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Abstract

We present a framework l'or tbe experimentaJ determination or release times and release efficiencies 01' lS0L-targets devoted to pro­

duction or neutron-ricb nuclei. Since a wide rZ.A) distrihution or products is generated in fission. decay in the target or nuclei more
exotie than tbe one investigated is an extra production channeJ. This feeding. not in phase with the accelerator beam. modifies tbe release
eurves. A mode] wbich explieitJy takes into account the oceurence or B decay during diffusion in the grains or etTusion between tbem has
been designed. \Ve al so discuss the raet tbat in measurement 01' efficiency versus liretime. an effective cross-seetion must be used whicb
incorporates reedings by tbe mother nucleus and occasionally of isomers of the nucleus investigated. Release efficiency and re]ease eurves
must be analysed in a consistent frame\Vork to obtain meaningful data.
© 20m; Eisevier E.V. Ali rights reserved.
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l. lntroduction

On-line mass separation has been emp]oyed with
impressi ve success far severa] decades far decay studies al'
artificially produced nuclei. see e.g. the revie\-v in []]. F or
some time now, the isotope separation on-line (lSOL)
method has a]so been considered as being the most efficient
one far the fìrst production stage 01' radioactive beam facil­
ities (RIB! in operation or being p]anned. The tests carried
out at the IRIS on-line mass separator at PNPI-Gatchina
by the PLOG-collaboration (PNP]-Gatchina. LNL­
INFN-Legnaro. IPN-Orsay and GANIL) [2]. aim at the
future deve]opment 01' massi ve UC, targets 01' circa ] kg
to be irradiated by neutrons 01' intermediate energy. witb
applications far the future radioactive-beam facilities
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SPESo SP1RAL-II and EURISOL [3-5]. Yet. a crucia]
problem is to ensure efficient release al' the nuclei embed­
ded in the target. Methods to measure re]ease ti me distribu­
tions and formalism to extract parameters characterizing
them have been deve]oped over the years. However. to
our know]edge. tbere does not exist a consistent treatment
al' decay in the targeL and this issue is thus exp]ored bere.
Part 01' this wor]e i.e. the distorsion 01' re]ease curves. has

been published [6J and shall be only out]ined here. but
re]ease efficiency curves shall be discussed in some detail.

The re]ease function R( I) can be regarded as tbc
l'espanse al' the separator. i.e. as an ion current i(t). to a
short pu]se al' the acce]erator at rime 1=0. In our experi­
ments we have first to perform an irradiation 01' tbe target
far a time long enough to reach a saturation 01' this Cl1rrent.
Then. the accelerator beam is switched ofr and the ion cur­

rent is observed as function 01' time. The resuJting curve is
the re]ease curve. It is re]ated to tbe re]ease fl1nction by
convo]ution with the in-target production rate. Decay in
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2. The DBBM model

2. J. Descript iOll

l'

I:E = l' -+- i.

which. in fact are tbe we]]-known efficiencies l'or diffusion
and effusion.

The decay functions CPDIJ and 4)E[i differ from tbe fission
fUl1ction qJF only from the in-target prad uction rate. J! or
Pm. and througb insertion or a Sm term depending on tbe
re]ease al' tbc motber nucleus. Tbe bebaviour at tbc limits

can be understood intuitively. ]1' the mother difl'usion or
effusion time is mucb sborter than the radioactive balr-]ife.

tbe mother nuc1eus has a large cbance lo be re]eased berore

2.2. Re/ease efficienc)'

D(t) = L Gkllke-I'kl,

wbicb is normalised by I: al, = 1. Tbis rorm contains tbe
particular expressions derived by Fujioka [7] for simple
geometries. e.g. for spherical grains the correspondence is
Pk = k'2110 and ak = 6/(kn)'2. Effusion is simply described
by a sing]e expol1ential function witb constant \'

E(t) = ve-I•I.

It is of interest to exp]icit the rormu]ae far re]ease effi­
cienc)'. One takes tbe flux at the end of a long irradiation.
]etting tbe irradiation time tir to go to infinity. The limits of
tbe three flux fUl1ctions. for fission on]y (q)FJ. decay during

diffusion (q')D[») and decay during effusion (q)Ef\)' become

CPF(tir ~ 0;:') = PSO':E:

cfJo1J(tir ---,. (0) = PmSOml:OBE.

CPEI\(tir ~:::xJ) = PmBDmSEmBE,

Tbese formu]ae are very simp]e. Diffusion and efì'usion in­
valve a factor D, wbi]e decay involves its compJement
S = l - l:. This relationsbip is Jogica] since the flow must
be conserved in the saturation limit. Thus we on])' need
to give the expressiol1s

f (l') = l cf) (t")R(I' - t")e-ì.U'-t"ldt".
UlilIt 111

Tbc exponential accounts l'or tbe cbance lbe nuclcus or
interest bas to survive decay al l' arter being crealed at
f". Wbereas tbe n ucleus can be ]OSI by radioactivity. decay
01' tbe motber nucleus adds anotber conlribution lO be in­

cluded in (h,( f"),

4)1\(t") = i.mllm(t"),

witb Ilm(t") tbe number or motber nuclei witb deca)' con­
stant i.mpresent in tbe box. see [6] l'or delails.

