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Abstract

Perturbation of measured release curves of radioactive nuciei by the decay of precursor nuclei in the target is investigated. The target is
described by a simple model taking into account the direct production of the nucleus of interest by the reaction but aiso allowing decay of
the isobaric precursor to take place specifically during diffusion or effusion. Their respective contributions to the observed ion currents
can be enough different to lead to uncorrect analysis of the experimental release curves. As an example we discuss release curves of the
pairs of neutron-rich isotopes (**Rb™, *'Rb) and ("**Cs™, '*Cs) produced by proton-induced fission at the TRIS facility, Gatchina.

) 2000 Elsevier B.V. All rights reserved.
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1. Introduction

The efficiency of on-line mass separation of radioactive
nuclei critically depends on how fast the release of these
auclel from the target material is. Since the advent of on-
line mass separators devoted to decay spectroscopy in the
19705, considerable effort has been invesied to study
release properties, see e.g. a review by Kirchner [1] and
other proceedings of EMIS conference series. Recently,
these studies have gzot a new impetus owing to the
development of Radioactive-lon-Beam (RIB)} projects
hased on the isotope separation on-line. In Europe, the
next generation of RIB facilities shall be the Italian SPES
[2] and French SPIRAL-II [3] whose aim is to provide
beams of neutron-rich nuclei in the A = 30-150 mass range
at energies somewhat exceeding the Coulomb barrier on
most targets. The INFN-Legnaro, GANIL. Petersburg
Muclear Physics Institute (PNPI) and IPN-Orsay labora-
tories have joined efforts to study vields and release
properties of various target configurations using the on-line
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separator located at the IRIS facility, Gatchina. These
studies are also carried out in the framework of the planned
European radioactive beam facility EURISOL [4]). Neu-
tron-rich nuclei are produced by fission of nawral uranium
induced by 1 GeV protons. As a consequence of the broad
distribution of cross-sections for nuclide production, the
more neutron-rich isobars of the nuclei of interest are
formed with sizeable amounts. Thev contribute to its
creation via B decay in the target. This causes a delayed
production after the accelerator beam pulse. The aim of the
present paper is to present a formalism to allow this effect
to be quantified and to give guide lines to select nuclei to be
used for release time measurements.

2. Experimental frame

For producing neutron-rich nuclei at the future RIB
facilities SPES. SPIRAL-IT and EURISOL a two-stage
method is proposed. Fission shall be induced by secondary
neutrons produced by the reactions of a primarv charged-
particle beam of protons or deuterons. For the sake of
measuring release properties. in our experiments at PNPI
Gairchina, fission is induced by a beam of 1 GeV protons
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impinging on & U, targei. Reporis on recent experiments

carried out in this context can be found in Refs. [5-7).

In most reiease-lime measurements 7 SpeCIroscopy 15
used to measure the curreni of radicactive 1ons. Sequences
of accelerator beam on/off cycles are repeated uniil
sufficieni statistics is reached. In our measurements af
PMNPI the mass-separatled 1ons are collected on a tape for an
interval Ar afier which the tape is moved (Lransport time

25 8) to a remote counting station. The decay radiation is
counted for the same ume Ar, during which another sample
1. If the mother slement 15 not ionised and does

15 collecte
not conir
very simple. The number of collected nuclel nir) is obtained
by solving

via its decay on the tape the equations are

uie

dile)/dr = i(r) — anir) (1)

where f(#) 15 the 1on current impinging on the tape and « 1s
the radioactive constant of the collected nucleus. The
equations are solved with n{t;) = 0 at the begin of each jth
time bin. The number of nuclei collecied before transport is
n; = nif; + Ar). The number of decays during the counting
bam s

Ne=e*i | pe*dr (2)

where 1, 15 the transport ume. The set of N; values forms
the experimental release curve. As a matter of fact, if Ar is
respect Lo time constants. N, is closely
proporuonal (o the average value of i(7) during the jth
collection bin. This way, one obtains a good approxima-
tion of the time dependence of the ion current. The method
15 rather direct bul measurements are restricted to nuclel
with radioactive lifetimes not much shorter than 1 s due 10
transport at each counting time bin.

Alternatively, placing a detector
spot, collection and counting can be simulianeous. The
tape 15 at rest durmg the accelerator beam-on/ off cvele and
1s moved only before a new irradiation starting a new cycle.
Release times measured in that way were recently reported
by the IPN-Orsay group [8]. This allows to measure very

small with

=ing the collection

short-lived nuclei far from stability on the [alling slope of

cross-sections. The observed activity curve 1s an integral of

the release curve observed with the method at PNPT ar
thus less directiv related 1o the releass function

In the following, we
irradiation on the release curve of a nucleus only produced

by the beam. Then we introduce the feeding by mother

accay.
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t consider the miie duration of

true release function is folded with the probability to create
the nucleus of interest with time. be it during irradiation of
he target. which has to be long enough (o accumulate
counting statistics. or via p decay of its more n-rich parent,
The ion current to the tape is given by the following
CEPTCSSI00;

[

i) = (1) (3)

i) = I,r'il PR — e dr (4)
where i(7) is the ion current. ¢ is the ume independent
efficiency including ionisation and transport of the ion
beam (occurring with neglectible delav), &(s) the flux of
atoms reaching the 1oniser, p(1') 1s the m-target production
rate at time . r is the time of observation of the current
and £ the radioactive decay constant of the nucleus

The direct production in fission follows the beam profile:

pliy=p fort e|—1.0]

pir'

(t fort'=0 (=)

where i, is the duration of irradiation and the origin of
time ¢t = () has been set at the end of irradiation.

