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Results from several isomeric decay studies with fragment&on beams
are discussed, with special emphasis on heavy ions (aboveehssion limit).
Both nuclear structure and reaction studies have been examied. It has
been shown that the structure of the nucleus has to be consided in or-
der to get agreement, within a factor of 2, between the expemental and
calculated angular momentum populations.

PACS numbers: 25.70.Mn, 29.30.Kv

1. Introduction

Projectile fragmentation has proved to be an e ective tool Pbr the popu-
lation of exotic nuclei on both sides of the valley of stabiliy [1 3]. Facilities
operate at GSI (Germany), RIKEN (Japan), GANIL (France), MS U (USA)
and Lanzhou (China). GSI is a high energy,E=A = 0:51.5GeV, facility,
while all the others operate at intermediate energiesE=A = 50 100 MeV.
A large number of di erent types of experiment have been pexdrmed in these
laboratories, including interaction cross section measwments, Coulomb
excitation, isomeric decay, -ray spectroscopy at the production target,
g-factor measurements of ground and excited states, secongafragmen-
tation, proton decay, two-proton decay etc. (see references in [4]).

In this paper we review the results obtained in decay studiesf isomeric
states produced in projectile fragmentation. A schematic iew of the exper-
imental setup used in these experiments is given in Fig. 1 (fomore details
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see, for example, [5,6]). The nuclei of interest produced ifragmentation are
separated and identi ed, then subsequently implanted intoa catcher. The
delayed rays emitted from isomeric states are recorded and correlat with
the implanted ion. Due to the ion  correlation and o -beam measurement
these experiments are extremely sensitive. Isomeric decagan be identi ed
with a yield of just few ions per hour [7]. The technique is sesitive to iso-
mers which have lifetimes longer than the ight-time through the fragment
separator (of order of 200 300 ns at GSI). The upper limit is cetermined by
the need to correlate individual ions with the delayed rays, which is of
the order of milliseconds when passive stoppers are used. Wete that the
same experimental setup can be used to study isomeric statggsoduced in
projectile- ssion [8].

Primary Fragmentation beam
beam (identified ion by ion) catcher
- | Fragment separator -

Delayed vy ray /

(correlated with the implanted ion)

y-ray
det.

Fig.1. Schematic view of the experimental setup.

Isomeric decay following fragmentation has been used botminuclear
structure and reaction mechanism studies. In the followingve present some
examples for both types of work. Special emphasis will be gin to heavy
nuclei (Z > 60). In order to obtain a good separation of ions using mag-
netic elds they have to have a narrow charge distribution (practically the
majority of them has to be fully stripped), which in the case d heavy ions
implies very high velocities. As a consequence, these nuclgresently can
be studied at only one fragmentation facility, GSI, where bah high-energy
accelerators and a fragment separator with the appropriatespeci cations
are available. Heavy nuclei have been produced following éhfragmentation
of relativistic 2°®Pb and 238U beams [6,9 13]. The nuclear regions studied
and the approximative number of observed isomers are showm iFig. 2.
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Fig. 2. Regions of heavy nuclei where isomeric states have ée observed following
fragmentation of relativistic energy (E=A = 750 1000 MeV) 22Pb and 238U beams.
The approximative number of observed isomeric states is atsindicated.

