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The production of intermediate-mass fragments ranging from Z =3 to 8 emitted in the reaction of 60
MeV alpha on an aluminum target has been experimentally studied. The energy spectra of the emitted
fragments in the angular range of 20°~130° have been measured and the total production cross sections of
each fragment have been estimated from the data. The double-differential cross-section data have been
compared with the predictions made using (a) a phenomenological moving source model and (b) a binary
fragmentation model. The absolute total emission cross sections for various fragments have been calcu-
lated assuming the statistical decay of a fully equilibrated compound nucleus and have been compared
with the corresponding experimental estimates. It is found that the exit-channel deformation plays a
significant role in the estimation of the Coulomb barrier of the separating nuclei. A theoretical pro-
cedure for the estimation of the exit-channel Coulomb barrier for the deformed system has been incor-

porated in the present calculation.

I. INTRODUCTION

In recent years, the intermediate-mass fragments (IMF)
emitted in low- and intermediate-energy nucleus-nucleus
collisions have been a subject of intense theoretical and
experimental studies. A large amount of data from re-
cent measurements of IMF emission are already available
in the literature [1-8], and several theoretical models
[8-12] have been proposed to understand the origin of
these IMF’s emitted in different reactions. Phenomeno-
logical analyses [8] of the data indicate that there may be
a number of different reaction mechanisms which play
significant roles in explaining the IMF emission depend-
ing on the incident energy of the projectile as well as the
target-projectile combination. In the case of reactions in-
duced by high-energy protons, the production cross sec-
tion of a particular element of atomic number Z has been
found to obey a simple power law of the form
0(Z)=Z "V [13], which has been interpreted as a signa-
ture for the occurrence of statistical clustering near a
critical point [14—-16]. At low bombarding energies these
fragments (3 <Z < 15) are assumed to originate from the
statistical decay of a fully equilibrated compound nucleus
(CN) [4]. For lighter composite systems (A4 =50), an
asymmetric binary fragmentation model where the fully
equilibrated composite system fragment$ into two un-
equal parts [9,10] due to the dynamical deformation of
the composite system has also been found to be quite suc-
cessful in explaining the general trend of the data. How-
ever, at higher energies ( =15 MeV/nucleon), it has been
found that emission from the fully equilibrated com-
pound nuclear source may not be sufficient to explain the
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whole range of the data and it may be necessary to in-
corporate the effects of IMF emission from other inter-
mediate velocity sources, moving with velocities inter-
mediate between the incident projectile velocity and the
compound nuclear velocity [17—-22]. Moreover, there are
IMF emissions from the targetlike and the projectilelike
sources and these introduce further difficulties in unfold-
ing the contributions from each individual source to com-
pare with the respective theoretical predictions. In this
respect, light-ion-induced reactions have an advantage;
IMPF’s emitted in these reactions are little contaminated
by the emission from projectilelike and targetlike sources
and therefore can be directly compared with the theoreti-
cal predictions to extract valuable information regarding
the reaction mechanisms dominant in that energy regime.
In recent years, a large number of measurements of IMF
emissions have been done [20-23] in the energy range of
20-30 MeV/nucleon; however, few measurements have
been reported at lower energies.

We report here the measurements of energy spectra
and angular distribution for various IMF’s (3<Z <38)
emitted in 60 MeV a-induced reaction on a 2’Al target.
The experiment was performed at the Variable Energy
Cyclotron Centre, Calcutta. The experimental details
and the general nature of the energy spectra, angular dis-
tributions, total cross section, etc., will be described in
Sec. II. In Sec. III the analysis of the data in terms of
moving source and binary fragmentation models will be
presented. A theoretical evaluation of the deformation in
exit channel and its effect on the barrier will also be de-
scribed in detail in Sec. III. A summary of the results
and the present outlook on possible mechanisms is given
in Sec. IV.
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FIG. 1. Two-dimensional AE vs E spectra for the heavy frag-
ments detected in 60 MeV a+2’Al reaction at the detection an-
gle of 40°.

