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b-decay half-life of 70Kr: A bridge nuclide for the rp process beyondAÄ70
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The b-decay half-life of70Kr has been measured for the first time at the ISOLDE PSB Facility at CERN.
Mass separated70Kr ions were produced by 1 GeV proton-induced spallation reactions in a Nb foil. The
measured half-life is 57~21! ms. This value is consistent with the half-life calculated assuming a pure Fermi
decay, but is clearly lower than the value used in a recentrp-process reaction flow calculation. The result
shows that the reaction flow via two-proton-capture of68Se is 2.5 times faster than previously calculated
assuming an astrophysical temperature of 1.5 GK and a density of 106 g/cm3.

PACS number~s!: 26.30.1k, 21.10.Tg, 23.40.2s, 26.50.1x
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The nuclei around theZ5N line atA;70 have received a
lot of interest recently. Large number of valence protons a
neutrons filling the same single-particle orbitals indu
nuclear deformations. Information on the relationship of d
formation and the delicate occupation balance of differ
single-particle configurations has been obtained through
merous theoretical and experimental studies during the
cent years@1–7#. In addition to their interesting nuclea
structure, nuclei in this region play an important role in n
cleosynthesis. The abundance flow of the rapid prot
capture process~rp process! on the surface of accreting neu
tron stars is determined mainly by the competition of proto
capture reactions andb decays along theZ5N line @8#.

Recent abundance flow calculations for therp process
show that the process can continue even up toA5100, pro-
vided that the time scale in astrophysical events such
x-ray bursts is long enough@9#. This leads to a compositiona
change in the crust of the underlying neutron star@10#. In
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addition, therp process in these systems could produce li
Mo and Ru isotopes (92Mo, 94Mo, 96Ru, 98Ru), the large
abundance of which in the solar system has so far been
derestimated by standardp-process scenarios@9#. It has been
shown@9# that the production of nuclei heavier thanA568
in x-ray bursts can be strongly enhanced by the two-prot
capture reaction on68Se.

In this reaction sequence proton scattering on68Se pro-
duces a small equilibrium abundance of proton-unbou
69Br nuclei, which then capture another proton, produc
70Kr. The b decay out of theN534 isotone chain occurs
then at 70Kr. Two-proton-capture reactions have been p
posed originally for lighter nuclei@11#, and the mechanism is
similar to the 3a reaction bridging8Be. The two-proton-
capture on68Se reduces the lifetime of68Se in therp process
as it represents another destruction channel in addition tb
decay. This accelerates therp process towards isotope
aboveA568 considerably as68Se is one of the majorrp-
process waiting points with ab-decay half-life~35.5 s! of
similar order to the event timescale~10–100 s!.

A typical x-ray burst reaches peak temperatures of 1.5
GK, at which the half-life of70Kr is important for determin-
ing the role of the two-proton-capture on68Se. At such high
temperatures photodisintegration of70Kr drives 68Se and
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70Kr into (2p,g)-(g,2p) equilibrium. Then, the net two
proton-capture rate on68Se, which is defined as the excess
the 68Se(2p,g)70Kr abundance flow versus the invers
70Kr(g,2p)68Se abundance flow, becomes proportional
the b-decay half-life of70Kr @see Eq.~43! in @9##. The tem-
peratureTeq above which this happens is in good approxim
tion the temperature where the photodisintegration rate
70Kr exceeds theb-decay rate.Teq depends strongly on th
proton separation energySp of 70Kr, which is not known
experimentally. Reference@9# uses the finite range drople
mass model~FRDM! @12#, which predicts for70Kr Sp52.9
MeV. This results inTeq51.6(3) GK, assuming an unce
tainty of 0.8 MeV in the proton separation energy. The m
extrapolations of@13# predict for 70Kr much lower Sp

51.86(51) MeV, which givesTeq51.2(2) GK.
At temperatures belowTeq, the 70Kr half-life is still im-

portant, as this nucleus represents a waiting point for
fraction of the abundance flow that proceeds via two-prot
capture on68Se. It can, therefore, affect the processing tim
scale and the final production ofA570 nuclei.

The bound character of70Kr, indicated by the systematic
@13# and all the commonly used mass predictions@14#, has
been confirmed in fragmentation studies of78Kr at GANIL
@4#. However, no information on the decay properties of70Kr
has been previously published due to the low product
rate. In this paper, we report on the first observation of thb
decay of 70Kr and its half-life determination.