2. Nuclear structure studies

Observations of a metastable state give information on thesomeric state
as well as all the levels populated in its decay. From the lifégme of the isomer
the transition strength can also be determined. The rst experiment using
isomer decay following projectile fragmentation in order b study nuclear
structure was performed by Grzywaczet al. [5]. In this work, performed at
GANIL, a '2Sn beam with an energy oE=A  60MeV was fragmented and
over forty isomeric states, including a new isomer irf®As, were observed.
Since then several experiments have been performed both attérmediate
energy and high energy fragmentation facilities. As mentioed earlier, here
we discuss in more detail the results obtained for heavyZ > 60) nuclei
(see Fig. 2). The rst experiment in this mass region was pedrmed by
Pfiitzner et al. [9]. In the fragmentation of E=A = 1 GeV 238U beam several
isomeric states in spherical nuclei in the vicinity of2%8Pb, seven of them
previously unobserved, were identied. A good example whit illustrates
the power of the technique is the observation of the decay oht 8" isomeric
state in 2'?Pb with only 370 ions implanted into the catcher. In another
experiment, aE=A = 1 GeV 2%8Pb beam was fragmented and K-isomers in
the region of deformed nuclei around both neutron-richZ 74 [11] and
proton-rich N 74 have been populated. Results include the observation of
the yrast band in *°W [10]. In this nucleus the energy ratio of the4* and
2" states deviates, being lower, from that expected from the stematics.
The underlying reason is not fully understood, and possibleexplanations
include the presence of a sub-shell closure or an oblate plate transition in
the region. Subsequent measurements usé&U beams in order to populate
neutron-de cient nuclei in two mass regions: Z 82 (fragmentation at
E=A =750 MeV energy) [12] andZ 88 (E=A = 950 MeV) [13].
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An example from the results in the neutron-de cient Z 88 region is
a new isomer identi ed in ?!'Ra. The two delayed transitions, based on
systematics, decay from al3=2" i 5, isomer. The level scheme of'!Ra,
together with the lighter N = 123 isotones, is shown in Fig. 3. We note
that the gamma-ray transitions at 801 and 395keV have been daerved in
a previous fusion evaporation experiment [14] using isonredecay tagging,
devoted to 29%21°Ra. However, their origin could not be identi ed.

Fig. 3. The systematics of the 13/2" isomeric states in theN = 123 isotones. The
data on ?''Ra are from projectile fragmentation of 238U [13].

3. Reaction studies

At the fragmentation target discrete -ray spectroscopy can be carried
out only for a very small number of nuclei, those which are ver close (in
number of neutrons and protons) to the fragmented ion. In thecase of
nuclei further away from the fragmented ion, the rays originating from
the nucleus of interest cannot be distinguished from the mut more intense
radiation background originating from the nuclei populated with higher cross
sections and atomic processes. One way to solve this chaltgnis to study the
population of longer lived, isomeric states, giving time fo the separation and
transportation of the species of interest, and performing he -ray detection
far away from the fragmentation target. Thereby, isomers ca provide a tool
to study the reaction mechanism of fragmentation. In these ®periments, the
most widely determined quantity is the isomeric ratio, Rexp, de ned as the
probability that in the reaction a nucleus is produced in an someric state,
relative to the total production of that nucleus.

According to our knowledge, the rst reaction studies of prgectile frag-
mentation using the decay of isomeric states were performeldy Schmidt-
Ott et al. [15]. They studied the decay of the 19/2 isomeric state in*3Sc
populated in the fragmentation of a E=A = 500 MeV “6Ti beam. Both the
spin alignment and the isomeric ratio were found to be deperght on the
longitudinal momentum of the fragments. A positive spin alignment was
observed in the centre and negative alignment in the wings ahe distribu-
tion. In the case of the isomeric ratio, a much higher value wa measured
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in the wings of the longitudinal momentum distribution than in the centre
of it. Subsequently, isomeric ratios have been determineddm several other
experiments (see for example [5, 9]).

In the heavy mass region, which is the focus of this paper, isaeric ratios
have been determined from all the experiments mentioned inhe previous
section and Fig. 2. Pfutzneret al. published isomeric ratios for nuclei
populated in the fragmentation of both 238U [9] and 2°8Pb [6]. While in
Ref. [9] 10 isomeric ratios are given for nuclei in the vicinity of 2°8Pb,
in Ref. [6] 20 isomeric ratios are published, mainly in near stable rare
earth and transitional nuclei with A 180 Gladnishki et al. [12] reported
isomeric ratios for fteen isomers in the neutron-de cient Z 82 region,
populated in the fragmentation of 238U. The isomeric ratios determined for
the neutron-de cient Z 88 region are still unpublished.

The large number of isomeric states identi ed in the heavy nalei [6,9,12]
gives the possibility to perform a quantitative analysis cwering a large range
of angular momentum and mass. The isomeric ratios are summiaed in
Fig. 4(a). Information on isomers which were populated thraugh the decay of
higher lying isomers is not included. It can be concluded thiain general the
isomeric ratios decrease with increasing angular momenturfbut it depends
also on other factors like mass loss and nuclear structure).