Finali)', one obtains tbree ditTerent runctions contribut­
ing to tbc flux out or tbe target. one proportional to tbc
in-target independent praduction rate or tbe nuc1eus of
interest, two proponional to tbe cumulative production
rate or tbe motber.

Tbc calcu]ations in [6] bave been carried out witb the
generaI form for ditrusion given as

CP out

Ooubie Black Box

Beam

mother

daughter

thc target is irrelevant il' thc reactions to prod uce thc
nucleus or interest are such as (p ..YI1) bUI it is especially

important in our experiments. Wc indeed produce ncu­
tron-rich nuclei by fìssion induced by l GcY prolons. This
creates a ratber broad distribution or isobars.

Tbe tirst part or tbe measurement, wilh beam on, corre­

sponds lO tbe condilions or operalion or aRI B f~tcility. Tbe
efficiency is derived l'rom tbc current al the end or a long
irradiation. It naturally supposes thal tbe in-target produc­
tion rate is known. Tbererore. we must quantify how l11any
or tbe produced more neutron-rich isobars actually decay
in tbe target. As is well-known. varia lion 01' efficiency ver­
sus balf-life 01' isotores allows to extract release parame­
terso according to assumptions on tbe releasc mecbanism.

The second part 01' the measurel11ent. witb accelerator
beam ofr, yields tbe release curve. Here. too, decay in tbe
target plays a role. lt is a source 01' nuclei 01' interest, but
witb a creation rate not following the profile 01' tbe acceler­
ator pulse. Tbe shape 01' tbe release curve is tberefore
perturbed.

Fig. I. Schematic mode! o[ seguentia! diflusion ancl efì'usion ileft to right

arrows) induding f\ decay in the target (venical arrows). Creation rate by

fìssion. crossing the surface of grains and leaving the target are represented
by venical lines. [rom lef! to righI.

Tbe 'Double-Black-Box' bas been introduced in [6].
Tbe model is shown schematically in Fig. I. The vertical

line on the leI't marks the time 01' creation by the reaction.
The beam is assumed constant during irradiatìon l'or sim­
pEcity. Inside the grain 01' matter. at any time the atom
can diffuse towards tbe surface (borizontal line) or change
its nature through 13 decay 01' its nucleus (vertical line).
When diffusion is completed, i.e. the l11iddle vertica] line
in Fig. ] is reached, the calculation 01' effusion proceeds
in the same way, except that the input rate is the time­
dependent flux 01' atoms emerging from the grain. Finally.
tbe flux 01're]eased atoms is the arrow leaving the box after
passing the vertica] ]ine on the righI. In either box tbe out­
going flux qJou1 is expressed as a function of tbe incoming
flux CPin, the re]evant re]ease probability function R and
01' the decay constant 01' tbe nucleus i. as follows:
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Fig. 2. An estimate or the relative reedings into 7. long-lived states. here

one or spin I and the other or spin 5. is obtained by assuming a
distribution 01' population or highly-excited IÙlgments versus spin (solid

line) and considering that the hatched area gives the probability or reeding

thc state or 10\Ver spin (l'rom [9]).

tribution Or population among the isomer and ground
states is no1 known. In the absence of any other data we
have l'elied on estimates using a simple model developed
for thermal fission [9]. The principle of caJculation is shown
in Fig. 2. It is obvious that the validity or this approach in
high-energy fission needs to be proven.
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o 2decay (S is small). Conseguently, the corresponding runc­
tion vanishes and there is nothing to be added to (h:. In
the other limit, most of the mother n ucleus sha]] decay (S

is close to 1), lf this happens during ditTusion cjJI\ merges
with 4)[', bul now with the scaling ractor fi + fim'

The interest or this formalisl11 is lhal il aIlows lo incor­

porate a realislic rraction or lhe mother production. being
controlled by the interplay or its release paramelers and
Jiretime. The term mother can also apply lo an isoll1er in
thenllcleus or interest, in which case the re]ease parameters
far mother and nucleus of interest me the same.

In order to compute the contribution of the ll10ther
nucleus one needs its release paramelers. Il is. howeveL lit­
tle realistic to hope lo exlracl ali the parameters from a fit
of release efflciency and one m ust l'a ther guess the release

parameters of the molher elell1enl from other experiments.
A further simplification is almost unavoidable. One consid­
ers the extreme cases only in which one 01' the processes is
fast enough so that ~ decay cannot occur during il. This
corresponds to smashing the box 01' the fast processo An
approximate way lo keep both processes within one-box
is lo use a global release function in which D and E have
beenconvoluted from the beginning.

3. Comparison with experiments

This keeps the generaI form given for D(tJ with an extra
coefficient 01' opposite sign representing effusion.

We explicit as an example the quite common case of a
nucleus having an isomeL while the parent has none. This
situation can occur l'or instance in the study of even-mass
alkalis, whose parents have 0+ ground states. Both the

ground-state (g) and the isomer (i) are fed by decay of
the mother (m). The observed yields y are

Yi == IIJpf:Z(Uj + umSmbm_i)"j.

