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Breakup of 1’F on 2%%Ppb near the Coulomb barrier
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Angular distributions of oxygen produced in the breakup® incident on a?%Pb target have been
measured at angles from 75° to 113° and 39° to 79° for beam energies of 98 and 120 MeV, respectively. The
data are dominated by the proton stripping mechanism and are well reproduced by dynamical calculations. The
measured breakup cross section is approximately a factor of 3 less than that of fusion at 98 MeV. The influence
of breakup on fusion is discussed.
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I. INTRODUCTION for the °Be+2%Pb and°Be+2%Bi [15], even though very
large breakup yields were observed below the baftiél.

The study of nuclear reactions near the Coulomb barrielThe fusion of °Be+2°°Bi was compared to that of'Be (a
involving loosely bound nuclei has received considerable atneutron halo nucleus with neutron binding energy of 0.504
tention in recent years. This is primarily driven by the adventMeV) +2%Bi. At energies below the barrier, the cross sec-
of radioactive ion beam$l]. It is frequently observed in tions were similar to that ofBe+ 2°°Bi, whereas at energies
stable beam experiments that the subbarrier fusion cross seabove the barrier, the cross sections are significantly larger
tions are enhanced over one-dimensional barrier penetratidhan the predictions from a coupled-channels calculation
model predictions. The enhancement can be described hyhich takes into account the large rms radius-tBe. How-
channel couplings, where the interplay of the intrinsic de-ever, the precision of the data was not very good and further
grees of freedom and reaction channels modify the singleneasurements are requirgtb].
barrier to multiple barrier§2]. The barriers appearing at On the proton rich side, fusion of a proton drip line
lower energies are responsible for the fusion enhancemenucleus,’F, with 2°Pb was measurgd.6]. The fusion ex-
Breakup is a major reaction channel in the scattering otitation function is almost identical to that 6f0+2°%Pb and
loosely bound nuclei; this removal of the incident flux would '9F+2%pp after correcting for the Coulomb barrier arising
lead to fusion suppressidB,4]. On the other hand, the cou- from the charge and size differences. There was no enhance-
pling to the breakup channel can change the barrier distribument or perhaps a small suppression of fusion below the
tion which could result in fusion enhancemddi. Experi-  barrier. It is noted that the loosely bound proton can be po-
mental efforts have been put forward to study the influencéarized in the large Coulomb field of the target in such a way
of breakup on subbarrier fusidi]. that the proton is shielded by the core and the breakup prob-

The fusion excitation functions of the neutron skin ability is reduced17,18. This paper reports the breakup of
nucleus®He on 2°%Bi [6—8] and 2% [9] were measured, 7F on 2°%Ph measured near the Coulomb barrier.
and large subbarrier fusion enhancements were observed in
both cases. The breakup cross section8Hg on 2°°Bi mea-
sured below the Coulomb barrier are orders of magnitude
greater than fusiofi10,11]. Measurements with stabfBe, The experiment was carried out at the Holifield Radioac-
which has a neutron binding energy of 1.665 MeV,dPb  tive lon Beam Facility, where the isotope separator on-line
[12] and 2°Bi [13,14 found that the fusion was not en- technique was employed for radioactive ion beam produc-
hanced below the Coulomb barrier and was suppressed lion. A 44 MeV deuteron beam from the Oak Ridge isochro-
about 30% above the barrier. In tfiBe+2%%b reaction, the nous cyclotron was incident on a fibrous hafnium oxide tar-
incomplete fusion reaction+2%Pb following the breakup get to produce short-lived’F by the °0(d,n)*’F reaction
of °Be inton+a+ «a was observed. The suppression of fu-[19]. The reaction products were extracted from a closely
sion at energies above the barrier was attributed to the praoupled kinetic ejection negative ion souf@d], mass ana-
jectile breakup. The barrier distribution extracted from thelyzed, and accelerated by the 25 MV tandem electrostatic
fusion excitation functions is consistent with a single barrieraccelerator. Theé"’O isobar was removed from the acceler-

Il. EXPERIMENT
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ated beams by inserting an 8@y/cn? carbon foil at the exit 250 - H
of the tandem accelerator and selecting theiéns with a

90° analyzing magnet. The beam intensity was measured by 200
detecting the secondary electrons generated during transmis- F
sion of the beam through a I@g/cn? carbon foil with a
microchannel plate detector. The average intensity was 1.5
x 10° and 8x 10° 1F°*/s for the 98 and 120 MeV reactions,
respectively. The highest intensity achieved wa$ ibhs/s

for the 120 MeV beam.

