted neutron energies in CM system, En, for
different deuteron beam energies Ed .

Spin and parity Ex En (MeV) En (MeV)
(MeV) Ed=7.44 MeV Ed=6 MeV

0+ 0 13.1793 11.7740
0+ 1.7607 11.4381 10.0328
2+ 2.1863 11.0173 9.6119
5− 2.3190 10.8860 9.4807
4− 2.7393 10.4704 9.0650

producing the residual nucleus 90Zr in the 89Y(d,n)90Zr re-
action. The proton can occupy 2p1/2 state corresponding to
0+ state of 90Zr or may fill 1g9/2 state leading to 4− or 5−

excited states. It means that the low-lying excited states of
90Zr, 0+, 4− and 5−, can be strongly populated via the direct
stripping reaction. Since the decay into the excited states, 4−

and 5−, produces the neutrons in the energy range where the
peak is located, we can conclude that these two final states
are strongly involved in the formation of the peak. More-
over, the cross sections in the region of the peak are greater
than the theoretical calculations based on compound reaction
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FIG. 4: (Color online) Proton single particle states of 89Y (consists
of 39 protons and 50 neutrons). In the 89Y(d,n)90Zr reaction, 89Y
absorbs a proton producing the residual nucleus 90Zr. Proton can
occupy 2p1/2 state corresponding to 0+ state of 90Zr or may fill 1g9/2
state leading to 4− or 5− excited states. The numerical values in
parenthesis represent the occupation number for each state.

model. Therefore, it might result from the contribution of di-
rect reaction mechanism. In order to confirm that the pro-
posed mechanism takes place, other type of reactions such as
87Sr(α,n)90Zr need to be studied. This reaction is capable to
eliminate one proton transfer mechanism and is expected to
be more compound.

The angle-integrated neutron energy spectrum from
89Y(d,n)90Zr reaction with 7.44 MeV deuteron beam is shown
in Fig. 5. In order to obtain this spectrum, the angular dis-
tributions for each 600 keV energy bin were fitted with Eq.
(1) and the resulting fitting parameters were used to calculate
the angle-integrated cross section over the solid angles. Com-
pared to the cross section measured at 150 ◦ angle , the angle
integrated neutron cross section is larger for higher neutron
energies. Such behavior is expected because of the contribu-
tion from pre-equilibrium mechanism for higher energy neu-
trons.

3. Level density of 90Zr

Since the level density is considered to be main uncertainty
in compound reaction cross section calculations, the experi-
mental level density of the residual nucleus can be deduced
in terms of the measured and calculated differential cross sec-
tions in the following way [14]:

ρ(E) = ρ(E)input
(dσ/dε)meas

(dσ/dε)calc
, (3)

where E is the excitation energy of the residual nucleus. Here,
(dσ/dε)calc and (dσ/dε)meas are the calculated and experi-
mental cross sections, respectively. The ρ(E)input is model
input level density used in the calculations. Eq. (3) is based
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FIG. 5: (Color online) The angle-integrated neutron energy spec-
trum from 89Y(d,n)90Zr reaction with 7.44 MeV deuteron beam (see
text). The double differential cross section measured at 150◦ and
multiplied by 4π is also displayed for comparison.

on Eq. (2) assuming that the transmission coefficients in Eq.
(2) are fixed and the cross section is directly proportional to
the level density of residual nucleus for the specific outgoing
channel. The main uncertainties related to such an approach
are connected to the validity of using the Eq. (2) for specific
reactions. The EMPIRE program [13] was used to calculate
cross sections in the framework of the Hauser-Feshbach the-
ory. For the input level density, ρinput , the Gilbert-Cameron
model [2] was utilized. Parameters of the model were ad-
justed to reproduce the experimental data points as close as
possible. The experimental nuclear level density is extracted
then by using Eq. (3). The possible contribution from the
second step neutron emission due to the (d,2n) reaction is not
a concern since the energies of those neutrons are below the
detection threshold.

Fig. 6 shows the experimental level density of 90Zr ex-
tracted from the neutron cross section measured with 6 MeV
of deuteron energy. The absolute normalization of the exper-
imental level density has been performed by matching exper-
imental data points to the density of discrete levels in the ∼
3.5− 5 MeV energy interval. It can be seen that the experi-
mental level density reproduces the shape of the known dis-
crete levels in the low excitation energy range up to Ex = 5
MeV and then it starts to diverge. This divergence is due to
the fact that discrete level scheme is not complete at higher
excitation energies. The prominent step-like structure is ob-
served at around 4 MeV and it can be tentatively explained by
the breaking of Cooper pairs [20].