Yg== IIJpf:z(Ug + umSmbm-g + U;SjblT.i_g)r;g'

In most cases, decay in the target l'esults in an appar­
ent1y slower release. These cases can be treated by using
a superposition 01' exponentials. which corl'esponds for­
mali" to tbe model with the sole diffusion box. However.

a fa~t component appeared in a release curve of 91Rb
whereas it \Vas absent in the re]ease curve 01' 86Rbm (onl)'
fed via fission) record ed un del' the same target conditions.
This could be explained only by explicitly separating the in­
target decay probabilities during diffusion and effusion.
Tbe fast component is due to ~ decay of 91Kr during effu­
sion. which by-passes the slow diffusion of rubidium [6].

Here Il is the number oftarget nuclei per surface unito Ip the
particJe current. f:Z the efficiency 01' separation except for
the dependence on isolope lifetime. "m. "i and Ugare the
cross-sections to populate the corresponding states in fis­
sion. factors S = I - r. are defined above and b's are decay
branchings. The last factor f: is the release efficienc)' for the
nuclells of interest in its particular state. The guantities
within brackets can be regarded as efTective cross-sections.
In the second equation U; is such a term. namely the one in
the first equation. The fitting method is iterative. in the
sensethat the 'experimentar release efficiency I: is not fixed
forever but varies according to the current values of the

trial release parameters. e.g. here both Si. I:i and /:g are func­
tions of the unknown release pal'ameters 01' the element of
interesl. We note that cross-sections l'elevant to our work

at IRIS. Gatchina [2J have been measul'ed for 1 GeV pro­
10ns on uranium owing to comprehensive work at GSI

[8]. HoweveL that experiment cannot distinguish whether
the recoiling nucleus is in its ground state or no1. The dis-

Fig. 3. Example or in-larget and experimental production rates or Cs

isotopes. The rormer are calculated considering population by /ìssion only.

i.e. assuming Xe is very quickly reJeased (full triangles). adding deca)' or

Xe rull)' (empty triangles) and panially under assumplion or an empirical
reJease function l'or Xe (dotled line). Squares sho\\' the experimental yields.
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Fig. 4. Fits 01" efliciency. i.e. the ratio 01" measured to calculated in-target

yields. versus decay conslant l'or Cs nuclei I"rom the above example. where

I"rom 142CS has been removed. Symbols corresponds to those in Fig. 3. For

lhe presllmably 'more realisticO Xe release lime on1)' the lil is shown I"or
darity 01" reading.

An example 01' release parameters extracted l'rom an effi­
ciency curve shown in Fig. 3 demonstrates the difficulties
inherent to such an analysis. First. there is a problem with
the yield 01' J42CSwhich is always calculated to be too low
[2J when using y spectroscopy and must be removed l'rom
the data set to be fitted. Moreover, our release curves do
not have the standard shape for either diffusion. effusion
or their convolution. The use of these formulae is on]y jus­
tified by the simplicity and the purpose of quick compari­
son of different experimental conditions.

The difference 01' calculated in-target production rates
causes noticeable changes of the overall efficiency curve
versus nuclear lifetime. As shown in Fig. 4. a longer release
time 01' the Xe mother (empty symbols) decreases the calcu­
lated overall efficiency far long-lived Cs nuclei and results
in an apparent faster release 01' caesium.

The T!,O = In(2)/,Llo values for pure diffusion obtained
without (resp. with full) parent feeding are 22.S s (resp.
6.8 si, while the corresponding T,. values for effusion are
S.O s (resp. 2.6 si. 'More realistic' values of 17.0 s (resp.
4.2 s) are obtained with an arbitrary exponential release
function (lO s) 01' Xe. In ali cases. the relative errors derived
from the fitting method are typicalJy 30(10. On the basis of
the -; minimum va]ues there is no possibility to favour a
release parameter l'or Xe. Finally, -; values neither defi­
nite]y establish which of diffusion or effusion is the slowest

.uL

di!! usion !it s

10-2 10-'

-,.. (S-1)

eff usion !its

processO This. bowever. becomes possi ble wben measuring
nuclei witb even sborter lifetimes than shown here [IO].

4. ConcIusion

We have investigated tbe inftuence or decay in the target
when extracting information on tbe release 01' fission prod­
ucts l'rom ISOL targets. Tbc limiting case 01' a steady beam
situation provides a simple correction to the eross-sections
to be used in order to calculate the release efIìciency. Deter­
mination of release parameters l'rom the variation of et1ì­
cieney versus n uclear lifetime is simple but.
unfortunate]y. is poor]y suitable ror f"Ìssion products since
the parameters needed far the parent nUcleus are generalJy
not available under the same target conditions. So far. its
seems appropriate 10 use it to compare different target con­
ditions. but hardly to conclude about the dominant meeh­
anism 01' release. Ali in ali. a consistent approach of
analysis of release curves and efficiencies is necessary to
make sure that the deduced parameters have a physical
meanmg.
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