The target used was a self-supportidfPb foil with a
nominal thickness of 1.8 mg/dnThe reaction energies, 98 50 |- B
and 120 MeV, were calculated for the beams at the middle of
the target by taking into account the energy loss in the target. ! ! ! ! !
The reaction products were detected b AB-E telescope 50 100 150 200 250
composed of a 2&m Si detector mounted in front of a AE (Ch. No.)
1000pm douple-3|ded silicon strip detec.t(bDSSnI]Dz). The FIG. 1. Histogram oE vs AE for reaction products produced in
area of the Si detector and the DSSD iX5cnt. The 45 ey 174 20%h measured aljp=65° by summing events in
DSSD, which has 16 vertical and 16 horizontal strips, Was, vertical strip of the DSSD.
placed at 10.5 cm from the target and symmetric with respect
to the horizontal plane, i.e., half of the detector above andor. A group of oxygen events can be clearly identified and is
half of the detector below the plane. The detector telescopgell separated from the elastically scatter€g.
was arranged to face the center of the target. For the 98 MeV
measurement, the center of thd=-E telescope was set at IIl. RESULT AND DISCUSSION
74.5° and 100° and the target was turned 20° and 45°, re- o
spectively, with respect to the beam and toward the detectors. .1h€ angular distributions of oxygen produced i

20 . . . -
Events collected in pixels on the same vertical strip were" *Pb collisions at 98 and 120 MeV are shown in Figs. 2

binned together to obtain the angular distribution. For the""nd 3, respectively. The angular distributions are bell shaped
measurement at 120 MeV beam energy, the center of th nd have a peak near 95 fpr the 98 MeV reactlon_ and 57
AE-E telescope was placed at 44.5° and 69.5°. The targe?r the 120 MeV reaction. Since th®E-E telescope is not

: : T able to resolve mass, calculations were performed to estimate
was perpendicular to the beam for the former and turned 15

ith {10 the b for the latter. At f q | contributions of reactions leading to oxygen isotopes other
with respect 1o the beam for the latter. At forward angleS,,,, 165 The charge exchange reactioR’0) has a

0,.,<57°, pixels on the same vertical strip have to be di'Q-vaIue of —0.11 MeV. Two-step distorted wave born ap-
vided into two groups, eight middie pixels and eight outer o imation (DWBA) calculations using the coderResco
pixels, in order to keep the angular spread similar to the21] were performed to estimate the contribution of this re-
backward angles=2°). At backward angles, the variation action. Sequential single-nucleon transfer reactiohd
of scattering angle for pixels on a vertical strip is small. _,160_,170 and1’F— 18F 170, were calculated. In the cal-
Events in pixels on the same vertical strip can be summed tgy|ations, transfer to excited states in the projectilelike and
increase statistics. The uniformity of the Si detector was detargetlike nuclei were included. States that have large spec-
termined by measuring elastic scattering at forward anglesroscopic factors measured in light ion transfer reactions
The position of the elastically scattered particles penetrating
the detector was obtained from the overlap of the horizontal OV— T
and vertical strips of the DSSD. The energy loss of the elas- i
tically scattered particles in the 256 (486) pixels was
compared to kinematics and stopping power calculations.
Two 50 mnt Si surface barrier detectors placed at 10° on
either side of the beam were used to monitor the beam posi-
tion and for normalization between runs. The absolute cross
section was obtained by normalizing the yields to the 10° Si
detectors, where the elastic scattering was taken as Ruther-
ford scattering. Because of the detector telescope spanning a I - N ]
total of 26°, the target thickness for particles detected in 070‘ — ‘8‘0‘ — ‘9‘0‘ ‘1010‘ — ‘MB‘“"’EO
different angles was taken into account for deducing cross 0 (deg)
sections. toe

