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Half-life measurements of proton-rich 78Kr fragments
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The b1 decay half-lives of 22 neutron-deficient nuclei in the cobalt-to-krypton region have been measured
following the fragmentation of a primary78Kr beam at an energy of 73 MeV per nucleon. The half-lives of the
Tz521 nuclei 62Ge, 64As, and66Se are determined for the first time with values of~129635! ms, 1827

143 ms,
and ~33612! ms, respectively. The impact of these results on the nucleosynthesis and time scale of the
astrophysical rapid proton-capture process are discussed.
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I. INTRODUCTION

Nuclei close to the proton drip line withZ530–40 are of
particular interest for the simulation of the thermonucle
runaway on the surface of accreting neutron stars, obse
as x-ray bursts@1#. The runaway is driven by the rapi
proton-capture process~RP process! which is described as a
sequence of proton-capture reactions andb decays along the
proton drip line @2#. The runaway is halted by th
56Ni( p,g)-57Cu(g,p) equilibrium at peak temperatures
excess of 2 GK@3#. During the subsequent cooling phase t
RP process reignites and the reaction path is determine
the competition of proton-capture reactions andb1 decays
along theN5Z line up to an endpoint region in the Sn-T
mass range@4#. It has been shown that such an RP proc
could produce the progenitor isotopes of the lightp nuclei
(92,94Mo,96,98Ru) whose nucleosynthesis site of origin is s
a matter of debate@5#. Such a scenario requires that a fra
tion of less than 1% of the processed material escapes
gravitational potential of the accreting neutron star.

The detailed reaction path of the RP process depend
the masses of the associated nuclei@3#. At the high tempera-
ture conditions of an x-ray burst, proton capture is typica
considerably faster than the competingb decay; at the drip
line, further processing depends on theb-decay lifetime of
the drip-line nuclei as compared to the cooling time of t
x-ray burst environment. Thereforeb-decay lifetime studies
are an important ingredient for determining the time scale
rapid nucleosynthesis processes. The RP process has re
a waiting point if the cooling rate is distinctively faster tha
the decay rate, the temperatures will be too low and furt
proton-capture reactions are inhibited by the large Coulo
barrier. If the cooling is slow, the process continues beyo
the waiting point until it reaches eventually the endpoint
gion of the rp-process where the remaining hydrogen fue
burned by the Sn-Te cycle@4#.

Of particular relevance are theN5Z waiting points60Zn,
64Ge, 68Se, and72Kr because of their relatively long life
times @6#. The observation of60Ga @7# and 65As is also of
0556-2813/2002/66~2!/025803~8!/$20.00 66 0258
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particular interest as these proton drip line, odd-Z nuclei
might open up new capture branches for the RP proces
synthesize heavier nuclei. On the other hand, the fact
69Br @7# is unbound might significantly hinder the RP pr
cess to produce heavier nuclei due to the rather long half
~35.5 s! of 68Se.

A particular case is the competition betweenb decay and
the two-proton capture. The production of nuclei heav
thanA568 in x-ray bursts can be strongly enhanced by
two-proton capture reaction on68Se @3#. In this reaction se-
quence, proton scattering on68Se produces a small equilib
rium abundance of proton-unbound69Br nuclei @7#, which
then capture another proton producing70Kr. Theb decay out
of the N534 isotone chain then occurs at70Kr @8#.

In the present paper, we report on half-life measureme
for proton-rich nuclei betweenZ527 andZ536 which are
important in modeling the RP process through the therm
nuclear runaway after reignition through the56Ni( p,g) reac-
tion.

II. EXPERIMENTAL METHOD

The experiment was performed by means of the LI
spectrometer@9# at GANIL. We used the fragmentation of
primary 73 MeV/nucleon78Kr341 beam with an average in
tensity of 2mA. Three different settings were used. In tw
settings, the secondary beam was produced in the SI
ALPHA spectrometer@10# with a 177.8 mg/cm2 thick car-
bon target combined with a thin degrader (50mm of beryl-
lium! at the LISE dispersive focal plane. In one of these t
settings, the optimized fragment was the unbound64Se
nucleus, while in the second case the optimized fragm
was 69Kr. Finally in the third setting, the secondary bea
was produced at the LISE target position with a 1031mm
thick beryllium target and the same degrader with the be
line optimized for 69Kr.