II. EXPERIMENTAL PROCEDURE AND RESULTS

The experiment was performed at the Variable Energy
Cyclotron Centre, Calcutta, using 60 MeV a particle on a
27Al target. The target was made of an aluminum foil of
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FIG. 2. Total cross sections o(Z) as a function of atomic
number Z of the detected fragments. The solid histogram
represents the theoretical predictions obtained using the binary
fragmentation model.

thickness 810 pg/cm? having a uniformity of better than
5%. The different mass fragments were identified using a
gas AE-silicon-E (thickness = 300 um) telescope. To re-
ject the energetic lighter (Z <2) particles, a silicon veto
detector was used at the back of the E detector. The gas
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FIG. 3. Double-differential cross sections for fragments lithium to oxygen emitted in the reaction 60 MeV a+?’Al as a function of
the laboratory energy (E; ) of the fragments. Solid lines represent the results of the binary fragmentation model where the Coulomb
barrier Ep has been calculated using spherical exit-channel configuration (see text). The dashed line represents the same calculation,
where Ep was obtained from individual best fits of the experimental data.
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telescope was of axial configuration having an active
length of 4 cm and filled with a continuous flow of P10
gas (90% Ar + 10% CH,) at 130 torr nominal pressure
[24]. Gas pressure was maintained constant to within +2
torr. A thin polypropylene film of thickness 1.5-2.0 um
was used for the window of the gas detector. The gas
telescope subtended a solid angle of 1.2 msr and had an-
gular opening of 1°. For the present measurement, two
such (AE-E) telescopes were used, which were placed on
two different arms of the 900-mm scattering chamber, so
that each of them could be rotated independently for the
angular distribution measurements. Analog signals from
the detectors were properly processed using standard
electronics before being fed to the computer for on-line
data acquisition. Data were recorded in the event-by-
event mode on magnetic tape using a CAMAC-based
data-acquisition system [25] on Norsk Data ND-560
computer, which was later analyzed off-line.

The charge resolution obtained using this telescope has
been described in detail elsewhere [24]. The charge reso-
lution obtained in this experiment is illustrated by the AE
vs E plot displayed in Fig. 1. Well-separated ridges are
clearly seen corresponding to elements having atomic
numbers up to Z=9. The telescopes have been calibrat-
ed using recoil ions of Li and C produced by bombarding
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60 MeV a particle on a mixed target (125 ug/cm? LiF on
25 pg/cm? carbon backing). Absolute energy calibrations
of the E and AE detectors were done separately using
standard kinematics and energy-loss calculations. Typi-
cal energy resolutions obtained in the recoil calibration
were 3.9% and 9.7% for E and AE detectors, respective-
ly. The measured energies have been corrected for the
energy losses at the target and at the entrance window by
incorporating a single average thickness correction for
each fragment energy in the following manner. For each
fragment, total energy loss in one-half thickness of the
target (assuming that the fragments are produced at the
center of the target on the average) and full thickness of
the entrance window, calculated over the range of in-
cident energies of our interest, was parametrized as a
function of the detectable energy (incident energy minus
total energy loss). Experimentally measured energies
were then suitably corrected for the energy losses using
the proper functional forms corresponding to each frag-
ment. Experimental cutoffs thus obtained are typically 6
MeV for lithium and 13 MeV for oxygen. Carbon build-
up on the target was monitored at regular intervals and
was found to be negligible.

Total elemental cross sections as a function of Z ob-
tained from the reaction 60 MeV a-+2’Al are shown in
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FIG. 4. Double-differential cross sections for fragments lithium to oxygen emitted in the reaction 60 MeV a—+2’Al as a function of
the laboratory energy (E; ) of the fragments. The solid line represents the fit obtained using the moving source model.
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Fig. 2. Except for Li, all other cross sections vary with
much smaller gradient compared to those obtained ear-
lier at higher incident energies [1]. The energy spectra
for various IMF’s (3 <Z =<8) are shown in Figs. 3 and 4
for different angles. The error bars shown represent only
statistical errors. The other errors which contribute to
the cross section are mainly due to the determination of
solid angle by geometrical method and the calibration of
the current digitizer, which are around 10%.

