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To gain a better understanding of the production of exotic isotopes and provide information on the stability
of nuclei along the path of the rapid-proton capture process, isotopic cross sections from the féction
%8Nj at 75 MeV/nucleon were measured at 0° using the A1200 fragment separator. Most notably the particle
stability of ®Br was thoroughly probed during this experiment and it appears to be particle unstable. The
experimental production cross section data are compared to previous krypton isotope fragmentation data to
explore the dependence of thdZ ratio of the projectile on the observed isotopic distributigfrmemory
effect”) as well as with an intranuclear cascade code developed for higher energ80(MeV/nucleohand
a semiempirical parametrization derived from high energy systematics.

PACS numbegs): 25.70.Mn, 21.10.Tg, 27.50e

l. INTRODUCTION topes (°Ga, 8As, ¢ 7Kr, and 7“Sr which extended the ex-
perimentally observed proton drip line, but no events were
attributed to®°Br. The latter experiment had a flight path six
éignes longer than the one in R¢6], indicating thaf®Br was
not stable or had a very short half-life<( 100 n3. To ex-
plore these possibilities a new experiment was performed
using the A1200 devicgl0] at the National Superconducting
yclotron LaboratoryNSCL) that would be sensitive to nu-

clei with such very short{ 100 ng half-lives.

Projectile fragmentation has proven to be an importan
tool for producing nuclei very far from stability. Use of this
process has led to progress in many current research are
including the location of possible termination points of the
rapid-proton capture proce$BP processand the study of
the memory effect caused by projectiles with differ&iZz
ratios. The RP process was first proposed by Wallace an
Woosley [1] who showed that heavy isotope@p to - .
A=100) could be produced in astrophysical processes i?h The present Stl:dnyf thz prtc_>t0n drip line nthle' |n¥olved
which high temperatures and densities exist, such as super-e measurement ol prociction Cross Sections ol many
nova shock waves, novas, and x-ray buféss]. The RP proton-rich |s<?‘topes, th”us allowing a parallel mve;tlgatlon of
process proceeds via a sequence of proton capturgand b so—cal]ed memory” effecf11]. Frag_mentgtmn IS gener-
decays near and sometimes along the proton drip line. Paftly described as a two-step process in which the projectile
ticle stability and half-lives are important in determining the Will rapidly interact with the target, producing excited “pre-
rate and actual path of the RP process since it occurs duridg@dments.” These then undergo a slower deexcitation step
explosive processes in short time periods (0 — 100 3. Via sequential gvaporgtlon of particles, finally producmg the
When the RP process path must pass through isotopes wifpserved reaction residué$ragments”). Prefragments with
long B half-lives, the RP process will be slowed or termi- (very) high excitation energies are likely to produce final
nated. Mass modelp4] differ on predictions of the exact Products along a ridge parallel to the valley gfstability
position of the proton drip line, which prompted several ex-(e.g., Ref.[12]), and thus fragments far from the projectile
periments that looked for possible termination points of thewill have no “memory” of theN/Z ratio of the projectile. It
RP procesd5,6]. In recent years the odd-isotopes of is, however, well known that if the projectile hashigh
85As and®Br have been investigated as the most likely ter-N/Z ratio (i.e., is neutron rich especially those prefrag-
mination points because the half-lives 86e and®®Se, the  ments that are close to the projectile mass have many loosely
proton capture targets, are thought to be longer than the timgound neutrons that even at low excitation energies will be
scale of the explosion that provides the proton flux. preferentially (relative to protons evaporated, resulting in

Evidence for the existence 8PAs and®®Br (along with  observed fragments with a low&/Z ratio than that of the
four other new isotopg@swas first reported by Mohagt al.  projectile.