Isomeric ratios can be and have been [6,9,12] determined thieetically in
the framework of the abrasion ablation model of the fragmemation
reaction [16]. Within this model the angular momentum distribution of the
fragments can be calculated with the ABRABLA Monte Carlo code [L6].
Furthermore, this distribution can be approximated by a simple analytical
formula [17]:

21 +1 [(1+1)
| = ex — 1

77 P 57 (1)
where ; is called the spin-cuto parameter of the nal fragments.

It has been shown that the approximative formula reproduceswell the
angular momentum distribution predicted by the ABRABLA code f or nuclei
close to the stability line when the mass di erence between hlie projectile
and the fragment is higher than 10 mass units [9,17]. Far fronstability the
analytical formula predicts higher angular momentum than the ABRABLA
code in the case of neutron-de cient nuclei. The opposite idrue for the
neutron-rich side of stability.

Given the angular momentum distribution of the nal fragment, one can
consider the probability that gamma decay will lead to an isaneric state of
spin I,. The extreme simplifying assumption is made that all stateswith
I Im, and only those, decay to the isomer. This approach is knowmithe
literature as the sharp cuto approximation .
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Fig.4. (a) Experimentally determined isomeric ratios (data from [6, 9, 12]).
(b) The ratio of the experimental and theoretical (ABRABLA i n the sharp cuto
approximation) isomeric ratios. (c) and (d) Ratio of the experimental and theoret-
ical angular momentum population in linear and logarithmic scales, respectively.
For details see the text.

The ABRABLA calculations with the sharp cuto approximation
[6,9,12] are compared to the experimental values, and are glvn in Fig. 4(b).
It seems that the theoretical values give an upper limit.

One reason for the large discrepancy between theory and exjraent
might be the extreme simpli cation considered, namely that all the states
with spin higher than the isomer ultimately decay to the isomer. However,
this is certainly not always the case. One might expect that he sharp cuto
approximation would be justi ed only for isomers lying on the yrast line and
the isomeric ratio should decrease with increasing excitadn energy of an
isomer above the yrast line. Such a tendency was indeed obsed, as de-
scribed in Ref. [6]. It also has been suggested that the isomeratio depends
on the nuclear structure [18]. By taking into account the decg properties of
the states around the isomer a better agreement between thexperimental
and calculated angular momentum population might be obtaired.
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The near yrast structures of several nuclei are well known &m studies
using fusion evaporation reactions with heavy-ion beams.These reactions
are somewhat similar to projectile fragmentation with a large mass di er-
ence between fragment and projectile, in the sense that thelgoth populate
states close to the yrast line. Therefore, the fraction'() of intensity passing
through the isomer as compared to the total intensity at that excitation
energy determined from fusion evaporation reactions can b used to correct
the isomeric ratio: exp = Rexp=". The quantity e, gives the probability of
populating states with higher angular momentum than the isoner and can
be directly compared with the theory. For in the following we use the term
angular momentum population to refer to the fractional population at and
above a specied spin value. This procedure was introducedni Ref. [12]
and it was used forl =12* isomers in neutron-de cient Z 82 nuclei. In
this paper we use this technique for all the available expemental data in
the heavy mass region [6,9,12]. The results are summarised Table | and
Figs. 4(c) and 4(d).

The accuracy of' depends on the sensitivity of a given experiment, more
sensitive experiments tending to lead to lowef values. A good illustration
of this is the case of thel0" isomer in 182W. While one experiment gives
' =0:38 [30], another using lower -ray detection e ciency gives ' =0:8
[31]. The uncertainties in' indicated in Table | have been increased relative
to the statistical value to take account of such uncertaintes in the level
scheme.

We can conclude that in general there is an agreement within &actor
of 2 between the experimental and theoretical angular momeéam popu-
lation. There are only two isomers for which there seems to ba serious
disagreement between theory and experiment: the 5/2 isomers in1"Ta
and 181W. In these cases the extracted might be incorrect because of the
di erence between the angular momentum population in fusim evaporation
and fragmentation reactions (see Fig. 5). One could expecthat the popu-
lation of non-yrast states is stronger at the maximum of the coss sections:
it is stronger for low-spin states in the case of fragmentatin and larger at
high spin in fusion evaporation reactions. Therefore, the' value determined
from fusion evaporation reactions is much lower than it woud be in frag-
mentation for low spin states likel = 5=2. In line with this, it might be that
' is overestimated for high spin states. In some cases$’PHf, 16Ta, 17'Ta,
179Ta), higher lying isomers decaying into the isomers of integst are known
(although not observed in the fragmentation experiments). If these states
are populated, this might reduce the observed isomeric rai Rexp.