At the final focus, the fragments were stopped in a fo
element silicon telescope~see Fig. 1!. The first element con-
sisted of a 500mm thick energy loss (DE) detector. A
©2002 The American Physical Society03-1
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500 mm thick position-sensitive detector was placed beh
the DE detector. A double-sided silicon strip detector (
316 strips! was used as the implantation device (300mm).
Finally, at the back of the telescope, a fourth Si~Li ! detector,
of thickness 6 mm, was used to discriminate against
contaminant lighter ions which reached the final focus
time of flight ~TOF! for the fragments from the productio
target to the silicon telescope was determined by measu
the time difference between a fast signal extracted from
DE detector and the cyclotron radiofrequency. This TO
together with the energy loss in theDE detector and the
magnetic rigidity of the dipole magnets in the LISE3 spe
trometer was used to obtain an unambigous identificatio
Z and N for each fragment~see Fig. 2!, using previously
described techniques@7,11#.

III. DATA ANALYSIS AND RESULTS

The b1 decay half-lives of fragments were not dete
mined by the classical method, i.e., by switching off t
beam after implantation of a fragment by a hardware trig
@12#, but we rather used a continous beam and determ
the half-lives in the following way. In the off-line analysis
cuts were applied to a two-dimensional particle identificat
matrix of DE versus TOF. After an implantation, subseque

FIG. 1. The detection setup used in the present experiment
sisted of a four-element silicon-detector telescope with a dou
sided silicon strip detector of 300mm as the implantation device.

FIG. 2. Two-dimensional identification plot of energy loss in t
first silicon detector vs the TOF between the production target
the silicon detector. This plot corresponds to the setting on69Kr
using the LISE target.
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b1 decays were correlated with all previous implants in t
same pixel of the silicon strip detector during a 5 speriod. To
obtain ab1-decay time spectrum, the time difference b
tween the ion implantation and any subsequent decay si
in the same pixel was determined. Uncorrelated radioacti
events contributed to a constant background level in the t
spectra. The high background level in the decay-time spe
comes from the fact that any decay event is correlated to
implantation occuring prior to the decay event. Thus, a lot
‘‘wrong’’ correlations generate a constant background.

The half-lives of the radioactive decays were obtained
applying a fit to the data with a function composed of
exponential decay plus a constant background level. For
clei with short-lived daughters, the daughter decay was ta
into account~see below!.

As can be seen from Fig. 2, the separation between ne
boring nuclei, especially for the energy loss, is not perfe
To get clean decay spectra in cases where neighboring n
have similar half-lives, only implantation events from th
interior part of theDE-TOF zone for a given nuclide wer
used to generate the half-life spectra.

The present experiment allowed half-life measurement
22 different nuclear species. These data are summarize
Table I. They are compared with previously published e
perimental values and mean values have been calculated
fits have been done using a correlation interval of 5 s. In
following sections where we discuss the results of differ
groups of nuclei, shorter time intervals were used for p
senting the results. Half-life values obtained in this work a
indicated in the figures.

A. TzÄ0: 54Co, 56Ni, 58Cu, 60Zn, 62Ga, 64Ge,
66As, 68Se, and 70Br

Half-lives of odd-odd,N5Z nuclei were used to deter
mine the universalf t value for Fermi superallowed trans
tions @35#. After small corrections, the involved 01→01

transitions can be used to test the standard model of the w
interaction via the conserved vector current~CVC! hypoth-
esis. Ingredients for these tests are preciseQb values as well
as high-precision partial decay half-lives. Although the hi
precision needed for these tests (1024) has not yet been
reached for all of these nuclei, the half-lives of54Co, 58Cu,
62Ga, 66As, and 70Br are known with a good precision~bet-
ter than 1022 except for 58Cu which due to itsT50, I p