[6]. A subsequent experiment measured the half-life of sev- On the other hand, the projectilelike prefragme(gar-

eral of the isotopes including’As; however,%*Br was not ticularly those with low excitation energieproduced from a

observed[7,8]. A recent experiment at Grand Accelerateur projectile with alow N/Z ratio (proton rich are likely to

National D’ions Lourds(GANIL) [9] reported five new iso- evaporate both protons and neutrons, producing fragments
that are relatively proton rich, as was the projectile. Isotopic
cross sections from fragmentation reactions involving mem-

*Present address: Gesellschait fichwerionenforschung mbH, bers from both extremes of an isotopic chain can therefore
Postfach 11 05 52, D-64220 Darmstadt, Germany. provide crucial information on this influence of the projectile
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N/Z ratio on the fragment charge dispersion distribution . L.
(“memory effect”). Data from the current experiment, which I
utilized the very proton-ricH®Kr projectile (N/Z ~ 1.17) AN
are compared to data from earlier experimdriid,13 that
involved fragmentation of the very neutron-rich krypton iso-
topes®®r (N/Z~1.39) and®Kr (N/Z~1.33).

Il. EXPERIMENTAL PROCEDURE

A 75 MeV/nucleon’®r beam (~45 particle pA im-
pinged on a 102 mg/chrNi target placed in the midaccep-
tance target position of the recently upgraded A1200 frag
ment separator{8,10] at the National Superconducting
Cyclotron Laboratory(NSCL). The angular acceptance for
fragments was\ = 20 mrad andA ¢ = 40 mrad centered
around 0° with a momentum acceptance 0fl.5%. The
magnetic rigidity was varied in overlapping steps which cov-
ered the range iBp from 2.274 to 2.488 T m. The normal-
ization between the different rigidity settings was obtained
by comparison of the isotopic yields in the regions of over-
lapping rigidity. The fragments were stopped in a silicon
telescope located at the focal plane of the A1200 or, to ob
serve a possible short half-life that might explain the discrep
ancy between previous experimef#s9], in a second silicon
telescope located 7.5 m further downstream from the focs
plane.(Note that for isotopes with half-lives on the order of
~100 ns, a reduced isotopic count rate would be observed i
the second silicon telescope relative to the first. j . B -

The time of flight (TOF) of the reaction products was U ﬂlght (arb. units)
measured between an 8 mg/cpiastic scintillator at the first

dlls perstlv;a image po.;'\“ﬁ.n r?tnd t{;}e fr?nltZ]ost d%tezcltog n eacbersus time of flight of the reaction products used for particle iden-
SI lcon elescope, W,', Ignt paths o man T M, T€-ification. Note the excellent resolution in both energy and time.
spectively. The position and angle of the reaction product§yo =7 jine and the krypton isotope band £ 36) are indicated

were measured at both the second dispersive image and t8¢ jashed lines. The absence®®r (expected position shown by
focal plane with pairs of parallel-plate avalanche countersoy) is quite evident.

(PPAC'’y [14] separated by 40 cm. The position information
at the second dispersive image together with NMR measure-
ments of the A1200 dipole fields enabled the momentum of
each particle to be determined. The reaction products were A. Isotopic yields
implanted into either of the two four-element silicon tele-
scopes, each consisting of two thiiie detectors followed by

energy loss (arb. units)
“
L el

’ri-"ﬁ*nmg,.* i

FIG. 1. The energy loss in the focal plane silicon telescope

Ill. RESULTS AND DISCUSSION

Figure 3 shows the mass spectra for isotopes with atomic

two thick E detectors100 xm, 75 xm, 500 zm, and 1000 numbers 30<Z<38 obtained at a fixed magnetic rigidity
' ’ ’ osetting optimized for observation 6PBr. The absence of

um). All the silicon detectors had an active area of 30 o _ . !
mm?. Due to the excellent energy and time resolution, the Bf is clearly evident in the bromine mass spectrum,