We note that the ' could not be determined for any of the isomers around
208ppy 9] since it is di cult to populate these nuclei in fusion evaporation
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TABLE |

Comparison of experimental and theoretical angular momermim population.
For details see the text.

lon | Rexp (%) ' exp (%0) exp!  theor
1365m | 8 3.5(12) [6] 0.10(3) [19] 37(17)  0.48(22)
SHf | 35/2 2.5(6) [6] 0.57(20) [20]  4.4(19) 0:59(25)®
15Ta | 21/2 2.0(5) [6] 0.17(3) [21] 12(4) 0.35(11)

176Ta 14 2.6(5) [6] 0.30(4) [22] 8.6(19) 0:54(12)@
7Ta | 21/2 9(2) [6] 0.41(8) [23] 22(6) 0:66(19)™
7Ta | 5/2 4.0(6) [6] 0.13(2) [23] 31(6) 0.34(7)
19T | 21/2 9(3) [6]  0:64(33)0) [24] 14(8) 0:44(25)@
180T 15 10(3) [6]  0.26(9) [25,26] 39(17)  3.21(144)
19w | 35/2 2.7(5) [6] 0.49(6) [27] 5.6(12)  1.11(25)
180\ 14 6.4(10) [6]  0.36(16) [28] 18(8) 1.37(65)
18ly | 21/2% 17(4) [6] 0.67(29) [28]  26(13)  0.88(43)
Blw | 52 6(1) [6] 0.29(9) [29] 21(7) 0.23(8)
182y 10 10(2) [6] 0.38(11) [30]  27(10)  0.80(28)

181Re | 35/2 0.2(1) [6]  0.23(16)[32]  0.9(7)  0.22(19)
88Hg | (12°) 6.2(19)[12] 0.29(15) [33]  21(13)  0.63(38)
193pp | (33/2%) 1.5(4)[12]  0.11(2) [34] 14(4)  1.21(39)
l4pp | (12°)  16(4)[12]  0.60(15) [35]  27(9)  0.95(34)
1%6pp | (12°)  17(4)[12]  0.61(12)[36]  28(9)  1.00(31)
197Bj | (29/2 ) 8(2)[12]  0.47(14)[37]  17(7)  1.03(40)
198pg | 12¢  8.9(12)[12]  0.48(9) [38] 19(4)  0.93(21)
20pg | (12°)  6.7(12)[12]  0.6(2) [39] 11(4)  0.50(19)

@ Higher lying isomeric states are known to decay into this ismer. These might
cause a reduction of the observed isomeric rati®Reyp .

®) Corrected for the e ect of the above lying 25/2* T,-, =11 ms and 23/2 T;-,
=1:6 sisomers (but not for the 37/2* isomer).

reactions. However, for all these nucleRexp theor» SO & possible’ < 1
would indicate a higher angular population than that predicted by the
ABRABLA code.

Fragmentation is generally considered a reaction which pagates low
spin states of the order ofl =3 10~ [16]. Therefore, it is interesting to
note that the highest angular momentum observed to date istel =43=2
isomer in 21°Ra [40], populated in the fragmentation of aE=A = 950 MeV
238 peam [41] (see Fig. 6).
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Fig.5. Comparison of the angular momentum input in fusion evaporation and
fragmentation reactions. The lower panel shows the cross ston as function of
spin for "W produced in the °Er(*3C,4n) reaction at 67 MeV bombarding energy
(dashed line). The continuous line shows the cross sectiorf 8’°W produced in the
fragmentation of 2°2Pb at relativistic energies calculated using the simple aniytical

formula. The upper panel shows the angular momentumF'gnput olained from these

cross sections in the sharp cuto approximation ( theor = :”r: (.
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Fig. 6. Delayed -ray spectra associated with?'°Ra [41]. The 407 keV and 842 keV

-ray transitions prove the population of the 43=2
labelled transitions are from a lower lying 29/2

isomeric state [40]. The other
isomer.
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4. Conclusions and future

Isomeric decay following projectile fragmentation is a powrful technique
to study exotic nuclei. It is very sensitive, due to the o -beam measurement
and correlation with the implanted ion. The technique has ben used both
for nuclear structure and reaction mechanism studies. In ater to get agree-
ment between the experimental and calculated angular momeam popula-
tion, the structure of the nucleus has to be considered.