An E versusAE plot for the 120 MeV*/F-induced reac- FIG. 2. Angular distribution of oxygen produced from 98 MeV
tion is displayed in Fig. 1. It is obtained by summing events7F+ 208y The calculated stripping and diffraction breakup are
in the pixels of one vertical strip &,,,=65°. The energy shown by the dashed and dash-dotted curves, respectively. The solid
lossAE was corrected for the nonuniformity of the Si detec- curve is for the sum of the two.
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FIG. 4. Angular distribution of elastic scatterirtfijlled circles

FIG. 3. Angular distribution of oxygen produced from 120 MeV in 120 MeV *F+2%Pb. The result of an optical model fit to the
YF42%%pp, The calculated stripping and diffraction breakup aredata is shown by the solid curve. The angular distribution of oxygen
shown by the dashed and dash-dotted curves, respectively. The soliioduced in the same reaction is presented for compalisjpen
curve is for the sum of the two. The results of one-step DWBAtriangles. The calculated stripping is shown by the dotted curve and
transfer calculations are shown by the dotted curve. the sum of stripping and diffraction breakup is shown by the dashed

curve.
or large cross sections calculated in one-step single-nucleon
transfer reactions, were selected for the two-step DWBA caleount for the measured oxygen angular distribution. Since
culations. Table | presents the states included in the calculahe direct charge exchange is orders of magnitude smaller
tions. In these calculations, the spectroscopic factors were seian that of one-nucleon transfgg4], its contribution to the
to 1.0 to estimate the magnitude of the yields. The shape alata can be safely ignored.
the calculated ¥'F,Y’0) angular distribution at g, The measured angular distributions are compared to re-
=120 MeV is similar to the measured angular distributionsults of dynamical calculations, where the relative motion of
and has a peak at,,=58°. However, the calculated peak the proton and thé®O core is described quantum mechani-
cross section is 0.0028 mb/sr which is several orders of magzally by solving the time dependent ScHiager equation for
nitude less than the measured value. Although reactions leathe two-body breakup in the Coulomb and nuclear fields
ing to *®0 and 2°/Bi in the exit channel have positive from the target nucleug5]. It has been shown that calcula-
Q-values, they cannot occur by simple single-step transfetions of this kind are suitable for energies near the Coulomb
processes. Therefore, the cross sections are expected to twarrier[26]. The time evolution of the projectile wave func-
smaller than that for one-proton transfé€2]. The results of tion was calculated to obtain the angular distribution'%®
DWBA calculations for one-step proton transfer from the 1F— 60+ p reaction. The breakup angular distri-
208pp (L7F,160)20%Bi at 120 MeV are shown by the dotted bution is obtained by multiplying the breakup probability
curve in Fig. 3. One proton transfer to the six lowest singlecalculated as a function of impact parameter by a fit to the
particle states irf°Bi was calculated by the coderoLEMY ~ measured elastic scattering cross section at the corresponding
[23], with the spectroscopic factors set to 1.0. It can be seeRutherford scattering angle. The measured angular distribu-
that neither one-proton transfer nor charge exchange can atien of elastic scattering at 120 MeV is shown in Fig. 4.
Since the angular resolution is2° and the cross sections

TABLE . States included in calculations of thé’f, ’O) re-  fall off exponentially at large angles, exponential functions
action by successive nucleon transfer. fitted between two adjacent data points were used to calcu-
late the weighted average of each data point at large angles.

Nucleus E* (MeV) J7 The solid curve shows an optical model fit to the elastic
160 0.0 o scattering, which is used in converting calculated breakup
180 0.0 1 probabilities into an angular distribution. The resulting
0937 3 breakup cross sec_tion is shown by the Qashed curve in Fi_g. 4,
170 00 54 Tht_a dotted_ curve is the separate qontnbgtmn from stripping,
0.871 i w_hlch dominates the breakup and is in fairly good agreement
2095, ) 2 with the measurement shown by the open triangles.
! 0.0 2 The calculated breakup cross section is compared to the
0.896 5 measured angular distribution of oxygen fragments in Figs. 2
1.609 2 and 3, for 98 and 120 MeV, respectively. The dashed curve is
207pp 0.0 3 the stripping and the dash-dotted curves is the diffraction
208 0.0 5* dissociation, and their sum is shown by the solid curve. It
0.063 Vg can be seen that the measured angular distribution is pre-
0.937 3 dominantly due to the stripping breakup reaction. The agree-
1.034 4 ment between the data and calculations is very good for the