Short-lived Kr isotopes were produced in spallation re
tions in a Nb-foil target induced by the 1 GeV pulsed prot
beam from the PS Booster at CERN and mass separ
using the ISOLDE facility@15#. The PS Booster delivers
pulse every 1.2 s with a maximum intensity of 331013

protons/pulse. Typically 6–7 pulses are sent to the ISOL
target per 14.4 s supercycle of the PS Booster. The p
shape of the resulting mass-separated ion beam is desc
in @16#. In this work, the target was connected to a plas
ion source via a water-cooled transfer line which transm
only volatile elements@17#.

The radioactive Kr-ion beam was implanted into a 1/2
aluminized Mylar tape, which was tilted 45 degrees w
respect to the beam axis to allow undisturbed proton de
tion. The ion beam was collected for 150 ms after ea
proton-pulse impact. The implantation tape was moved
ms after the impact of every tenth proton pulse to reduce
long-lived background. The experimental setup is descri
in @18#. A thin plastic scintillator and a 20-mm-thick plana
HPGe detector served as ab telescope. The time interva
between the proton pulse impact and the trigger signal fr
the plastic scintillator was used for determination of the ha
life. The time spectrum was obtained by requiring a f
coincidence between the detectors, choosing a narrow en
window for the signals from the plastic scintillator and r
quiring the b energy to be above 1.3 MeV in the HPG
detector. About 98% of positrons due to the decay of70Kr
are above this energy limit. A special gas-Si telescope de
tor was used for detecting theb-delayed protons@19#. The Si
detector thickness of 300mm allowed detection up to 6
MeV. The data acquisition was triggered by signals eit
03580
f

o

-
n

s

e
-

e

n

-

ed

E
se
ed

a
s

.

c-
h
0
e
d

m
-
t
rgy

c-

r

from the plastic scintillator or the Si detector, and data w
stored in event-by-event mode.

The total measuring time forA570 was 27 h with a pro-
duction rate of 0.03 at/mC for 70Kr. The release parameter
for the production system, measured with79Krm, were a
50.87, t r590 ms,t f5800 ms, andts530 s, using the no-
tation of Lettry et al. @16#. Uncertainties in the release pa
rameters due to the fitting procedure were below 20%.

The b decay of 70Kr is expected to be dominated by th
superallowed 01→01 decay. The highQEC value of 10.6~6!
MeV @13# could even lead tob-delayed proton decay. Th
odd-oddN5Z daughter nucleus70Br is expected to have
two b-decaying states: (Jp501,T51) and a (Jp5odd,T
50). Indeed, two vastly different half-lives have been r
ported for70Br: T1/2579.1(8) ms@20# and 2.2~2! s @21#. The
shorter half-life points to the superallowed Fermib decay
from the (Jp501,T51) state to the isobaric analog groun
state of70Se, while the longer half-life points to the decay
the (Jp5odd,T50) state of 70Br. From the obtained data
set, it is not possible to discriminate positrons following t
decay of 70Kr from positrons following the decay of70Br.
Thus, we have to take the 79.1 ms decay withQEC
510.4(3) MeV@13# into account in the half-life determina
tion using theb particles. Direct production of short-lived
70Br was assumed to be negligible. Since our result for
half-life of 70Kr is essentially depending on this amount, t
assumption needs further discussion.

The water-cooled transfer line between the target and
ion source reduces the amount of contamination due to
elements which are nonvolatile at room temperature@17#. In
this work, the only observed contaminant activities we
70As and 70Ga. Both of these nuclei are produced in t
target with three and six orders of magnitude higher cr
sections@22# than 70Br and 70Kr, respectively. The amoun
of Br was checked inA573, 72, and 71 where no direc
production of Br was observed. The relative amount of
compared to Kr inA570 can be estimated based on t
nonobservation of Br inA571. The main corrections to b
taken into account are decay loss factors due to differ
half-lives, and increase in cross section ratiosBr /sKr in A
570 compared toA571. Due to the low production of Br
when awater-cooled transfer lineis used, the release beha
ior of Br has not been measured for such a setup. Howe
an estimate for the decay losses can be obtained by usin
measured release behavior of Br out of a Nb-foil targ
equipped with ahot plasma ion sourcewithout a cooled
transfer line, as shown in Fig. 1@23#. The release of Br is
clearly slower than for Kr and this results in higher dec
losses for70Br compared to70Kr. In the case of the cross
sections, the estimate relies on the calculated values@22# due
to lack of experimental results. Typical uncertainties in t
calculations at the level of one standard deviation are 5
@24#. In particular, the average discrepancy between the
culated and the experimental production cross sections fo
and Kr isotopes for the reaction 1.85 GeVp1natMo has been
found to be 63%@25#. We adopt this value for the uncer
tainty of the individual cross sections. Very close to the p
ton drip line abrupt changes in proton separation energ
1-2
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between neighboring nuclei may induce some additional
certainty. However, the ratios of the proton separation en
gies between Kr and Br are almost equal inA570 and 71
@13#. Thus, we believe in obtaining a reasonable estimate
the cross section enhancement of70Br using the Silberberg
and Tsao calculation. This give an enhancement facto
,4.3 for Br in A570 compared toA571.