Technical developments will further increase the sensitity. The use of
digital electronics and active stoppers could increase the ciency of the

-ray detection and the possible ion- correlation time, respectively.

The present paper presents results from several experiment We thank
all those involved in these measurements. The author ackndedges the
receipt of an EPSRC Advanced Fellowship Award (GR/A10789/0L).

REFERENCES

[1] I. Tanihata et al., Phys. Rev. Lett. 55, (1985) 2676.
[2] M. Lewitowicz et al., Phys. Lett. B332, (1994) 20.
[3] R. Schneideret al., Z. Phys. A348, (1994) 241.
[4] Zs. Podolyaket al., Nucl. Phys. A722, 273c (2003).
[5] R. Grzywaczet al., Phys. Lett. B355, 439 (1995).
[6] M. Pfutzner et al., Phys. Rev.C65, 064604 (2002).
[7] C. Chandler et al., Phys. Rev C61, 044309 (2000).
[8] M.Mineva et al., Eur. J. Phys. A11, 9 (2001).
[9] M. Pfitzner et al., Phys. Lett. B444 , 32 (1998).
[10] Zs. Podolyéket al., Phys. Lett. B491, 225 (2000).
[11] M. Caamafioet al., Eur. Phys. J. A, in press.
[12] K. Gladnishki et al., Phys. Rev.C69, 024617 (2004).
[13] Zs. Podolyaket al., to be published.
[14] J.J. Ressleret al., Phys. Rev.C69, 034331 (2004).
[15] W.-D. Schmidt-Ott et al., Z. Phys. A350, 215 (1994).
[16] J.-J. Gaimard and K.-H. Schmidt, Nucl. Phys. A531, 709 (1991).
[17] M. de Jong, A.V. Ignatyuk, K-H. Schmidt, Nucl. Phys. A613, 435 (1997).
[18] J.M. Daugaset al., Phys. Rev.C63, 064609 (2001)
[19] P.H. Reganet al., Phys. Rev.C51, 1745 (1995).
[20] G.D. Dracoulis, P.M. Walker, Nucl. Phys. A342 , 335 (1980).
[21] F.G. Kondev et al., Nucl. Phys. A601 , 195 (1996).



Isomeric Decay Studies with Fragmentation Beams 1279

[22] F.G. Kondev et al., Nucl. Phys. A632, 473 (1998).
[23] M. Dasguptaet al., Phys. Rev.C61, 044321 (2000).
[24] F.G. Kondev et al., Nucl. Phys. A617 , 91 (1997).
[25] G.D. Dracoulis et al., Phys. Rev.C58, 1444 (1998).
[26] T.R. Saitoh et al., Nucl. Phys. A660 , 121 (1999).
[27] P.M. Walker et al., Nucl. Phys. A568 , 397 (1994).
[28] K.C. Yeung, PhD Thesis, University of Surrey, 1994 (unpblished).
[29] Th. Lindblad et al., Nucl. Phys. A210, 253 (1973).
[30] T. Shizumaet al., Nucl. Phys. A593 , 247 (1995).
[31] P.H. Reganet al., Nucl. Phys. A567 , 414 (1994).
[32] C.J. Pearsonet al., Nucl. Phys. A674 , 301 (2000).
[33] F. Hannachiet al., Nucl. Phys. A481, 135 (1988).
[34] G. Baldsiefenet al., Phys. Rev.C54, 1106 (1996).
[35] M. Kaci et al., Nucl. Phys. A697 , 3 (2002).

[36] B. Singh, Nucl. Data Sheets95, 387 (2002).

[37] T. Chapuran et al., Phys. Rev.C33, 130 (1986).

[38] A. Maj et al., Nucl. Phys. A509, 413 (1990).

[39] T. Weckstrom et al., Z. Phys. A321, 231 (1985).
[40] A.E. Stuchbery et al., Nucl. Phys. A641 , 401 (1998).

[41] Zs. Podolyak et al., Proceedings of the International Conference on the
Labyrinth in Nuclear Structure (Ed. by A. Bracco, C.A. Kalfa s), Crete, Greece,
13 19 July 2003, AIP Conf. Proc. 701 (2004) pp. 280 284.