98 MeV measurement. For the 120 MeV reaction, the mea-
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FIG. 5. Comparisons of the fusion excitation functio®)( of FIG. 6. Fusion excitation function fol’F+ 2%%b predicted by a
YF+20%h measured by Rehretal. [16] and angle-integrated one-dimensional barrier penetration mod#dtted curvg coupled-
breakup cross sections measured in this woxR (The data point  channels calculations taking into account target excitatidashed
atEg,=157.2 MeV is obtained from Ref27]. The dotted curve is curve), and projectile and target excitatiortsolid curve as de-
the one-dimensional barrier penetration model prediction and thé&cribed in the text.
dashed and dash-dotted curves are for stripping and diffraction

breakup, respectively, predicted by dynamical calculations. for the enhanced fusion rates. Calculations including the ex-
S _ citation of 2%Pb to the lowest 2, 37, and 5 states were
sured angular distribution is shifted slightly forward com- carried out. Furthermore, it was found in the analysis of the
pared to the calculated distribution but the total cross seci6n 4 208y data that the coupling of double-phonon excita-
tions are in good agreeme(gee Fig. 5. . tions is essential for reproducing the barrier distribution. The
_ The ar_lgular dlstr|l_3ut|ons of_ oxygen were fit to the GaUSS‘coupIing of two-phonon states ® 3~ in the harmonic limit
ian function to obtain angle integrated breakup cross secanq all the resulting cross coupling terms, e.g.g%H~ were
tions, as shown in Table Il. Figure 5 displays the fusionconsidered in the calculations. The result is shown by the
excitation function measured by Rehetal. [16] and the  ashed curve in Fig. 6. The calculation still underpredicts the
breakup cross sections measured in this work and[R&.  measurement. The first excited state'&F is bound by 105
The calculated diffraction and stripping breakup are showne\ and can be excited from the ground state with a large
by the dash-dotted and dashed curves, respectively. As it W3KED) value, B(E2) =63.4€2 fm* [30,31. The results of
seen in the angular distribution of oxygen fragments that the.opled-channels calculations including the excitatiod’sf
measured breakup is dominated by proton stripping, thes shown by the solid curve in Fig. 6. It can be seen that the
angle integrated breakup cross sections are in good agreficrease in the subbarrier cross sections is very small when
ment with the calculated stripping cross sections. Near thg,;g projectile excitation is included and the coupled-

barrier, the diffraction breakup is a factor of 3 less than strip¢pannels calculations still underpredict the subbarrier cross
ping which, in turn, is about a factor of 3 less than fusion. g¢actions.

The result of a one-dimensional barrier penetration model |, the fusion of 160+ 2%Pb. the excitation function was

H 17 20 H H
calculation for F+2%Pb using the codecmon [28] is reproduced by calculations coupling to the inelastic excita-
shown in Figs. 5 and 6 by the dotted curve. The barrietjon channels only. Since all ti@-values for neutron transfer
potential parametersyo=235.5 MeV, ro=1.1fm, anda 41 negative, it is not necessary to consider transfer in the
=0.65 fm, were taken from theGana%ms of fusion measure¢qpled-channels calculations. The neutron trar@fealues
ments of a neighboring system®0+2%%Pb [29], since the j, 174 2080h are positive for up to six-neutron pickup. In
excitation function is almost identical to that &fF+2°%b particular, the two- and four-neutron transfer hayealues
after correcting for the Coulomb barrier. As can be seen, th%reater than 5 MeV. This can be compared6a+ 9zr and
calculation underpredicts the cross sections at subbarrier e@ec 4y %7, \where very large subbarrier fusion enhancement
ergies. Coupled-channels calculations were performeq Withyas observed in the lattd82]. Coupling to the inelastic
the fg’decngOD using procedures employed for analysis of gycitations of projectile and target only reproduces the
the *°0-+2%%Pb measurement in Refl29]. It is well estab-  40c41 997 measurement. There are still large discrepancies
lished that inelastic excitations of the projectile and targef,enveen the measured cross sectioné%6fat %67r and the
can contribute to subbarrier fusion enhancement. In many, pled-channels calculations. The major difference in the
cases, coupling to inelastic excitation channels can accouRl,q reactions is neutron transfer. The-values for

multineutron transfer are negative fiCa+ °%Zr, but posi-

TABLE II. Angle integrated stripping cross sections fofF  fiye in “%Ca+ %7r. Measurements of transfer near the barrier