III. ANALYSIS AND DISCUSSION
A. Total elemental cross sections

Theoretically, the total IMF cross section can be es-
timated from simple phase-space consideration. Assum-
ing that the projectile and the target fuse completely to
form an excited compound nucleus before it decays into
various channels which are energetically possible, and
that the decay is purely statistical in nature, the total
emission cross section for a particular channel specified
by its atomic number Z can be written as

Icrit
o(Z)=mA*3 I+ 1)T, /Ty, , (1)
1=0

where [, is the critical angular momentum for fusion
and A is the de Broglie wavelength. The ratio ', /T,
represents the probability of decay of the compound nu-
cleus in any particular channel with atomic number Z
and I'; is given by [4]

I',(1)x<T,[E/(E—By)]’exp{2[a(E—B,)]'"?
—2(aE)V?} . )

E is the compound nucleus excitation energy and B, is
the barrier height at the conditional saddle point. The
level density parameter a is taken to be =~ Ay /8 and the
temperature 7T, is calculated from the relation
E—By=aT%. The conditional saddle point has been
evaluated by minimizing the potential energy of the de-
formed compound system [26], assuming the rotating
liquid-drop model for the nuclear potential and the prox-
imity nucleus-nucleus interaction of Swiatecki [27]. The
prediction of the present calculations has been displayed
in Fig. 2 along with the respective experimental estimates
for comparison. The experimental cross sections
represented by circles have been obtained by integrating
the double-differential cross-section data over the whole
energy and angular range in the following way. Energy
integration for each angle has been done by generating an
interpolation function passing through all experimentally
measured data points, which have then been extrapolated
to the energies below the experimental threshold with the
additional constraint that the function should be zero at
zero energy. This function has then been numerically in-
tegrated to obtain energy-integrated angular distributions
for the fragments. These angular distributions have been
finally fitted by smooth polynomial functions and numeri-
cally integrated to give total elemental cross sections for
the fragments. The combined uncertainties due to exper-
imental threshold and the limited angular range of the

data have been estimated to be 10% for Li, 17% for Be,
45 9% for B, 41% for C, and 50% for N.

It is seen that the total absolute cross sections predict-
ed by the present model based purely on statistical con-
sideration (shown by solid histogram in Fig. 2) are in
good agreement with the corresponding experimental
values except for lighter fragments where the theoretical
predictions are seen to underestimate the experimental
values. This may be indicative of the fact that the
heavier fragments are emitted from a nearly equilibrated
compound nucleus, whereas processes other than purely
statistical ones may play a significant role in the emission
of lighter fragments.

B. Fragment energy distribution

1. Binary fragmentation model

Asymmetric binary splitting of the compound nucleus
[9] is presently being considered as one of the dominant
reaction mechanisms for the IMF emission in the low-
and intermediate-energy domains. According to this
model, the energy distribution P(X) of the fragments in
the center-of-mass system (c.m.) is given by

P(X)dX=Xexp(—X/T), (3)

where X =EXn —FE, is the total kinetic energy in the
c.m. above the barrier and T is the temperature as defined
earlier. The exit-channel Coulomb barrier Ej is given by

Ep=1.44Z,Z,/[ro( A3+ 4}*)+d], )

where r,=1.18 fm and d (=2 fm) is the surface-to-
surface separation between the two fragments having
mass numbers A,,4, (=A-y— A,) and atomic num-
bers Z,,Z, (=Z-n—Z,), respectively, at the conditional
saddle point.

Incorporating the effect of entrance-channel angular
momentum, the double-differential cross section for vari-
ous fragments can be written as

Icrit
d’c /dE;dQ; =7A*S (21+1)(T, /T )d*P/dE, dQ; ,
1=0

(5)

where the probability distribution d*P/dE;dQ; in the
laboratory has been obtained from the c.m. probability
distribution [Eq. (3)] using a standard transformation
technique [1].

