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3He,d…15O as a probe of direct capture in the 14N„p,g…

15O reaction
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Spectroscopic factors and asymptotic normalization coefficients~ANCs! have been determined for bound
states in15O using the14N(3He,d)15O reaction. These results are used to calculate the astrophysicalS factor
for direct capture in the14N(p,g)15O reaction. We also discuss how uncertainties in optical-model parameters
influence both the spectroscopic factors and the ANCs, and the effect that this has on the predicted direct-
capture reaction rate.
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I. INTRODUCTION

Stars more massive than about 1.5 times the mass o
sun produce energy during core hydrogen burning prima
via the CN cycle. In addition, the CN cycle is active in le
massive stars near the end of this phase and in all stars o
red-giant branch. The typical temperatures in these envi
ments are in the rangeT'0.02– 0.08 GK and here, th
power produced by the CN cycle is limited by the rate of t
slowest reaction,14N(p,g)15O. Previous measurements
the 14N(p,g)15O reaction @1# indicate that the reaction
mechanism at low energies includes contributions from re
nant capture, direct capture, and from the tail of a subthre
old resonance at a center-of-mass energyEc.m.52504 keV
(Ex56793 keV). A recent measurement of the lifetime
the 6793-keV state@2# implies that the subthreshold res
nance plays a relatively minor role, which is confirmed in
reanalysis of the (p,g) data by Angulo and Descouvemo
@3#. Nonetheless, the (p,g) excitation functions show con
siderable structure, which complicates the extrapolation
experimental results to astrophysical energies. Therefore,
useful to isolate the different reaction components us
complementary techniques. For example, the direct-cap
contribution can be examined separately through prot
stripping reactions. However, the only previous measurem
of an absolute cross section for the14N(3He,d)15O reaction
is from Artemovet al. @4#, who report a spectroscopic facto
and nuclear vertex constant for the ground state. Surp
ingly, there have been no absolute measurements for
excited states. In this work, we have used the14N(3He,d)15O
reaction to populate states in15O up to the lowest-lying
(p,g) resonance atEx57557 keV (Ec.m.5254 keV). The
extracted spectroscopic factors and asymptotic normaliza
coefficients~ANCs! can be used to calculate the cross s
tions for direct capture in14N(p,g)15O.

II. EXPERIMENTAL PROCEDURE AND RESULTS

A. Target production

A target of 14N was produced by implanting singl
charged14N ions into a 40-mg/cm2 natC foil. The foil was
slackened by exposing it to a hand-held camera flash un
a distance of 7 cm prior to ion bombardment, which mi
0556-2813/2002/66~5!/055804~7!/$20.00 66 0558
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mized the chance that accumulated thermal stress would
ture the foil during implantation. The foil was placed direct
behind a graphite collimator with a defining aperture of 1.
cm. This was done so that carbon would be the only mate
sputtered onto the foil as a consequence of beam collimat
In addition, the carbon sputtered onto the target foil
thought to increase the lifetime of the foil during the impla
tation process@5#. A copper tube extended to within 2 cm o
the target holder. It was cooled to liquid-nitrogen tempe
ture in order to reduce the buildup of contaminants on
target, and biased to290 V for suppression of secondar
electrons from the target.

The implantation was performed at an energy of 45 k
using the Department of Physics & Astronomy ion implan
at the University of North Carolina. Beam currents were lim
ited to 1.25mA in order to keep the thermal stress with
allowable limits. A target thickness of 2.2(2)mg/cm2 was
measured via Rutherford backscattering atEa52 MeV and
at u lab5130°–170°.

B. Experimental details

A 20-MeV 3He21 beam was provided by the Triangl
Universities Nuclear Laboratory FN tandem accelera
Typical beam currents were between 100 and 150 pnA.
outgoing deuterons were momentum-analyzed using an E
split-pole spectrometer and detected within a 42-cm lo
position-sensitive avalanche counter. The solid angle of
spectrometer was fixed at 2.0 msr in order to reduce
widths of the contaminant lines arising from carbon and o
gen in the target. Data were collected fromu lab55° to 22.5°
in 2.5° steps and from 25° to 45° in 5° steps. Two mome
tum bites were required in order to observe states up toEx
'8 MeV.