20 . .
+2%Pb. found large cross sections for t{&r target[33]. The influ-
e (MeV o8 120 17027 ence of transfer on fusion is demonstrated in a semiclassical
iab (MeV) o27] model calculation33—35, where the fusion cross sections
o (mb) 68+5 125+ 7 104+ 10 as well as transfer fof°%Ca+ %Zr are reproduced. Figure 7

presents the results of coupled-channels calculations includ-
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FIG. 7. Results of coupled-channels calculations including in- FIG. 8. Results of coupled-channels calculations including only
elastic excitations and transfer #F+2%Pb. The results for trans- inelastic excitationgdotted curve and the radius of the projectile
fer coupling constanf,=0.4, 1.0, 2.0, and 4.0 MeV are shown by increased by 5%dashed curvg 10% (dash-dotted curyeand 20%
the solid, dashed, dotted, and dash-dotted curves, respectively. (solid curve.

ing the inelastic excitations, discussed above, and nucleqrarge uncertainties introduced by the coupling constagt
transfer. The transfer is treated approximately in the cod%my inelastic excitations were included. In Fig. 8, the

ccmop, therefore, only qualitative comparison can be madejashed, dash-dotted, and solid curves are for increasing the

here. The transfer form factor is given by radius of *'F by 5%, 10%, and 20%, respectively. It can be
seen that the fusion excitation function can be well repro-
F(r)= iexr{— (r—Ri—Rp) MeV duced by increasing the radius ofF by 5%, whereas in-
Jam ' creasing the radius by 10% results in a calculated cross sec-

tion that exceeds the measurements. If transfer channels were

whereF is the coupling constanR; , are the nuclear radii, included, the discrepancy would be larger. This further sug-
and a=1.2 fm is the diffuseness parameter. The solid,gests that the fusion of’'F and 2°®Pb may be suppressed.
dashed, dotted, and dash-dotted curves are for coupling con- In the °Be+2%%b reaction, complete fusion was found to
stantF,=0.4, 1.0, 2.0, and 4.0 MeV, respectively. To sim- be suppressed at energies above the barrier. However, the
plify the calculation, three channels, one-proton strippingsum of complete and incomplete fusion agrees with a
one-neutron pickup, and two-neutron pickup, were includedcoupled-channels calculation. The discrepancy between the
The fusion excitation function can be reasonably reproducetheasured complete fusion cross sections and the coupled-
with F, set between 0.4 and 1 MeV. However, it is noted thatchannels prediction is attributed to the breakup’B& [12].
the quantityF, can be as large as 3 or 4 MeV depending onThe incomplete fusion arises froffBe breaking up into two
the transferred angular momentum and the orbitals occupied particles and a neutron, and subsequentlyaaparticle
by the transferred nucleori28,32,34. Based on the calcu- fuses with the target. The fusion measurements'®f on
lations presented in Fig. 7, the fusion excitation function can?*®Pb in Ref.[16] are made by detecting fission fragments,
be reproduced by including transfer of up to two nucleons inand therefore, probably determine total fusionlike cross sec-
the calculations with the coupling constag<1 MeV. If  tion (complete+ incomplete fusioh rather than the com-
channels of transferring more than two nucleons are includeglete fusion cross section since the incomplete fusion reac-
andF,>1 MeV is used, the calculation will overpredict the tion, %0+2%pPb, produces fission events very similar to
measured cross sections, i.e., the fusion is suppressed beltmose of the complete fusion reaction. Consequently, it is not
the barrier. To better account for the influence of transfer orknown whether the complete fusion &fF+2%pPb is sup-
fusion in YF+2%%Ph, measurements of multinucleon transferpressed above the barrier. Measurement$’Bfon 2%Pb at
and more sophisticated model calculations such as in Rell0 MeV/nucleon showed that it is necessary to consider core
[33] are required. Up to now, one of the reactions which hasabsorption t°0 absorbed by°%b) in the dynamical calcu-
not been considered in the calculations is breakup. The simation to reproduce the measured diffraction breakup yield
plified coupled-channels code used here cannot treat break(ip7]. The dynamical calculations presented in Figs. 2 and 3
rigorously. Nevertheless, it is conceivable that if fusion isalso include core absorption. It is expected that incomplete
suppressed, breakup can be responsible. fusion is present in'F+2%pPb. A coincidence measurement