online identification using\E vs TOF diagrams, an example Whereas othefT,=—1/2 nuclei are present. The asterisk
of which is shown in Fig. 1, was carried out in a straightfor- Symbols in Fig. 3 indicate several events that can be attrib-
ward manner. Using the values AfE, total kinetic energy, uted to®Ga and’%r, confirming the recent identification of
TOF, and magnetic rigidity, the mas#), proton number these isotopes by Blankt al. [9]. The measured isotopic
(2), and charge @) of each particle were determined using cross sections, determined by integrating the Gaussian func-
the procedure described in RgL3]. tions over momentum space after correcting for the accep-
The parallel momentum distributions of a number of re-tance of the A1200, are shown in Fig. 4.
action products were monitored online and fitted with a Also shown in Fig. 4 are the cross sections calculated
Gaussian function. The centroid values were then used tivom both theEPAx parametrizationf15] and theISAPACE
identify the most appropriate magnetic rigidity setting for themodel[16]. Both codes were originally developed for high
observation of°Br. The centroidgin terms of magnetic ri- energy (or “pure”) fragmentation E/A> 200 MeV/
gidity) for the isotopes coveringd =24 to 38 are shown in nucleorn), but recent experiments have shown their applica-
Fig. 2 where the horizontal dashed lines show the range dility for reactions involving intermediate-mass projectiles at
magnetic rigidity covered during this experiment. The gen-intermediate energid43,17]. A comparison of théabsolute
eral trends exhibited by the reaction products, and in particuexperimental cross sections with tlEeax parametrization
lar that of the bromine isotopes, show that this rigidity rangeand thelSAPACE code shows several overall features. The
would have allowed for observation &1Br. EPAX code noticeably underpredicts the formation of proton



53 FRAGMENTATION OF "®Kr PROJECTILES 1755

—— — ——— ] B. Implications for the RP process

Fommmmmmm e - - - _ From the isotopic cross sections shown in Fig. 4, it is

i B BB ] possible to estimate the number $Br events that should
245 Kr R have been observed. Assuming an exponential decrease in
s cross section near the proton drip lites is predicted by the

240~ ] EPAX parametrization[15]), ~300 counts of®Br should
i ] have been observed given the number’®r events that
235 - were identified. This estimated number of events that should
i 1 have been observed can, together with the short flight path

Bp (Tm)

o

2.30 - 4 (~14 m from production target to the focal plane silicon
. ] telescopg be used to place an upper limit on the half-life of

S I B B B ®9Br of 24 ns. Most mass models pred®Br to be only
50 60 70 80 slightly proton unbound. In the 1993 Atomic Mass Tables

Atomic Mass

[18] the value ofS,=—180+300 keV is found from the
. . . . 68 .
FIG. 2. Parallel momentum distribution centroids terms of listed binding energies dFBr and *’Se. Assuming that the

T . . proton is emitted from @5, state(as is the case in the mirror
magnetic rigidity(Tm)] versus atomic mass for reaction products 69 - . .
with Z=24 to 38. The projectilelike fragments exhibit the general!’"“_:k':‘uS Se, the_ proton pe”e”a?'“t)/ W}_(B apprOX|mat|9n
trend expected from kinematics. The dashed horizontal lines indilndicates a half-life of~ 10° s which implies that the main
cate the rigidity region(2.274<Bp<2.488 Tm of the present decay mode i3 /electron captur¢EC) with an estimated
study. The statistical error bars are shown when larger than the datzalf-life on the order of 100 mgL9]. For the WKB approxi-
symbols. The lines joining the isotopic chains are merely to guidemation a normalized Wood-Saxon nuclear potential was used
the eye. in conjunction with the centrifugal, spin-orbit, and Coulomb
terms as was described in R¢T]. The recent GANIL ex-
periment[9] limited the ®®Br half-life to 100 ns or less,
pickup productgZ>36), a not unexpected feature consider- which corresponds to being proton unbound by at least 450
ing this parametrization was developed from high energykeV. The current tighter limit on th®Br half-life of 24 ns or
fragmentation in which pickup reactions seldom occur. Thdess indicates that this nucleus is proton unbound by at least
ISAPACE code is able to reproduce the single-proton pick-up500 keV.
relatively well, but the predicted cross sections for reaction The present experiment also gives some information on
products that have acquired more than one pro@nr37)  "°Rb. Because of its non-observation in a wide variety of
start to fall off dramatically. The magnitude of the predictedmeasurements over a number of yed®,20,2], this iso-
cross sections from bothPAX and ISAPACE agree relatively  tope is generally thought to be particle unbound. The system-
well for the reaction products below krypto@ £36), al- atics in Fig. 2 show that the magnetic rigidity range covered
though the predicted distributions are more neutron rich thain the present experiment would also have includérb.
the experimental cross section distributio@s=30). Using theEpAaX parametrization and the observed number of