The composition of the target was monitored using
DE-E silicon telescope, mounted in the target chamber
u lab544.2°. No systematic evidence of nitrogen depleti
was observed. Overall, the density of the target remai
constant between runs, to an accuracy of 8%.

III. DATA ANALYSES

A. Angular distributions

Sample deuteron spectra collected atu lab55° are shown
in Fig. 1. Absolute cross sections were determined using
©2002 The American Physical Society04-1
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FIG. 1. Deuteron spectra
showing portions of two momen
tum bites, collected atu lab55°.
Excitation energies are taken from
Ref. @10#. The final states formed
from carbon and oxygen contam
nation of the target are also la
beled.
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measured target thickness, the spectrometer solid angle
the charge-collection efficiency derived from a previo
measurement@6#. The uncertainty in the cross-section sca
is 14.5%, which is dominated by the 10% uncertainty in
target thickness and a comparable uncertainty in our estim
of the charge-collection efficiency.

Theoretical differential cross sections were calcula
with the distorted wave Born approximation~DWBA! code
DWUCK4 @7#. A number of published optical potentials@8# for
this mass and energy region were surveyed and few
duced acceptable fits to the data. The quality of the fit w
particularly sensitive to the choice of deuteron potentials
in general, those with no volume-imaginary and moder
surface-imaginary terms performed the best. Two sets of
tentials~labeled I and II! produced fits of comparable qualit
that were superior to other combinations, and these are li
in Table I. In contrast, the choice of bound-state poten
parameters is somewhat arbitrary. We have used param
from an earlier study@4#, but other choices could be easi
justified. This ambiguity will introduce some model depe
dence in our final results, a point that we will discusss
some detail in Sec. IV A. Angular distributions and asso
ated DWBA fits are shown in Fig. 2.
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B. Spectroscopic factors

The relationship between the measured differential cr
section, ds/dVexp and that calculated byDWUCK4,
ds/dVDWBA is

S ds

dV D
exp

5N
~2Jf11!

~2Ji11!~2 j 11!
C2SS ds

dV D
DWBA

, ~1!

whereN54.42 is an overall normalization@9#, Jf andJi are
the spins of the final and initial states, respectively, andj is
the transferred total angular momentum. Here we assu
1p1/2, 2s1/2, 1d5/2, and 1f 7/2 transfers. The quantityC2S is
the spectroscopic factor. The spectroscopic factors extra
from our data are listed in Table II. The values listed for ea
optical potential include a 1-s uncertainty composed of con
tributions from statistics, target composition, and the DWB
fit. With the exception of the spectroscopic factors for t
5241-keV state and for thel 53 component of the 6176-keV
state, the values obtained from the two optical potentials
in agreement and thus are combined in a weighted averag
produce our recommended spectroscopic factors. The un
tainty in these final numbers also includes our uncertain
in the absolute cross-section scale and in the normaliza
30
0
5

.30
TABLE I. Optical-model parameters, using data from Ref.@8# unless noted otherwise.

Set Vr r r ar Wi WD r i5r D ai5aD Vso r so aso r c

I: 3He 130.0 1.07 0.79 9.17 1.67 0.72 4.0 0.96 0.79 1.
I: d 107.5 0.884 0.915 6.55 1.593 0.684 1.3
II: 3He 177.3 1.194 0.640 12.59 1.671 0.936 1.2
II: d 94.79 1.05 0.843 8.58 1.573 0.573 6.98 1.05 0.843 1
pa b 1.30 0.70 l525 1.25

aReference@4#.
bVaried to match separation energy.
4-2
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factor N. The latter source is usually not included in DWB
analyses and it is not clear what a reasonable estimate o
uncertainty would be. However, when the cross section
recast in terms of ANCs, an analogous term exists~as dis-

FIG. 2. Angular distributions and DWBA fits for the states
interest. The orbital angular momentum transfer is noted for e
fit. The error bars represent statistical errors as well as the estim
relative uncertainty in the target density.
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cussed below in Sec. III C! with a theoretical uncertainty o
about 15% and we have adopted this same uncertainty foN.
The normalization and absolute cross-section scale are
dominant contributors to the overall uncertainty in the re
ommended spectroscopic factor~and ANC!. In contrast, the
uncertainty arising from the choice of optical potential
negligible.