511 ground state has a longer half-life than the others!.
In the experiment we present here, the decay of th

nuclei~see Fig. 3! was used as a reference to test the analy
procedure of the current work. Our results for the odd-o
N5Z nuclei agree for all cases with the literature values~see
Table I!. However, only the nuclei62Ga and 66As are pro-
duced with reasonable statistics to allow for a high-precis
comparison. Our analysis yields half-lives of (11462) ms
and (9762) ms for 62Ga and66As, respectively, which may
be compared to the literature values of (116.1260.22) ms
@15–17# and (95.7760.22) ms@16,18#. For 54Co, 58Cu, and
70Br, the production rate was too low to allow for a mo
detailed comparison. For the lower-Z nuclei, the background
increases, as the identification is more and more polluted

n-
e-

d
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TABLE I. Summary of half-life values for isotopes withTz<0 betweenZ527 and Z536. Values
obtained in the present work are compared to results of previous work. The mean value is an error-w
average of the experimental data. For mean values with an asterisk, see the discussion in the text.
column gives the half-life values used previously in RP process network calculations. For some of the
temperature dependant half-lives were used@13# in the past.

Nucleus Tz Previous values Present work Mean value Theoretical predic
~ms! ~ms! ~ms! ~ms!

54Co 0 193.2860.07 @14# 172623 193.2860.07 @13#
62Ga 0 116.461.5 @15#, 115.9560.30 @16#, 11462 116.1060.22 116@3#

116.3460.35 @17#
66As 0 95.7860.39 @16#, 95.7760.28 @18# 9762 95.7960.22 96@3#
70Br 0 80.2060.80 @16#, 78.5460.59 @18# 79636 79.1260.47 79@3#
53Co 21/2 240620 @19# 24069 24069 @13#
55Ni 21/2 20463 @20# 19665 20263 189 @3#
57Cu 21/2 196.360.7 @21# 183617 196.360.7 @13#
59Zn 21/2 182.061.8 @22# 173614 181.961.8 210@3#
61Ga 21/2 150630 @23# 148619 149616 150@3#
63Ge 21/2 95220

122 @23# 15069 14268 95 @3#
65As 21/2 190270

1110 @23# 126616 128616 190@3#
67Se 21/2 107635 @24#, 60211

117 @25# 136612 133611* 106 @3#
71Kr 21/2 9769 @26#, 6425

18 @25#, 10063 @27# 83648 10063* 97 @3#
54Ni 21 106612 @20# 10369 10467 100 @28#
56Cu 21 9563 @29# 8269 9463 10 @28#
58Zn 21 86618 @30# 83610 8469 100 @28#
60Ga 21 70615 @31# 70613 70610 20 @28#
62Ge 21 129635 110@3#
64As 21 1827

143 74 @3#
66Se 21 33612 648@3#
70Kr 21 57621 @32# 390 @3#
57Zn 23/2 40610 @33# 3765 3864 @13#
61Ge 23/2 40615 @34# 36621 39612 40 @3#
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contaminants. For58Cu, the longer half-life~3.2 s! spreads
the decay events over a longer time interval and make
more difficult to extract a statistically significant value wi
the present method.

The even-even,N5Z nuclei in this region have half-lives
ranging from 17 s (72Kr) to 6.1 d (56Ni). For these long
half-lives, our correlation technique no longer works and
should obtain flat time distributions as observed in Fig.
where all the time distributions are consistent with half-liv
much longer than our correlation interval.

B. TzÄÀ1Õ2: 53Co, 55Ni, 57Cu, 59Zn, 61Ga, 63Ge,
65As, 67Se, and 71Kr

The Tz521/2 nuclei 61Ga and 65As were identified as
key nuclei for the RP process. If they were unbound, t
astrophysical process would be significantly slowed do
due to the rather long half-lives of60Zn and 64Ge @6#. A first
half-life determination for these nuclei was performed
Winger et al. @23# who showed that these nuclei are suf
ciently bound to decay byb1 decay, so that the RP proce
would pass through them producing heavier nuclei.

Winger et al. @23# measured the half-lives of61Ga and
65As to be T1/25(150630) ms andT1/25190270

1110 ms, re-
02580
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spectively. These values may be compared to our results~see
Fig. 4! of (148619) ms and (126616) ms. A good agree-
ment is achieved.