E E 5 E
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108 f 103 | 103 &
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1 ot ¥ 10! o
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FIG. 4. Isotopic cross sections
for the elements between zinc and
strontium from the reactiod®Kr
+ %8Ni at 75 MeV/nucleon. The
solid points indicate the measured
production cross sections. The
dotted histograms represent the
EPAX parametrization/15], while
the solid histogram illustrates the
cross sections calculated with the
ISAPACE code[16]. The statistical
error is generally smaller than the
° size of the data points.
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"Rb events, approximately 78Rb events should have been The present data limit the half-life 6fRb to less than 30 ns
observed, yielding an effective upper limit of 30 ns for theand assuming the emitted proton comes from ftkg state
half-life of "*Rb. In the case of°Rb, the majority of mass (since the mirror nucleus i§Kr) indicates that*Rb is un-
models predict this isotope to be proton unbound. The valubound by at least 680 keV.

of S,=—590=270 keV determined from binding energies  Under the previous assumption th®Br was particle

in the 1993 Atomic Mass Tabld4 8] yields a proton emis- stable[3], the RP process was generally thought to proceed
sion half-life of ~700 ns(using the WKB approximation via

88Se(p, y)®Br(BT) "Kr(BF)Br(p, ) "Kr(BF) "Br(p, y) “Kr.

In view of their recent resultéregarding the particle instability &°Br), Blank et al. [9] have proposed an alternative RP
process path:

%5se B ) **As(p,y ) *°S&p,y) °Br(p,y) "Kr(B *) "Br(p,y ) "Kr.

The most significant modification is that the RP process mustiue to the “bottlenecks” caused by the instability®Br and
now wait for the decay ofSe which has a long half-lifel.6 ~ "*Rb. Although no evidence féfAs, Kr, and "*Sr was seen
min) relative to the assumed burning time-{0 9 of the  in the present experimef@ssuming an exponential decrease
astrophysical processes in which the RP process is likely t#) cross section and the number of events attributed to
proceed to the high mass regioA 70). In processes with °As, “%Kr, and ">Sr, no counts of“As, ®Kr, and "*Sr should
extended burning times~100 9 [2,3], the RP process can have been observigdhe modified RP process path presented
slowly continue to?Kr which slows the process due to the by Blgnk et al. [9]. seems to accurately reflect the current
fact that°Rb is unstable and?r has a 17.2 s half-life. €XPerimental evidence.

Many of the RP process calculatiof,3] are extended to

~1000 s to explore the astrophysical effects of an extended C. Memory effect

burning time and in this situation the RP process could Together with the results of previous experiments involv-
slowly proceed to masses higher thaxr. ing fragmentation of neutron-rich krypton projectile®Kr

Of the five new isotopes reported by Blaekal.[9], two  [13] and®Kr [12]), the data from the present experiment can
(°%Ga and®As) could alter the RP process path as it ap-provide additional insight into the influence of the projectile
proaches®Se. The other three isotopésf %Kr, "°Kr, and  N/Z ratio on the fragment charge dispersion distribution for
43r), however, have no influence on the modified RP pattreactions in the intermediate energy/intermediate mass re-
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gime. In order to properly include this effect into their semi-
empirical fragmentation product cross section codensSu
mereret al. [15] developed a parametrization that took into
account previous observations froftarge} fragmentation
experiments(i) the maxima of fragment charge distributions
always lie on the neutron-deficient side of the valley@f
stability, (ii) for targets/projectiles close t@8 stability, the
most probable charge of a fragment isobaric chain is only
dependent on fragment mass, &iid the size of the memory
effect is different for neutron- and proton-rich projectiles.