Spectroscopic factors reported in previous studies
Schröder et al. @1# and Artemovet al. @4# are also listed in
Table II and there is good agreement with our results
most states. However, the agreement in the former cas
surprising because they used very different bound-state
tentials (r r51.7 fm anda50.7 fm, versusr r51.3 fm and
a50.7 fm in the present study!. If these parameters wer
used to analyze our data, then the resulting spectrosc
factors for the bound states would decrease by about a fa
of 2.

To further test the reliability of our absolute cross-secti
scale and spectroscopic factors, we have estimated the pr
width of the 7557-keV state using the relation

Gp5C2SGsp, ~2!

whereGsp is the calculated proton width for a pure singl
particle state. As discussed by Haleet al. @6#, the product of
C2S and Gsp is quite insensitive to the bound-state para
eters, provided that the same wave functions are use
calculate each quantity. Using our value ofC2S50.82(18),
we obtainGp51.04(23) keV, which is in excellent agree
ment with Gp50.99(10) keV, obtained independently fro
(p,g) measurements@1#.

C. Asymptotic normalization coefficients

In situations where the reaction process is periphe
which is often true for both direct-capture and stripping
actions, the reaction amplitude is mainly determined by
overlap integrals in the region external to the nucleus. In t

h
ted
TABLE II. Summary of spectroscopic factors.

C2S

Ex ~keV!a Jpa l Set I Set II Adopted Literatureb

0 1
2

2 1 1.8~2! 1.6~1! 1.7~4! 1.29~18!, 1.4c

5183 1
2

1 0 0.0052~16! 0.0046~15! 0.0049~15! 0.004~1!

5241 5
2

1 2 0.083~7! 0.12~1! 0.094~20! 0.06~1!

6176 3
2

2 1 0.047~4! 0.054~5! 0.050~11! 0.038~16!

3 0.075~7! 0.059~6! 0.065~14!

6793 3
2

1 0 0.56~6! 0.48~5! 0.51~11! 0.49~1!

2 0.15~2! 0.16~2! 0.16~3!

6859 5
2

1 2 0.63~5! 0.59~5! 0.61~13! 0.37~1!

7276 7
2

1 2 0.69~5! 0.64~5! 0.66~14! 0.35~1!

7557 1
2

1 0 0.86~8! 0.78~7! 0.82~18! 0.78~8!d

aFrom Ref.@10#.
bFrom the (p,g) work of Ref. @1#, unless otherwise noted.
cFrom the (3He,d) work of Ref. @4#.
dCalculated fromGp50.99(10) keV~Ref. @1#!.
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case, the overlap integralI A
B(r ) for B→A1p can be approxi-

mated by a Whittaker function:

I A
B~r !'CB

W2h,l 11/2~2kr !

r
, ~3!

where W is the Whittaker function,h is the Sommerfeld
parameter,l is the orbital angular momentum, andk is the
wave number for the bound proton. For unbound states,
Whittaker function is replaced by the asymptotic form of t
Gamow wave function@11#. The quantityCB is the ANC for
B→A1p, which is related toC2S via

CB5~C2S!1/2bB . ~4!

Here,bB is the~calculated! ANC for the single-particle wave
function R(r ):

R~r !'bB

W2h,l 11/2~2kr !

r
. ~5!

A more detailed discussion of the ANC technique can
found, e.g., in Ref.@12#. Within the ANC ansatz, the relation
ship between ds/dVexp and that calculated byDWUCK4 is

S ds

dV D
exp

5
~2Jf11!