The expression (5) for the differential cross section has
been obtained under the assumption that the fragment
angular distribution in the c.m. is isotropic. However, it
is well known that the fission fragment angular distribu-
tions show a 1/sinf,,, type of dependence. Since the
binary fragmentation process described here is very much
similar to the fission process, it may be quite reasonable
to assume that the binary fragment angular distribution
should also have a similar kind of angular dependence.
In the present calculation, it has been taken care of in an
approximate manner by including an additional
(1/sinf; ) dependence in Eq. (5). Energy spectra of
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TABLE 1. Comparison of the exit-channel Coulomb barriers for spherical and deformed exit-
channel shapes with those obtained from the analysis of the experimental data.

Coulomb barrier Eg

z Eccentricity Spherical Deformed From expt.
3 0.845 6.76 4.86 4.73+0.35
4 0.842 8.16 5.92 6.28+1.1

5 0.840 9.19 6.68 6.52+0.85
6 0.839 9.90 7.22 6.86%

7 0.838 10.23 7.48 7.77%

2Uncertainties not estimated.

different fragments have been calculated using Eq. (5) and
are shown in Fig. 3 by solid lines along with the experi-
mental data. From this figure, it is evident that the data
for the heavier fragments (B,C,N,O) are in fair agreement
with this model prediction at energies greater than the
barrier energy Ep (Table I, third column). The model
predictions are in fair agreement with the slopes of ener-
gy spectra, at higher angles ( >40°) for lighter fragments
(Li,Be). This suggests that the emission of heavier frag-
ments as well as the emission of lighter fragments at
higher angles may be taking place from binary fissionlike
decay of nearly equilibrated compound nucleus.

Thus, it is clear from the above discussion that the
present distribution [Eq. (3)] is not quite adequate for a
proper quantitative explanation of the data over the
whole angular range, even though the total reaction cross
sections for most of the fragments can be very well pre-
dicted from simple phase-space considerations. Part of
this inadequacy is definitely due to the noninclusion of
the exit-channel deformation in the calculation, as will be
discussed in the next subsection. On the other hand, a
basic inadequacy of the distribution itself may not also be
ruled out, which calls for a systematic investigation using
more experimental data with several targets and for a
range of energies.

2. Moving source model

The experimental energy spectra shown in Fig. 4 (same
as those in Fig. 3) exhibit smooth exponential slopes
which vary slowly from fragment to fragment. A simple,
intuitive understanding of the data can be had in the phe-
nomenological moving source model [19], where it was
assumed that the fragments are emitted isotropically in
the rest frame of a source moving with velocity V,. In
the laboratory rest frame, the double-differential frag-
ment emission cross section can be written as [19]

d?’0 /dE;dQ; =C[(E;, —Eg)Egy 1" ?exp(—Egy /T) ,

(6a)
with
Egy=(E; —Eg)+E,—2[E,(E, —Ejg)]"?cosb, (6b)
and
Ey=1mpVy*, (6¢)

where C is normalization constant, E; and mj are the

laboratory energy and mass of the emitted fragment, 6,
is the detection angle in the laboratory, T is the slope
(temperature) parameter, and Ejp corrects for the
Coulomb repulsion from the target residue.

To have a phenomenological understanding about the
nature of sources from which the fragments are assumed
to be emitted, the present data have been fitted with the
empirical relation given by Eq. (6a). A visual inspection
of the data (Fig. 4) reveals that for all fragments, the en-
ergy distributions obtained for various angles are qualita-
tively similar except for the forward angle (20° and 40°)
distributions of Li and Be, which exhibit a somewhat
different trend. Therefore, for each fragment, all the data
have been fitted simultaneously to extract a unique set of
source velocity and temperature parameters correspond-
ing to that fragment, whereas for Li and Be, the forward
angles (20° and 40°) and the rest of the data have been
fitted separately to understand the nature of the sources
in respective angular regions.

The predicted cross sections corresponding to the
best-fit parameters have been displayed (solid line) along
with the respective experimental data in Fig. 4 for com-
parison. It is clear from Fig. 4 that the simple parame-
trization as described above is able to explain the data
reasonably well. The variation of source velocity and
temperature parameter as a function of atomic number of
the emitted fragments are given in Table II. It is found
that except or Li and Be at forward angles ( <40°), source
velocities extracted for different fragments are nearly the
same and are quite close to the corresponding compound
nuclear value. This suggests that all these fragments may

TABLE II. Velocity and temperature parameters obtained
from the phenomenological moving source model analysis of the
IMF emission cross sections for the reaction a+?’Al at 60
MeV.