It has been reported that tHéF has a large rms radius, of the breakup proton and the fission fragments are required
(r)ims=3.7 fm [37]. In the coupled-channels calculations, to identify the incomplete fusion reaction.
the nuclear radius is given A3, wherer,=1.1 fm is the The predicted diffraction breakup dfF— %0+ p seems
radius parameter andlis the mass number. The effect of the too small to influence fusion significantly. However, the
large rms radius ot ‘F was not accounted for in the previous stripping breakup yield is about one-third of fusion. The en-
calculations. To explore these effects, the radius parameter efgy dependence of this reaction predicted by the dynamical
the projectile was adjusted in the calculations. Since thealculation, is presented by the dashed curve in Fig. 5. The
treatment of coupling to transfer degrees of freedom hasalculated stripping cross section exceeds that for fusion be-
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low the barrier. The measured breakup®Li and °Be in  tions and found to be dominated by stripping breakup. Near
the vicinity of the barrier in®7Li+2%%Pb [38] and °Be  the barrier, the angle integrated stripping cross section is
+209j [15], respectively, shows similar behavior. The analy-about 30% of that of fusion. It has been shown in the analy-
sis of elastic scattering dfLi +2°%Pb in Ref[39] shows that  Sis of °Li+2°%Pb elastic scattering that the imaginary poten-
the imaginary potential increases as the energy decreases i@l continues to be large below the barrier. In this case, the
low the barrier and the threshold anom##0] disappears. breakup yields are large, but fusion is not much enhanced
Because of this strong absorption, the enhancement of fusid?ecause the threshold anomaly is absent. This may explain
at low energies should be small and the breakup reaction &hy a subbarrier fusion enhancement was not observed in
expected to be stroniB9]. The measured fusion yields for 'F+2%Pb. Simplified coupled-channels calculations were
Y7F+20%ph were not enhanced and perhaps even slightly sugrerformed to explore the effects of coupling to both inelastic
pressed below the barrier. It is conceivable that strong abeXcitations and transfer degrees of freedom on fusion. Fur-
sorption exists resulting in large stripping breakup that rethermore, the radius of’F was adjusted in the calculations
moves*’F from the fusion channel. It would be interesting to to study the change in the fusion excitation function. The
measure the elastic scattering and study the energy depef@sults suggest that fusion may be suppressed at energies
dence of the interaction potentials. below the barrier. In contrast, large subbarrier fusion en-
Large subbarrier fusion enhancement and transfer/breakupancements were observed for fusion of the neutron skin
were observed in théHe+ 2°9Bi reaction[7,10]. Analysis of ~ hucleus °He on ?*Bi and ?*'U. Further experiments are
elastic scattering indicated an absence of the thresholégquired to examine whether the differences observed be-
anomaly[11]. In this case, the strong absorption may nottween the®He- and*’F-induced fusion are due to breakup or
enhance fusion much but may contribute mostly to transferpther reaction mechanisms. Measurements using neutron
breakup, as pointed out in Ref39]. The neutron binding halo nuclei, such as'Be and *Li, and proton halo nuclei,
energy of SHe is fairly low. As suggested in Ref7], the such as®B and 26P, would provide useful additional infor-
large subbarrier fusion enhancement may arise from neutrofation.
flow since the threshold barrier correlates with neutron bind-
ing energies[41]. In the YF+2%pPb reaction, the proton ACKNOWLEDGMENTS
binding energy is very low but the proton flow must be .
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