In the cases of53Co, 63Ge, and67Se, we obtain results
which are roughly a factor of two more precise than previo
experimental results. Whereas for53Co, we find a good
agreement with the published value@19#, the situation for the
two other nuclei is more problematic. Our result for63Ge
matches the one of Wingeret al. @23# only at the 2s level.
The present result for67Se is in agreement with a measur
ment from CERN@24#, but in disagreement with an earlie
GANIL measurement@25#. A similar disagreement is also
found in the case of71Kr with two recent measurement
@27,26#. ~Due to the large error bar, our present result for t
nucleus is in agreement with all other values.! Although no
specific explanation for this anomaly was found, the ear
GANIL half-lives for 67Se, 71Kr, and 75Sr are considerably
shorter than all other half-life measurements for the sa
nuclei. We therefore indicate the values obtained in th
measurements in Table I, however, we do not include th
when determining average value~see Table I!.

Finally, for 55Ni, 57Cu, and 59Zn values in agreemen
with previous measurements have been obtained. The e
3-3



-
ou
b

ur

e

h

lf

ei
e

e

ge

nt

e
y is
s

of

he

this

57

e
r, it

-

s
od

life
se
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bar obtained for55Ni is comparable with a previous mea
surement and demonstrates again the reliability of
present data, whereas in the two other cases, the error
are an order of magnitude larger than previous meas
ments.

C. TzÄÀ1: 54Ni, 56Cu, 58Zn, 60Ga, 62Ge,
64As, 66Se, and 70Kr

The nuclei 60Ga and64As may also be important for th
RP process. As in the case of61Ga and65As, the RP process
could pass through these nuclei and proceed to hig
masses, if these nuclei are sufficiently bound to decay byb1

decay. The half-life of these two nuclei as well as the ha
life of 66Se observed for the first time by Wingeret al. @23#
and of 62Ge were not known before the present work. Th
decay-time distributions are shown in Fig. 5 and the pres
experimental values are given in Table I. The result for60Ga
of (70613) ms is consistent with a recent GSI measurem
of (70615) ms from an experiment@31# conducted in par-
allel with the current work. The result for64As (1827

143 ms)
suffers from very low statistics, resulting in the rather lar
error bar.

The fit to the data for determining the62Ge and 66Se
half-lives includes the decay of the daughter nuclei62Ga and
66As, respectively. The time spectrum of theb particles due
to the decay chains62Ge→62Ga→62Zn and 66Se→66As
→66Ge may be described as follows:

FIG. 3. Decay spectra for theTz50 nuclei betweenZ527 and
Z535. The decays of62Ga and66As are used as reference decay
Although the error bars are larger, the results for the other odd-
N5Z nuclei are also in agreement with literature~see Table I!. The
even-even nuclei show a flat time distribution due to their half-
being much longer than the correlation interval used in the pre
work.
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wherey0 is a constant for the background,N0 is the amount
of parent nuclei,l1 is the decay constant of the parent,l2 is
the known decay constant of the daughter,t is the decay
time, andr is the ratio of detection efficiencies for the pare
and the daughter decay. We assume that theb efficiencies are
the same for parent and daughter and setr 51. The new
half-lives obtained for62Ge and66Se are (129635) ms and
(33612) ms, respectively.

The half-life of 54Ni ~Fig. 5! was also determined with th
‘‘parent-daughter’’ fit described above, because its deca
followed by the decay of54Co. A very good agreement wa
found between the value deduced in the present work
(10369) ms and the value obtained by Reusenet al. @20# of
(106612) ms. This result provides a good test for t
daughter decay fit.

The nucleus70Kr might be of prime interest for the RP
process as indicated in the Introduction. The decay of
nucleus was studied for the first time by Oinonenet al. @32#,
where the authors obtained a value of the half-life of (
621) ms. The decay of70Kr is followed by the decay of
70Br which has a half-life of (78.5460.59) ms. Due to poor
statistics~see Fig. 5!, a fit of the data with the correct curv
for a parent-daughter decay was not possible. Howeve
should be mentioned that, when fixing the70Kr half-life to
the value of Oinonenet al. @32#, agreement with our experi
mental data is obtained.

Figure 5 also shows time spectra for the decays of56Cu
and 58Zn with half-life values of (8269) ms and (83

.
d,

nt

FIG. 4. Decay spectra for theTz521/2 nuclei. The half-lives of
the RP process key nuclei61As and65As as well as for53Co, 63Ge,
and 67Se were measured with improved precision.
3-4
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610) ms, respectively. These results agree with recent
vious work of (9563) ms @29# and (86618) ms@30#.