~2Ji11!~2 j 11!

C15
2

b15
2

C3
2

b3
2 S ds

dV D
DWBA

, ~6!

whereC15 andC3 are the ANCs for15O→14N1p and 3He
→d1p, respectively. The former is the ANC that we extra
from our data, whereas the latter is determined@13# to be
3.9~6! fm21. The quantityb15 is the ANC for the 14N1p
bound-state wave function andb3

25u^du3He&u2, which is the
s-state probably for3He. An average of the results of 3-N
calculations by Wuet al. @14# yieldsb3

250.898(9). Theratio
C3

2/b3
2 is analogous to the normalizationN used in extracting

spectroscopic factors. The value here is 4.34~66! and we
have applied the same relative uncertainty toN, as men-
tioned above.

To determine if our kinematics imply a reaction that
predominantly peripheral in nature, we have calculated
DWBA cross section, integrated over the region of the fi
maximum ~specifically, from uc.m.50° – 20°), for several
values of the cutoff radius, which is the inner bound on
radial integral. These results are shown in Fig. 3 for
ground (l 51), 5183-keV (l 50), and 7276-keV (l 52)
states. In all three cases, the major part~.90% on average!
of the cross section arises fromr>5 fm. Since the combined
interaction radii of 3He114N is about 4.1 fm @15#, the
14N(3He,d)15O reaction is indeed peripheral atE(3He)
520 MeV. To minimize systematic uncertainties associa
with our choices of optical-model parameters, we have
tracted ANCs from the angular distribution at forward ang
only (u lab<15°), and these are listed in Table III. Howeve
these results would not change significantly if the full ang
lar distributions were used instead. The uncertainties quo
in Table III were obtained in a manner analogous to t
described above for the spectroscopic factors. In Table
we compare the spectroscopic factors derived from ANC
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the adopted values from Table II and in general, the agr
ment is excellent. Such consistency owes to the fact that
have used the same bound-state parameters for both the
troscopic factors and the ANCs. This should not be surp
ing since, on a theoretical level, the ANC and the spec
scopic factor are related quantities@16#. However, the
techniques used to extract them from the data are cle
different.

IV. CONCLUSION

A. Systematic uncertainties

The spectroscopic factor in the DWBA is determined p
marily within the nuclear interior and thus its value depen
upon the parameters chosen for the bound-state poten
which are only weakly constrained by experiment. In co
trast, the ANC~as derived from experimental data! is insen-
sitive to the bound-state wave function by construction. T

FIG. 3. Forward-angle cross sections, integrated over the ra
uc.m.50° – 20° as a function of cutoff radius for the ground, 518
and 7276-keV states.

TABLE III. Summary of asymptotic normalization coefficient

C15
2 (fm21)

Ex ~keV! l Set I Set II Adopted

0 1 58~4! 68~5! 63~14!

5183 0 0.11~3! 0.12~4! 0.11~4!

5241 2 0.12~1! 0.13~1! 0.12~3!

6176 1 0.44~4! 0.48~4! 0.46~10!

6793 0 21~2! 22~2! 21~5!

2 0.083~8! 0.086~9! 0.084~19!

6859 2 0.35~3! 0.37~3! 0.36~8!

7276 2 2.6(2)3106 2.8(2)3106 2.7(6)3106

7557 0 3.2(3)31024 2.9(2)31024 3.1(7)31024
4-4
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ANC technique is clearly a useful way of parametrizing
peripheral reaction@17#. To illustrate the effect of the bound
state parameters on both quantities, we have calculated s
troscopic factors and ANCs for two cases: a tightly bou
state~the ground state! and a state that is slightly unboun
~the 7557-keV state!. The salient difference between the
two extremes is that the wave function describing the form
state is confined to the nuclear region, whereas the latter
a significant amplitude outside of the nucleus. The followi
radius and diffuseness parameters were used:r r51.15, 1.25,
1.35, and 1.45 fm, anda50.5, 0.6, and 0.7 fm, and th
entrance and exit parameters were taken from set II~Table I!.