Using the method described above, it can be estima
that only,0.7% of the observed counts might be due to
direct production of70Br. In the case of70Brm, the decay
losses are not so significant and the similar estimate g
,26% for 70Brm of the amount of 70Kr. However, this
would correspond only to,1.4 counts/20 ms in the time
spectrum shown in Fig. 2. Thus, the possible contribut
from 70Brm has been neglected. The numbers above incl
an overall uncertainty of 130% which has been added to
original values. It has to be pointed out that the cooled tra
fer line used in this work makes the release time even lon
for Br @26#, thus increasing the decay losses for the sh
lived 70Br further and decreasing its estimated amou
Based on the discussion above we assume that the amou
directly produced70Br is negligible.

Figure 2 shows the time spectrum of positrons after
150 ms collection period. Assuming a pure production
70Kr and a constant background, the time spectrum of thb
particles due to the decay chain70Kr→70Br→70Se can be
written as

N~ t !5y01N10Fe2l1t~12e2l1Dt!1
l1l2

l22l1

3S e2l1t~12e2l1Dt!

l1
2

e2l2t~12e2l2Dt!

l2
D

1Re2l2t~12e2l2Dt!G , ~1!

wherey0 5 constant for the background,N10 5 amount of
70Kr in the beginning of the decaying part,R 5 ratio of 70Br

FIG. 1. Release time behaviors of Kr and Br measured fo
Nb-foil target and a hot plasma ion source. The data was obta
by measuring the time dependences of the yields of79Krm and
79Brm usingg-ray detection. If a water-cooled transfer line is us
Br atoms are condensed into the wall of the line@17#.
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and 70Kr in the beginning of the decaying part,l1 5 decay
constant of70Kr, l2 5 the known decay constant of70Br,
andDt50.02 s5width of the time bin in the spectrum. Th
constant background takes into account the observed lo
lived contaminants70As and 70Ga with the half-lives of 53
and 14 min, respectively. The parametersl1 andR are cor-
related. The measured release profile for Kr and the half-
of 70Kr determineR. Therefore, we adapted the followin
iterative fitting procedure:~i! setting an initial value forT1/2,i
for 70Kr, ~ii ! simulation of the Br/Kr ratioR, and~iii ! fitting
procedure for the half-life with fixedR to obtain new initial
value T1/2,i . The procedure described above was repea
until the resulting value for the half-life converged. Initia
values of 40 and 90 ms resulted both in the final value
T1/2557(21) ms for theb-decay half-life of70Kr. This leads
to a value ofR51.08. The uncertainty in the half-life in
cludes the statistical uncertainty from the fit and the unc
tainty induced by the assumed 20% uncertainties in the
lease parameters. The contributions from both were sum
quadratically. Only a small contribution of around 2 ms w
observed due to the uncertainties in the release parame
This small effect supports the use of the chosen method
the half-life analysis. Note that this procedure is only valid
the direct production of70Br is negligible, which was care
fully verified.

No evidence forb-delayedg or proton decay of70Kr was
found in this experiment. An upper limit of 1.3% for th
b-delayed proton branching ratiobp can be estimated base
on two counts seen in the ‘‘proton region’’ in theDE-E
spectrum of the gas-Si telescope detector.

The b decay half-lives can also be estimated assum
only superallowed transition to be present inb-decays of
70Kr and 70Br. In the absence of a Gamow-Teller contrib
tion in theb transition the following expression is valid:

f t5
C

B~F !
, ~2!