VA Angular range Vo/Ven T
3 =<40° 1.83+0.31 3.4210.36
> 40° 1.25+0.08 3.80+0.15
4 <40 1.83+0.33 2.594+0.31
> 40° 1.42+0.11 3.42+0.25
5 All 1.37+0.03 2.05+0.07
6 All 1.33+0.03 1.79+0.10
7 All 1.25+0.03 0.98+0.05
8 All 1.29+0.06 1.08+0.16
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be emitted from a compound-nucleus-like source. On the
other hand, the forward angle ( <40°) emissions for Li
and Be may have significant contributions from the
sources other than compound-nucleus sources having ve-
locities differing considerably from that of the compound
nucleus (Table II). This is in agreement with the analysis
made in the preceding subsection using the binary frag-
mentation model. The moving source parameters ex-
tracted from fitting the data may have some variations
depending on how the energy spectra have been corrected
for the energy loss in the target and the entrance window
of the detector. To see how the source parameters de-
pend on the magnitude of the energy-loss correction, we
have repeated the calculation for another extreme case
where the energy-loss correction due to the full thickness
of the target (instead of one-half thickness of the target as
had been done throughout the present paper) was incor-
porated in the extraction of fragment energy spectra.
However, in this case, it has been found that the source
parameters do not depend strongly on the magnitude of
the energy-loss correction (variations Vy/Vcy~3-4 %,
T~8-9%).

C. The effect of deformation in the exit channel

A closer comparison of the theoretical prediction of
Eq. (5) and the experimental data reveals that the maxi-
ma of the energy spectra do not match properly. The
shapes are better reproduced by allowing the Coulomb
barrier Ez to vary. The results of a least-squares fit of
the data with Eq. (5) by varying Eg are shown by dashed
lines in Fig. 3. The Ep values obtained from a least-
squares fit are always found be be smaller than those ob-
tained from Eq. (4) where the separating fragments have
been assumed to be spherical in shape (see Table I). To
reproduce the experimental Ep values using Eq. (4) re-
quires a value of r;~1.56 fm. Such a large value for r is
indicative of large deformation in the exit channel. Such
deformations are quite common in the fission of actinides
[28]. Moreover, a recent analysis of the IMF cross-
section data using the sum-rule model [8,11] reports
values for 7 in the range 1.5-1.7 fm. It is thus clear that
the exit-channel barrier may give valuable information
regarding the actual deformation of the system at the
time of separation.

The effect of exit-channel deformation on the Coulomb
barrier between the two fragments at the time of separa-
tion can be estimated in the following manner. We as-
sume that after reaching the conditional saddle point, the
two nuclei (subsequently emitted as fragments) begin to
deform until the center-to-center distance between the
two is equal to r;, called deformation radius [29], and is
defined as

rd:ri+(ri_rc)’ (7)

where r; is the interaction radius [30] of two separating
nuclei and 7, is the minimum distance between the two
nuclei at the conditional saddle point, defined as

r.=c;+tc,+d . (8)

Here c; and ¢, are the half-density radii [30] of the two
separating fragments and d is the surface-to-surface sepa-
ration distance at the conditional saddle point. This
surface-to-surface separation is kept constant (=~2 fm)
throughout the time the nuclei are allowed to deform.
The deformed nuclei are assumed to be prolate ellipsoids
with their symmetry axes along the line joining the
centers. Then, the distance between the centers at the
limiting deformation is given by

ry=a,+ta,+d , ©)

where a; and a, are the semimajor axes of the two
separating fragments at the limiting deformation.

Assuming that the deformation is volume conserving
and that the eccentricity € of the two nuclei is the same,
it is then possible to calculate the exit-channel deforma-
tions and barrier for each binary combination which can
be compared with the corresponding best-fit barriers ob-
tained from experimental data. The exit-channel
Coulomb barrier for the deformed system can then be
written as

Ep=2Z,Z,e*/(a,+a,+d)+AW , (10)

where AW is the higher order correction [29] to the bar-
rier Eg.