D. TzÄÀ3Õ2: 57Zn and 61Ge
57Zn and 61Ge are the most exotic nuclei produced in th

experiment. Both are knownb-delayed proton emitters with
bp branching ratios of larger than 65% into56Ni and 80%
into 60Zn, respectively. We observe these known decays
our decay-energy spectra. Thebp decay is followed by the
decay of a short-lived daughter nucleus. Therefore, the h
lives of these nuclei can be determined in two different wa
~i! by fitting the b and bp time spectra with the parent
daughter relation given above, but taking into account
different detection efficiencies for parent and daughter
cays and~ii ! by gating on events with decay energies larg
than 600 keV only involving decays of the parent nucle
~since the daughter does not emit delayed protons!. In order
to perform the first fit, we have to determine the efficien
ratio r as follows:

r 5
~12Pp!eb

Ppep1~12Pp!eb
, ~2!

wherePp is the branching ratio of thebp transitions,ep is
the proton efficiency of 100%, andeb is the b efficiency
which we determined to be about 12% by integrating
number of counts under the exponential decay curve and
number of implanted nuclei for several isotopes. Then,
respective values ofr for 57Zn and 61Ge are 0.06 and 0.03
Using these values, we obtained a half-life of (3665) ms for
57Zn which is in agreement with the published value

FIG. 5. Decay-time spectra for theTz521 nuclei. The half-
lives of the four nuclei60Ga, 62Ge, 64As, and 66Se are determined
for the first time in this work~for 60Ga see text!. All other results
are in agreement with previous measurements~see Table I!.
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(40610) ms @33#. For 61Ge, however, no fit was possibl
due to the combined effects of poor statistics and high ba
ground.

On the other hand, essentially background-free time sp
tra can be generated for these two nuclei with a condition
the decay energy selecting events with an energy above
MeV. In this case, the half-life can be determined by
single-component fit. We obtained a value of (36621) ms
for 61Ge in agreement with a previous measurement yield
(40615) ms @34#. For 57Zn, the value obtained was (3
65) ms, which is consistent with the one obtained witho
energy condition. The decay curves and the half-lives de
mined with this second procedure are presented in Fig. 6

Table I summarizes our present results and gives er
weighted mean values for the half-lives of all nuclei wi
Tz<0 in the region fromZ527 to Z536.

IV. ASTROPHYSICAL IMPLICATIONS

As shown in the preceding section the present results
in excellent agreement with other recent measurements. N
values have been determined for62Ge, 64As, and66Se. In the
following section, we will present the results of a theoretic
RP-process analysis to study the impact of the new de
rates on the nucleosynthesis and energy generation in
x-ray burst. For this study we used the one-zone s
consistent x-ray burst model described in the literature@4,8#.
Figure 7 shows the temperature evolution of the burst w
time. The temperature evolution is closely correlated w
the nuclear energy release@4,8#. The thermonuclear runawa
causes a rapid temperature increase,t5312 s after the begin-
ning of the calculation. The peak conditions att5314 s are
determined by the56Ni( p,g)-57Cu(g,p) equilibrium @3#.
The subsequent cooling phase is characterized by RP-pro
burning beyond56Ni until complete hydrogen depletion in
the Sn-Sb-Te cycle att'520 s @4#. The b decays of the
isotopes discussed here will affect the nucleosynthesis
tern during the thermonuclear runaway phase of the b
and at peak temperature conditions of the burst. Figur
shows the reaction path and the reaction flow during
thermonuclear runaway phase and the onset of the coo
phase of the x-ray burst in the mass range considered h
The nuclei for which the half-life is determined in th
present work are marked in dark gray. The figure dem
strates that the experiment has successfully investigate

FIG. 6. Decay spectra for theTz523/2 nuclei 57Zn and 61Ge.
The decay times are generated with a condition on events
decay energies above 0.6 MeV involving onlybp events~see text!.
3-5
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the short-livedb1 unstable nuclei along the RP-process p
in the region betweenZ527 andZ536.

The most important parameters for studying the impac
nuclear processes in nucleosynthesis scenarios are the
ciated overall energy release and the evolution of the isoto
abundances. The latter is more sensitive since it is dire
associated with the decay or reaction processes in ques
Figure 9 shows the evolution of the isotopic abundances
the 55,56Ni and 56,57Cu isotopes during the peak of the bur
temperature.