Chuet al.[11] had described this effect as 4) ®Kr
B) *Kr

Zp(A)=Zg(A)+A (1) AL I

2 0.4 06 0.8

whereZ,(A) is the most probable charge and thestable

1757

| = ®Kr + *Ni, 75 MeV/nucleon
I« %Kr + Au, 200 MeV/nucleon
[ ® %Kr + *"A1, 70 MeV/nucleon
|— — "™Kr EPAX parameterization

-

2|||v|\||\|14||

o =
R
I “,.0__/4./'

S 4 am ¥
«*

current parameterization for:
-1— {solid lines)

A/A,

chargeZ4(A) can be approximated by the smooth function
(thus avoiding shell effectg22] FIG. 5. Parametrization of the “memory effect”: the additional
shift A, of the charge-dispersion curve is shown as a function of
Z (A= A 7 the fragment-to-projectile mass ratio. Positive valuea gfindicate
B 1.98+ 0.015572"" a shift towards loweiN/Z ratios (proton rich. The isotopic ridge
lines from the present experimental data and two previous experi-
The A term, which describes the difference between experiments involving krypton fragmentatiofl2,13 are shown in the
mentally obtained values &, andZ;, was parametrized by figure. The open symbols indicate charge pickup products
Summereret al. [15] using the form (2>36). The dashed curve indicates the parametrization”af-Su
mereret al. [15] for the "%r fragmentation(although not shown,
2.041x 10 %A? if A< 66 the EPAX parametrizations for th&Kr and %Kr fragmentations ex-
A= 2 703X 10 2A—0.895 it A= 66. () hibit a similar trend relativ.e. to the respe.ctiv.e damhile the solid
curves represent the modified parametrization derived from the ex-

To describe the additional shift in the charge distributionPerimental krypton data as discussed in the text.
maxima () that is caused by thdl/Z ratio of the target/
projectile (depending on whether target- or projectilelike
residues are studi¢dn extra “memory effect” term ,, was
added:

that the memory effect for intermediate energy/intermediate
mass fragmentation behaves differently than expected from
the high energy data. Both the data from the current proton-
rich fragmentation of’®Kr as well as the data from the
neutron-rich fragmentation d¥Kr and #Kr show a much
steeper dependence on the mass ratio than the parametriza-
A fit to the (scarce experimental data available at the time tion. Recent measurements witf’Xe and**Xe beams at
led to a parametrization fak, in the form 790 MeV/nucleon showed a similar trend for the proton-rich
projectile and the reaction products from the neutron-rich
A\? projectile (3%Xe) as they deviated from the standard param-
C1 Kt A_w etrization[23]. Using the same formalism as@mereret al.

[15], the memory effect from the three intermediate-energy
where A; is the target mass and z(A) =Z;—Zz(A), in krypton fragmentation experiments can best be described by
which Z, is the target proton number am is the target
mass. Different values for the coefficients and c, were A\?
determined for neutron- and proton-rich fragmentation as the

olz] iz,

memory effect appeared to be smaller for fragmentation of
proton-rich targets/projectiles compared to neutron-rich syswith values ofc,;=1.55 andc,= —0.425. The modified pa-
tems. rameterization was determined by performing a least square