FIG. 2. Time spectrum of theb particles withE.1.3 MeV after
the 150 ms collection period. The solid line shows the fit using
~1!.
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where f 5 Fermi integral taken from@27#, t 5 partial half-
life of the transition,C56145(4) s@28#, andB(F) 5 Fermi
strength5 2 for the superallowed transitions between (Jp

501,T51) states. Using aQEC value from a recent shell
model Coulomb-energy calculation@5#, theb-decay half-life
for 70Br can be estimated to be 78~2! ms. This value is in
excellent agreement with the experimental value of 79.1~8!
ms for 70Br indicating the reliability of this Coulomb-energ
calculation. Assuming for 70Kr QEC510.459(50) MeV
based on the same reference@5#, one obtainsT1/2562(2) ms.
This estimate agrees well with the result measured in
work. Another prediction by Hirschet al. using a quasipar-
ticle random-phase approximation~QRPA! calculation@29#
givesT1/2555 ms, also in agreement with our experimen
value. The half-life obtained in this work can also be co
pared with the result from the recent QRPA calculations@30#
that take only Gamow-Teller transitions into account. The
calculations provided input data for the astrophysicalrp-
process modeling@9# if experimental or shell-model result
were not available. The QRPA value,T1/25390 ms, is
clearly larger than the value measured in this work. It
evident that Fermi transitions play a significant role in defi
ing the totalb-decay rates for certain nuclei near the prot
drip line and should not be neglected.

Thermal excitations in a typical x-ray burst environme
can affect therp-process half-lives of the nuclei involved. I
the case of70Kr, assuming mirror symmetry, the first excite
state would be around 1 MeV. Even at a temperature o
GK the role of the thermal excitations on the lifetime of70Kr
is negligible due to the low thermal population of the sta
above 1 MeV.

FIG. 3. Effectiverp-process half-life of68Se as a function of the
half-life of 70Kr ~dashed line!. For comparison theb-decay half-life
is shown as well~solid line!. Under the assumed conditions, th
70Kr half-life defines the destruction of68Se via 2p capture. The
calculation has been performed assuming typical x-ray burst m
conditions: a density of 106 g/cm3, a temperature of 1.5 GK, an
solar hydrogen abundance.
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The consequences of implementing the experimental h
life of 70Kr into rp-process calculations are illustrated in Fi
3, which shows the effectiverp-process half-life of68Se as a
function of the assumedb-decay half-life of 70Kr. The ef-
fective rp-process half-life is the half-life of68Se against the
proton capture and theb decay and represents the timesca
t5T1/2/ ln 2 for the delay of therp process caused by th
68Se waiting point. The effectiverp-process half-life has
been calculated by solving the differential equations desc
ing the abundances of68Se, 69Br, 70Kr, 68As, and 70Br as a
function of time. As an example, we assumed typical x-r
burst model conditions with a temperature of 1.5 GK and
density of 106 g/cm3. The two-proton-capture rate on68Se
has been taken from@9#, where an experimental estimate
Sp52450 keV for 69Br @4# has been used instead of th
FRDM mass model@12# used for the other mass values.
these conditions, the destruction rate of68Se via two-proton-
capture based on the old calculated70Kr half-life @30# re-
duces the68Se half-life by only 20% compared to pureb
decay~35.5 s!. However, with the experimental70Kr half-
life obtained in this work, two-proton-capture reduces t
effective rp-process half-life of68Se drastically by a factor
of 2.5 to just 14.4 s. Within the error bars an effectiverp-
process half-life of68Se as short as 11 s is possible. T
rp-process timescale is given by the sum of the effect
rp-process lifetimes of the waiting points along the react
path. Therefore, under the assumed conditions, the redu
effectiverp-process half-life of68Se will lead to an accelera
tion of the rp-process abundance flow in x-ray bursts abo
A568 compared to@9#. This could result in an increase
production ofA.68 nuclei, possibly including thep isotopes
92Mo, 94Mo, 96Ru, and98Ru.

The effective rp-process half-life of 68Se depends no
only on the70Kr b-decay half-life but also exponentially o
the proton separation energies of69Br and 70Kr. The uncer-
tainty in the theoretical predictions for these values is c
tainly the dominant source of uncertainty in the present e
mates of the effectiverp-process half-life of68Se.

As a summary, we have measured theb-decay half-life of
70Kr for the first time at ISOLDE on-line mass separato
CERN. The value, consistent with a pure Fermi decay
sumption, is significantly shorter than the QRPA value us
in the recent network calculation for the rapid proton capt
process. The shorter value results in a higher effective
for bridging the waiting point at68Se via two-proton-capture
in typical x-ray burst model conditions.
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used to calculate the effective68Se half-life in therp process.
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