This evolution is determined by the interplay between
b decays, proton-capture reactions, and inverse photod
tegration processes at rapidly changing temperature co
tions. At peak temperatures most of the (p,g) and (g,p)
reactions are in equilibrium and theb1-decay lifetimes de-
fine the time scales of nucleosynthesis evolution.

While most of the previous experimental lifetimes h
already been implemented in the reaction rate libraries
RP-process studies before@4#, the more recent experimenta

FIG. 7. Temperature evolution during the thermonuclear r
away and the cooling phase of a one-zone x-ray burst model@4,8#.

FIG. 8. Results of a RP process network calculation showing
mass flow in theZ520 to Z536 region during the peak tempera
ture phase of the x-ray burst. Stable nuclei are marked in light g
The nuclei marked in black are the main waiting points along
RP-process path in this mass range. The present experimen
determined the lifetimes of the isotopes marked in dark gray.
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lifetimes for 56Cu, 57Cu, 54Ni, 58Zn, and 60Ga had not yet
been included. To study the impact of the experimental
sults on the RP process, we have compared the RP-pro
predictions based on these new experimental data with th
based on the half-life predictions used for the past R
process reaction flow simulations@3#. Many of the decay
rates of nuclei withZ<30 are based on the predictions b
Fuller, Fowler, and Newman@13# which in addition take into
account possible temperature dependent effects. The va
for 56Cu, 54Ni, 58Zn, and 60Ga have been based on gro
theory predictions@28#. The values for66Se and 70Kr are
based on more recent shell model calculations@3#. Except for
the cases of56Cu, 64As, 60Ga, 66Se, and70Kr the theoretical
predictions are in reasonable agreement with the presen
perimental values. Therefore, no appreciable difference is
pected in the RP-process abundance and time scale sim
tions for most of the nuclei studied here.

The case is different where substantial discrepancies e
between the predicted and the observed half-lives. In the c
of 70Kr a detailed discussion about the reaction flow imp
cations of the experimental results has been given in
paper by Oinonenet al. @32#. Similar results have been ob
served here. In the present discussion we will therefore fo
on the implications of the new half-life measurements in
mass 56 to 65 range. The experimental half-life of66Se is
considerably shorter than predicted. However, no con
quences for reaction flow or nucleosynthesis could be
served since the time scale and the abundance evolutio
this mass range is dominated by the long half-lives of64Ge
and 68Se towardsb decay and two-proton capture. Also i
the case of60Ga, no distinct feature could be observed whi
is explained by the fact that60Ga is not produced in appre
ciable amounts by the59Zn(p,g) reaction because of th
predicted low proton binding energy of60Ga. The reaction
path therefore bypasses60Ga through theb1 decay of 59Zn
to 59Cu with an experimental half-life in good agreeme
with the predicted value.

Changes, however, can be observed in the abundance
lution of 56Cu, 57Cu, and 55Ni, 56Ni ~see Fig. 10!. Devia-

-

e

y.
e
has

FIG. 9. Abundance evolution of55,56Ni and 56,57Cu isotopes
during the peak temperature conditions of the x-ray burst show
Fig. 7.
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tions in the56Cu abundance show up in particular in the ve
early phase of the burst, but more importantly within the fi
second of the runaway phase (t5312 s). During that shor
time period the higher production of56Cu is in principle
correlated with a lower production in56Ni. This, however, is
not reflected in the figure since the bulk of56Ni produced at
that time results form prerunaway proton capture on54Fe in
the accreted material. During the subsequent cooling ph
some deviations can be observed but it becomes again m
significant after the depletion of hydrogen towards the end
the cooling phase.

The increase in56Cu abundance during the early momen
of the runaway is due to the fact that atT,0.5 GK the
56Cu(p,g)57Zn reaction has not reached th
56Cu(p,g)-57Zn(g,p) equilibrium. Because of the high Cou
lomb barrier for proton capture, theb1-decay of 56Cu is
much faster. Since the new experimental56Cu(b1n) rate is
significantly slower than the previously used gross the
prediction, the use of the new decay rate causes enrichm
in 56Cu and a lower abundance of56Ni until the
56Ni( p,g)-57Cu(g,p) equilibrium is reached which balance
the abundances. The deviations in55Ni and 56Cu abundances
at the time of rapid hydrogen depletion is due to the fact t
the equilibrium abundancesb decay towards the drip line
The deviations are due to the difference in theb-decay rates

FIG. 10. The figure shows the ratios of the isotopic abunda
predictions for55Ni, 56Ni, 56Cu, and57Cu derived on the bases o
the presentb-decay rates and the previous rates shown in Table
a function of time.
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but have no impact on the temperature and energy genera
in the final phase of the x-ray burst.