TABLE IV. Comparison of spectroscopic factors.

C2S
Ex ~keV! l a b

0 1 1.7~4! 1.6~3!

5183 0 0.0049~15! 0.0028~9!

5241 2 0.094~20! 0.080~17!

6176 1 0.050~11! 0.086~19!

6793 0 0.51~11! 0.57~12!

2 0.16~3! 0.17~4!

6859 2 0.61~13! 0.69~15!

7276 2 0.66~14! 0.72~16!

7557 0 0.82~18! 0.82~18!

aFrom Table II.
bCalculated fromC2S5C15

2 /b15
2 .

FIG. 4. Contour plots showing the relative variation in spect
scopic factors and ANCs for the ground and 7557-keV states,
function of radius and difuseness.
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The results are shown in Figure 4. The spectroscopic fa
for the ground state varies over a factor of 2.78 for the
combinations of radius and diffuseness. In comparison,
corresponding ANC varies by a factor of just 1.03. Since
wave function for the 7557-keV state extends well beyo
the nucleus, its spectroscopic factor is comparatively l
sensitive to the bound-state potential. Here, the spectrosc
factor and ANC vary over factors of 1.39 and 1.08, resp
tively. Although the spectroscopic factor and ANC ha
similar experimental uncertainties, the former clearly has
inherently larger systematic bias. On the other hand,
ANC approach assumes a peripheral process, which mus
verified on a case-by-case basis.

We emphasize that the spectroscopic factors and AN
are only intermediate steps in calculating quantities of as
physical interest, such as cross sections for direct captur
proton widths for resonances, and it is the uncertainties
sociated with the latter that are of more direct significan
Here, the spectroscopic factor or ANC acts as a scaling fa
that relates a~theoretical! single-particle quantity to its
physical counterpart, e.g.,

sDC5C2Ss th
DC ; Gp5C2SGsp, ~7!

where sDC and s th
DC are the experimental and theoretic

direct-capture cross sections, respectively, andGsp is the
aforementioned single-particle width. Analogous expressi
using ANCs can be obtained by replacingC2S with C15

2 /b15
2 .

Both s th
DC and Gsp are determined near to or outside th

nucleus: the overlap integral describing direct capture of
reaches a maximum well outside the nuclear radius, w

-
a

FIG. 5. S factor for direct capture to the ground state of15O
calculated using the set II optical-model parameters. The dark b
was calculated using the ANC for the ground state and sh
the 61-s variation for the rangesr r51.15– 1.45 fm anda
50.5– 0.7 fm. The lighter band indicates the same quantity
tained using the spectroscopic factor.
4-5
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Gsp depends on the values of the bound-state and Coul
wave functions at the interaction radius. Thus, these qua
ties will vary with the choice of bound-state potential in t
opposite direction as compared to spectroscopic fact
which depend more on the internal properties of the w
function. For example, a narrow, deep potential leads t
larger value forC2S and a smaller value fors th

DC than would
be the case for a wide, shallow potential. Another way
illustrate this point is to consider the proportionality

sDC5C2Ss th
DC}

S ds

dV D
exp

S ds

dV D
DWBA

s th
DC . ~8!

TABLE V. S-factor coefficients.

Ex ~keV! S(0) ~keV b) S8(E) ~b! S9(E) (b/keV)

0 1.67~40! 26.7131024 7.4231027

5183 2.33(77)31023 8.5531027 23.9931027

5241 0.0110~26! 8.0331026 21.3531026

6176 0.138~33! 27.2331025 1.4531025

6793 1.17~28! 26.9431024 6.8931024

6859 0.0349~84! 3.1231025 2.4631026

7276 0.0186~45! 3.8131025 6.7231026
05580
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Changing the bound-state wave function will change b
s th

DC and ds/dVDWBA in the same direction. The ratio o
these two quantities is therefore less sensitive to the bou
state potential. Clearly then, the systematic uncertainty in
productC2S s th