Figure 5 illustrates the dependence of the memory effecfit (with two nth order polynomial termgo the experimental
Ar, on the ratio ofA¢/A, (WhereA is the fragment mass and data. Thec, becomes negative to account for the fact that the
A, is the projectile magsfor the most abundantly produced proton-rich fragmentation data dip below tig, = 0 line
final fragment of each isobaric chaithe so-called “ridge (this effect was also observed in the limited data in Ref.
line”) from the present experiment. The ridge lines are[15]). The parametrization shows that fragments far
shown also from two other experiments with more neutronfrom the projectile approach the valley g8 stability
rich krypton isotopesL®Kr fragmentation at 70 MeV/nucleon [A,/A s(A)) ~0] and those near the projectile mass are close
[13] and®Kr fragmentation at 200 MeV/nucledi2]. Also  to the N/Z ratio of the projectile[ A, /A g(A)~1]. This
indicated in Fig. 5 is the curve representing the parametrizamodified parametrization does a good job reproducing the
tion of Eq. (5) for the "®Kr fragmentation(the parametri- experimental data and is indicated by solid curves in Fig. 5.
zations for the reactions involvinfKr and 8r are not (Because thé®Kr fragmentation experimeritl3] was con-
shown on the plot, but exhibit similar agreement with thecentrated on fragments near thef the beam, these data are
data as that for thé®Kr fragmentation data It is apparent limited to Z=33.) It should also be noted that, in contrast to

Zo(A)=Z45(A) +A+A,. (4)

2
+C,

An(A)= Ag(A) ©)

Am: +CZ

Ap(Ap) (6
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the two other data sets which were measured around 0°, thbought to occur. Another significant RP process “bottle-
84Kr [12] data were obtained at angles of 0.6° and 1.5°. Thereck” occurs due the particle instability 6fRb, for which
fact that the®*Kr ridge line in Fig. 5 begins to curve down- the present experiment indicates that it is proton unbound by
ward for Z<20 indicates that parts of the parametrizationat least 680 keV. Of the five new isotopes recently reported
used in this analysis are not applicable near and below argdpy Blank et al.[9], “%Kr and ®°Ga were observed during the
(Z=18), as wagliscussed by Somereret al. [15]. current experiment. Blangt al. proposed a modified RP path
Charge pickup productsZ{>36 in this casg which are to reflect the recent experimental evidence of new isotopes
rarely produced from high energy fragmentation, are comand the particle instability of°Br. It is apparent that further
monly observed at intermediate energies. The memory efresearch will be necessary to accurately describe the extent
fects for the pickup products observed in previous kryptonand rates of the RP process reactions in this mass region. The
fragmentation experimen{d2,13, as indicated in Fig. 5 by present study of the memory effect in krypton fragmentation
unfilled symbols, seem to closely follow the general trend ofshows that theN/Z ratio of the projectile does have a sig-
the fragmentation productZ < 36). This fact, together with nificant impact on the isotopic distribution. Evidence from
the observation that the overall curvature of the memory efthe current experiment along with that from other intermedi-
fect is steeper than the standard parametrization, is a stroraje energy krypton fragmentation experimdrt®, 13 shows
indication that the prefragments are produced by processébat final fragment distributions near the begnigh A¢/A,
other than the “pure” fragmentations that occur in high en-valueg tend to be very neutron or proton ri¢gdepending on
ergy reactions. This assumption is also supported by the reldhe projectil¢ and show a rapid decaasA¢/A, decreases
tively large pickup product cross sections that were observetbwards the valley of3 stability relative to the high energy

in the current experiment and tfi&r fragmentation[13]. data that were used to develop the parametrization of Ref.
[15]. This, together with the large cross sections observed for
IV. CONCLUSIONS pickup reactions, gives clear evidence that other reaction

processes than “pure” fragmentation occur during interac-

The present experiment clearly indicates tf&@r is pro- tions of intermediate-mass nuclei at intermediate energies.
ton unbound by at least 500 keV and thereby confirms the

recent work of Blanket al. [9]. This result implies that the
RP process will be significantly slowed down®S8e, since
the B-decay half-life is very long relative to the time scales This work was supported by the National Science Foun-
of the astrophysical processes in which the RP process @ation under Grant No. PHY-92-14922.
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