The experiments have reduced the previous uncertain
and improved the reliability ofb-decay rates along the RP
process path. The comparison between simulations base
the previously adopted rates and the new experimental r
shows only miniscule consequences for the nucleosynth
predictions and no major impact on the overall temperat
and luminosity evolution of an x-ray burst. The reduction
uncertainty, however, puts these model predictions on c
siderably firmer grounds.

V. CONCLUSION

We have determined the half-lives of 22 nuclei produc
by projectile fragmentation of a78Kr beam at 73 MeV/
nucleon using the LISE3 separator at GANIL. The half-liv
of 62Ge, 64As, and 66Se are obtained for the first time. Fo
almost all other nuclei, a very good agreement was fou
between previous work and the present data. For mos
them, the precision could be improved. The half-life valu
of all the nuclei are now precise enough in order not to aff
the RP process network calculations in a major way.

Nonetheless, higher-precision values might be obtai
by increasing the rather lowb detection efficiency. Using
thicker ~1 mm to 1.5 mm! high-quality silicon strip detectors
which are now available, efficiencies close to 100% may
reached. In addition, it seems that at these intermediate
ergies the production of proton-rich nuclei is enhanced wh
using a fragmentation target of nickel favoring thus proto
transfer reactions from the target nuclei to the projectiles
fact, despite the higher primary-beam intensity~about a fac-
tor of 2!, the production rate for proton-rich fragments w
much lower~about a factor of 5! than in our previous experi
ment @7#.
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M. J. LÓPEZ JIMÉNEZ et al. PHYSICAL REVIEW C 66, 025803 ~2002!
Narro et al., Phys. Rev. C63, 044307~2001!.
@13# G. Fuller, W. Fowler, and M. Newman, Astrophys. J.252, 715

~1982!.
@14# V.T. Koslowsky et al., Nucl. Instrum. Methods Phys. Res.

401, 289 ~1997!.
@15# R. Chibaet al., Phys. Rev. C17, 2219~1978!.
@16# D.E. Alburger, Phys. Rev. C18, 1875~1978!.
@17# C.N. Davidset al., Phys. Rev. C19, 1463~1979!.
@18# R.H. Burch, Jr.,et al., Phys. Rev. C38, 1365~1988!.
@19# J. Honkanenet al., Nucl. Phys.A496, 462 ~1989!.
@20# I. Reusenet al., Phys. Rev. C59, 2416~1999!.
@21# D.R. Semonet al., Phys. Rev. C53, 96 ~1996!.
@22# Y. Arai et al., Nucl. Phys.A420, 193 ~1984!.
@23# J.A. Wingeret al., Phys. Rev. C48, 3097~1993!.
02580
@24# P. Baumannet al., Phys. Rev. C50, 1180~1994!.
@25# B. Blank et al., Phys. Lett. B364, 8 ~1995!.
@26# G.T. Ewanet al., Nucl. Phys.A352, 13 ~1981!.
@27# M. Oinonenet al., Phys. Rev. C56, 745 ~1997!.
@28# K. Takahashi, M. Yamada, and T. Kondoh, At. Data Nucl. Da

Tables12, 101 ~1973!.
@29# R. Borceaet al., Nucl. Phys.A695, 69 ~2001!.
@30# A. Jokinenet al., Eur. Phys. J. A3, 271 ~1998!.
@31# E. Roecklet al., Proceedings of the ISOL ‘01 Conference, O

Ridge, CA, 2001.
@32# M. Oinonenet al., Phys. Rev. C61, 035801~2000!.
@33# A. Jokinenet al., GSI 99-1, 18 ~1999!.
@34# M.A.C. Hotchkiset al., Phys. Rev. C35, 315 ~1987!.
@35# J.C. Hardyet al., Nucl. Phys.A509, 429 ~1990!.
3-8