The values of E calculated for spherical and deformed
shapes as well as the best-fit values of Ep obtained from
the experimental data for various fragments are given in
Table I for comparison. The values of € calculated in the
above formalism for different binary fragment combina-
tions have also been included in Table I. From this table
it is clear that the values of E obtained for the deformed
systems are significantly smaller than those obtained for
the corresponding systems when the separating fragments
are assumed to be spherical in shape. Moreover, from
Table I, it is clear that the barriers calculated using the
present prescription are quite close to the individual
best-fit barriers obtained from the analysis of the experi-
mental data.

IV. SUMMARY AND CONCLUDING REMARKS

The inclusive double-differential cross sections for frag-
ments ranging from lithium to oxygen emitted in the re-
action a+2’Al at 60 MeV have been measured. Total
emission cross sections for various fragments emitted in
the above reaction have been computed from the double-
differential cross-section data. Total emission cross sec-
tions for various fragments are very well explained by the
statistical emission from a fully equilibrated compound
nucleus. For lighter fragments, however, the model un-
derestimates the data which may be indicative of the
significant contribution of reaction mechanisms other
than the fully equilibrated one in the case of lighter frag-
ments emission. Binary splitting of the compound nu-
cleus is found to explain the slopes of the double-
differential cross-section data fairly well except for the
lighter fragments (Li,Be) at forward angles; however, the
absolute double-differential cross section predicted by
this model is not in good agreement with the data over
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the whole angular range. Considering the fact that the
total emission cross sections are very well explained by
simple statistical decay of the CN, this may be indicative
of the inadequacy of the distribution function [Eq. (3)],
and calls for further investigation. The discrepancy for
the lighter fragments at forward angles in particular may,
however, be due to contributions from nonequilibrium re-
action mechanisms. Here neither the slopes of the energy
spectra nor the total reaction cross sections are explained
satisfactorily. This is further supported by the phenome-
nological moving source analysis which indicates that
different fragments are emitted from different sources.
Lighter fragments (Li,Be) at forward angles are found to
be emitted from relatively hotter and faster sources
whereas the heavier fragments (B,C,N,0) as well as
lighter fragments (Li,Be) at intermediate and backward
angles are emitted from colder sources whose velocities
are quite close to the compound nuclear velocity. It sug-
gests that a significant fraction of lighter fragments are
emitted at the nonequilibrium stage of the reaction
whereas the emission of heavier fragments may be taking
place from a near-equilibrated compound nucleus.
Analysis of the data using the binary fragmentation
model shows that there is a significant effect of exit-
channel deformation. A large value of the radius param-
eter ry (=~1.56 fm) obtained from fitting the individual
best-fit barriers assuming spherical shapes for the
separating fragments is indicative of such deformation.
The effect of exit-channel deformation has been theoreti-
cally estimated in this calculation. It is found that the
barriers obtained after including the deformation are in
good agreement with the individual best-fit barriers ob-
tained from the analysis of the experimental data. This

suggests that the exit channel is not spherical but is con-
siderably deformed. A quantitative measure of deforma-
tion is also obtained from the present analysis.

In conclusion, statistical decay of fully equilibrated
compound nucleus can explain fairly well the total emis-
sion cross-section data for almost all the fragments, ex-
cept for lighter ones like Li and Be. Energy distributions
calculated using a binary fragmentation model are able to
reproduce qualitatively the general features of the
double-differential cross-section data, whereas the quanti-
tative agreement is not very satisfactory. Phenomenolog-
ical analysis of the data also indicates that reaction mech-
anisms for the emission of the lighter and heavier frag-
ments may be different. In the case of the former, there
may be contributions from hotter and faster sources in
the cases of forward angle emission in particular, and the
latter are mostly emitted from the nearly equilibrated
compound nucleus. Moreover, the exit-channel deforma-
tion should also be properly taken into account for a
proper explanation of the data. Further experiments as
well as theoretical studies are necessary to have a better
understanding of the reaction mechanisms which play
important roles in this energy domain.
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