DC is much less than forC2S alone. We illus-
trate this point in Fig. 5 in which the cross section for dire
capture to the ground state, calculated with parameter s
and the various values forr r anda listed above, is shown a
a function of energy. AlthoughC2S varies by a factor of
2.78, the resulting maximum and minimum values ofsDC

differ by an average of 80% forEc.m.50.05– 3.5. MeV. The
corresponding range using the ANC is 22%. The former
viation is still larger than the latter because for this cas
sizeable portion of the direct-capture integrand comes fr
the nuclear interior. However, both deviations beco
smaller as the excitation energy increases. Note that th
uncertainties are derived only from variations inr r and a,
and do not include any other sources of error. We have a
calculated the proton width for the 7557-keV state and obt
0.97~2! keV usingC2S and 1.10~2! using the ANC, which
are consistent with each other and are of similar precis
Consequently, one might argue that the effects of uncert
ties associated with spectroscopic factors have been o
stated in the past. However, it is necessary to use thesame
bound-state wave function fors th

DC as for C2S, which is
often ignored and can lead to erroneous results. This requ
ment can be considerably relaxed when using ANCs. If
ANC technique is applicable, the results obtained from it
therefore more robust.
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FIG. 6. S factors for selected
transitions in the14N(p,g)15O re-
action, taken from the data of Re
@1#. The label R/DC refers to the
fact that both resonances and d
rect capture can play roles in thes
transitions; the locations of ex
pected resonances are indicated
the vertical arrows. Our predic
tions for the direct-capture com
ponent are indicated by the soli
lines and the shaded areas repr
sent the 1-s uncertainties in our
predictions. The dashed lines ar
the fits from Ref.@1# with reso-
nances removed. Note that th
5241→0 transition results from
several direct transitions, which
have been combined in the soli
curve.
4-6
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B. Astrophysical aspects

We have calculatedsDC for transitions leading to bound
states in15O using the ANCs listed in Table III. The coeffi
cients of second-order polynomial fits ofsDC, valid for
Ec.m.<750 keV, are displayed in Table V. In assigning
uncertainty toS(0), we have combined the uncertaintie
listed in Table III with an overall systematic uncertainty
610%, which is a conservative estimate of the average
certainty accompanying the choice of bound-state parame
for the states under consideration. The resulting overall
certainty inS(0) is typically 24% with the major contribu
tions arising from the determination of the absolute cr
section~14.5%! and from the uncertainty inC3

2/b3
2 ~15.2%!.

A comparison between our estimatedS factor and the data
of Schröder et al. @1# for the 5241→0 transition and capture
into the 6793-, 6859-, and 7276-keV states are shown in
6. The other transitions are either dominated by resonan
or the excitation functions are incomplete. Outside the re
nance atEc.m.5259 keV, the strong transition to the 679
keV state is well described by our result~the solid line is our
prediction and the shaded area represents the61-s error
band!. It should be emphasized that ourS factor is deter-
mined independently and does not represent a fit to the d
05580
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Our value forS(0) @1.17(28) keVb# is somewhat lower than
that of Ref.@1# @1.41(2) keVb#. However, this is mainly the
result of the large radius used in their calculation ofsDC

~corresponding tor r51.7 fm). Our prediction for the transi
tion to the 7276-kev state also adequately represents the
The values ofsDC for the 5241→0 and R/DC→6859 tran-
sitions appear to underpredict the data. However, these t
sitions also have significant contributions from resonanc
In general, our predictions are consistent with thefits from
Schröder et al. @1# ~ the dashed curves in Fig. 6!. Since the
14N(p,g)15O reaction process is complicated by the inte
play of resonances, direct capture, and interference effec
stellar energies, independent constraints on these quan
are an important means to ensure the accuracy ofS factors
derived from higher-energy data. The present work has p
vided reliable predictions of the direct-capture componen
this reaction, which will improve the analysis and interpr
tation of the 14N(p,g)15O excitation function.

ACKNOWLEDGMENT

This work was supported in part by US DOE Grant N
DE-FG02-97ER41041.
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