The data were fitted by using the Fermi-gas and the constant
temperature models, which are defined by

ρF(E)'
√

π

12
exp(2

√
a(E−δ ))

a1/4(E−δ )5/4

1√
2πσ

, (4)
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and

ρCT (E) =
1
T

e(E−E0)/T , (5)

respectively. Here, a, δ , E0, and T are adjustable parameters
to fit experimental data. In the constant temperature model,
the nuclear temperature, T , is assumed to be constant over the
entire energy region indicating the possible phase transition
which is supposed to occur when nucleus gains energy but the
temperature remains constant. The spin-cutoff parameter, σ ,
characterizes the width of the distribution of the z-component
of the nuclear angular momentum. We used the σ2 suggested
by von Egidy and Bucurescu [17] in the following form

σ
2 = 0.391A0.675(E−0.5Pd)

0.312, (6)

where Pd is defined in [17] and related to the deuteron pairing
energy and A is the mass number. The fits with the Fermi-
gas and the constant temperature models are also shown in
Fig. 6. Chi-square values and fitting parameters from both
models along with parameters from von Egidy and Bucurescu
systematics [17] are listed in Table II. It can be seen that the
constant temperature fit shows better agreement with our ex-
perimental data points in the whole excitation energy inter-
val from 4 to 10 MeV compared to the fit with the Fermi gas
model.

TABLE II: Fitting parameters of level density models along with
the predictions of von Egidy and Bucurescu systematics [17]. The
deuteron pairing energy , Pd , used to determine the level density pa-
rameters for 90Zr in this systematics is also shown.

Fermi gas model a (MeV−1) δ (MeV) χ2

Exp. fit 8.98(10) 2.58(8) 25.55
Theo. prediction (Von Egidy) 8.79(31) 1.32(20)

Constant temperature model E0 (MeV) T (MeV) χ2

Exp. fit 1.32(6) 0.99(1) 10.537
Theo. prediction (Von Egidy) 0.69(30) 0.91(4)

deuteron pairing Pd (MeV) 3.394

The level density is compared to the density of known dis-
crete nuclear levels and to theoretical predictions of the Fermi-
gas and the constant temperature models based on von Egidy
and Bucurescu parameter systematics [17]. The level densi-
ties calculated with parameter systematics show considerable
offset compared to experimental data points. The reason for
the discrepancy is because the global parameter systematics
of Ref. [17] do not always reproduce local experimental data.
In our particular case of 90Zr, the systematics reproduce well
such parameters as a and T determining the general slope of
the level density function. However, the systematics fail to
reproduce the parameters, E0 and δ , resulting in offset of pre-
dicted level density functions compared to experimental data
points. Expected reduction of the level density for closed-
shell nuclei is not taken into account properly for 90Zr by the
global systematics of Ref. [17].
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FIG. 6: (Color online) Comparison of the experimental level density
of 90Zr (full circle) with the density of known discrete levels from
Ref. [18]. The fit of the Fermi-gas and the constant temperature mod-
els and the theoretical predictions for both models from Ref. [17] are
shown. The level density obtained with the microscopic HFB model
[19] is also displayed.

In addition, in Fig. 6, the experimental level density is also
compared with the microscopic nuclear level density model
used for (d,n) in Fig.3. This model is based on the Hartree-
Fock-Bogoliubov (HFB) plus combinatorial method [19]. The
HFB single-particle level scheme is taken into account along
with collective rotational motion for deformed nuclei. The
vibrational enhancement factor is newly introduced by con-
sidering the phonon excitations in order to describe extra low-
energy phonon states, which cannot be explained with preex-
isting models. The vibrational enhancement results in oscil-
lating energy dependence which is not supported by our ex-
perimental data points, although both the absolute magnitude
and the general trend match data points well.

C. 89Y(d, p) reactions

For Ed =6 MeV, the proton differential cross section mea-
sured at 127.5◦ and angular distributions are presented in
Figs. 7 and 8, respectively. Unfortunately, because of the poor
quality of the particle separation at forward angles, we only
present the angular distribution for backward angles from 900

and up. The first calculation has been performed with Empire
computer code [13] with level density model according to the
Gilbert and Cameron prescription using default parameters of
the Empire code. For the second calculation, the CT model for
90Zr have been used with parameters found from the neutron
spectrum in our experiment (see Table II). The final calcula-
tion has been performed with HFB microscopical model of
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FIG. 7: (Color online) Differential cross section of 89Y(d,xp). Points
are experimental cross sections averaged over backward angle mea-
surements, lines are calculations with different input level density
models.

Ref.[19] for all nuclei populated.
Even though the neutron differential cross section is well

described by compound model calculations (except the pro-
nounced peak discussed above, see Fig. 3), there is a sharp dis-
agreement between compound reaction calculations and ex-
perimental data points for protons. Compound calculations
strongly underestimate experimental cross section of the first
generation protons which dominate in the energy region above
around 3 MeV. Below this energy, there is a pronounced peak
in calculations due to protons from (d,np) channel. There is
no such a peak in the experimental spectrum. It is obvious that
the experimental ratio of (d, p) and (d,np) cross sections is not
reproduced by calculations based on compound mechanism of
nuclear reactions

The angular distribution of protons is shown in Fig.8. Pro-
tons with energies 7-12 MeV populating discrete low lying
levels exhibit forward peaked angular distribution indicating
the dominance of the direct reaction mechanism. The angular
distribution for lower energy protons is flat at backward angles
indicating the dominance of compound reaction mechanism.
It is surprising that even though protons from both (d,np) and
(d, p) stages show similar angular distributions, the differen-
tial spectrum cannot be reproduced with calculations based on
compound mechanism of nuclear reactions (see Fig.7). Both
shape and absolute calculated cross sections are not consis-
tent with experiment. Adjustment of level density parameters
does not help as well. Such behavior for protons is not consis-
tent with the neutron differential cross section in Fig.3 which
is well described by compound reaction model. The possible
explanation would have to be figured from considering other
reaction mechanisms such as multistep-compound one which
is also characterized by symmetric angular distribution at 900.
One can also consider the second stage protons from (d,np),
(d,2p) or (d,α p) reactions where the first step is noncom-
pound while the second step is compound. However, such nu-
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FIG. 8: (Color online). Angular distribution of protons from
89Y(d,xp). Points are experimental cross sections integrated over
indicated energy intervals.

merical calculations with deuteron induced reactions are be-
yond our current capabilities. We would just like to point out
the problem which might contain interesting physics.

III. SUMMARY AND CONCLUSIONS

The deuteron induced reaction on 89Y was studied at the
Edwards Accelerator Laboratory with the deuteron energies of
5, 6 and 7.44 MeV. The outgoing neutrons were detected at 8
different angles. The angular distribution was found to exhibit
the forward peaked behavior. It can be explained by the direct
reaction contribution to the total neutron cross section. For
7.44 MeV deuterons, the relative fraction of the compound
component was found to be 76(±4)%. A study of deuteron
induced reactions on 27Al and 56Fe has derived similar results
for bombarding energies of 5 and 7 MeV [23].

The cross sections measured at backward angles were com-
pared to Hauser-Feshbach model calculations using the EM-
PIRE reaction code. None of default level density models of
Empire code were able to reproduce experimental data points.
The validity of using the Hauser-Feshbach theory to analyze
the neutron spectra is based on the assumption that the cross
section measured at backward angles is entirely due to com-
pound reaction mechanism. This is supported by the behav-
ior of the neutron angular distribution at backward angles and
partly by the fact that the Hauser-Feshbach calculations with
some input level density functions (see Fig. 3 for HFB mi-
croscopic calculations) generally reproduce backward experi-
mental cross section well. However, the validity of using the
Hauser-Feshbach theory for this specific reaction cannot be
proved by a single experiment. Experiments with projectiles
other than deuterons are needed. The analysis of the experi-
ments with He-3 and deuteron beams exciting the same com-
pound nucleus has been done by us in Ref. [24] for the mass
range around 55. The analysis showed that all outgoing neu-
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trons and low-energy protons measured at backward angles
are entirely due to compound reaction mechanism (they do
not depend on type of projectiles).

The level density of 90Zr has been extracted from neutron
spectra measured at backward angles assuming the dominant
contribution of compound reaction mechanism. The experi-
mental level density was found to disagree with recent global
level density systematics of Ref. [17] based on neutron res-
onance parameters. The systematics reproduce the slope of
the nuclear level density but it shows a difference in magni-
tudes by a factor of 3. The level density calculated from HFB
model follows an overall shape of experimental level density,
however the presence of energy-dependent fluctions in HFB
model are not supported by our experimental data.

Experimental level density points have been fitted by both
the constant temperature and Fermi-gas models. The obtained
chi-square values show the preference of the constant tem-
perature model to reproduce the experimental data points. It
indicates that the temperature does not depend on excitation
energy of 90Zr for the excitation energies up to about 11 MeV.
From the extracted level density, we identified the step struc-
ture located at about 4-5 MeV of excitation energy. It presum-
ably results from the breaking of Cooper pairs.

For the 89Y(d,n)90Zr reaction, a pronounced peak is found
in the measured cross section corresponding to population of
final levels in the Ex = 1.5− 3 MeV excitation energy re-
gion of 90Zr. The presence of this peak might result from
the strongly populated low excited states, Ex = 1.76, 2.32, and
2.74 MeV with Jπ = 0+, 4−, and 5−, respectively, via the di-

rect reaction. This phenomenon is directly related with the nu-
clear structure of 90Zr, having the closed-shell with 40 protons
and 50 neutrons. To study the origin of the observed peak, we
need to perform additional measurements with a different re-
action such as 87Sr(α,n)90Zr one producing the same residual
nucleus 90Zr. Since more particle transfers are involved in this
reaction, it would lead to the more complicated configuration,
thus, the less pronounced peaks due to direct reactions are ex-
pected. In addition, the level density parameter, a, and the
spin cutoff parameter σ can be deduced from the experimen-
tal emission spectra and angular distribution of 87Sr(α,n)90Zr
reaction.

The experimental cross sections for 89Y(d,d) and (d,xp)
reactions are also obtained. The angular distributions for both
(d,np) and (d, p) outgoing channels show similar trend indi-
cating the dominance of the compound mechanism of nuclear
reaction. However, calculations based on compound reaction
model fail to reproduce the experimental proton differential
cross section. The reason might be due to the contribution of
multistep-compound reaction but more investigations are re-
quired to resolve the discrepancy.
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