The contribution from f decay depends on the number
of mother nuclei present in the target

Pall ) = £y mil) (6)

where (') is the number of mother atoms, with radio-
active constant 4y, In the target (in the following we shall
use the index | for the mother and 2 lor the nucleus of
interest while the index 2 shall be implicit on the left-hand
side of equanons with indexed variables). This number
obviously grows steadilv when the beam is switched on and
remains non-zero for some time after the beam has been
switched off. This different time behaviour thus disturbs
the observed release curve, This effect shall be investigated

m a following seclion.

effusion. In Rel. [9] Kirchner quotes formulae giving the
flux of atoms per ume unit for diffusion for various
geometries of the target matter and for effusion in the
empty space in between (*void’). A common characteristics
ol diffusion formulas is that they are expressed a:
of exponentials.

correlated and are described by a single parameter §

a4 senes

Thewr amphtudes and time constants are
often
1 a release ume via
holds for a

With little additional complication

associated wi

although this relation only

of the formalism we use

a senes of exponentials of amplitudes and time

constants,
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The behaviour of each Relr) term is dominated by the
smallest (., v) constant, i.e. by the longest time constant. A
consequence is that s non-zero effusion time shall
eventually "cur’ the infinite series of diffusion after a finite
aumber of terms.

The principle of the calculation is displaved in Fig. L.
.‘E-uiii.l and dashed lines represent the beam profile {rectan-

yand activity of a nuc (1. the creation rate of its
mltlﬂl.h.ﬂ respectively. For each of them an element of flux
} produced by nuclei created during a ume siice
[¥. ¢+ di] is shown.

This example is calculated with T
spherical grains with py = In(2)/3
tmes are in arbitrary units.
the corresponding dux element (dashed linesy have
multiplied by 10 to be better visible.
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3.2 Finite du

IThe duration of irradiation 15 taken mio account

Eqg. (4}
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nuclel are nroduce
imtroduced the

Che index F stresses that these

d directly
notalions

bv fission. For compactness we

i

=LA, P=vVLA I=t+ k.,

and the function

e time
i is obvious

¢ constantls are

The fux is a series of exponentials with the
constants as K({), but different amplitudes. i
itom Fig. !, components with short
more strongly attenuated than
long-lasting irradiations leading to a saturation regime one
linds back the well-know attenuation {actor u, /{4 + u,
each exponential component.

those with long ones. For

i Tor

1.3. Decay in target
Introduction o
The creatior
mother nuclet n; in the t is difficult 1o estimate m;
since 1t reflects the interplay of the producti i
release time properties. The in-target production rate
depends on the own cross-section but also on § decay rate
of the parent, iLe. the grand mother of the nuclens o
interest. The same argument lmluh for the number of granc
mother nuclei and further up to the most remoie
precursors. including also I.h::rsv;- of higher mass .ia!-: '
phenomenon of J-delaved emission. In the
of our measurements with | GeV
can be extracted from literature values 2.2, Ref, [10].
sum of cross-sections is an upper limit because a fr
the precursors may be released

15 nevertheless small since

the mode!
rate is proportional to the

]:r.m It

number of

proions g=seclions

action of

before decaying, This
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long with
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mosl release Tmes are

respect to nuclear halflives of these exotic
Li;"!""'i‘-'";i-l'li'-'ti.l"l'- is consequently o
mother production rate p, as if it were due
il [ feeding mechanisms to
time scale much wlnh.l-:r than the
mother nuclens. We thus use a co
during

irradiation falling to
beam is switched off.
Tt is 1o be noted that the
diffusion and
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bewm, assuming al

CaaLGacin

slani producion p, rate

rern wien the accelerator
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ase process of the nueleus of interest remains to be
completed. This leads to the schematic model depicted in
Fig. 2. The migration of atoms 15 shown by honzontal
arrows from left to right. The nuclei are produced by the
interaction of the beam with the matier part of the tarpet
represented by the lefi-hand side box. The time [ of
creation is associated with the left-hand edge of that box.
The atoms diffuse, wherefrom the expression ‘diffusion
box’ is used in the following. and then reach the interface of
matter and void at time ¢ (middle vertical line). Then they
effuse in the void represented by the right-hand sids box
(thus ‘effusion box’) and finally they leave the target at ume
¢ (right-hand side edge). In addition. the nucleus of interest
is created by [ decav either during diffusion or effusion at
time #; (vertical arrows). This extra contribution to the
production rais has to be convoluted
with the reminder of the release process for the nucleus of

mterest,

the re

plEg) = A7 mylig)

3.3.2. Number of nuclei in 1arget

The first step i1s therefore to calculate the number of
mother nuclei. In either matter (diffusion box) or void
leffusion box} they accumulate but are lost by radioactvity
and migration. The number of nuclei is given by

£l
L

i5 defined as bei

. F g 15 the chance for stable

to remain in the tareet at dme 1. It 1s

whers Eir} must be replaced with IXr) or E(f) according 1o

The creation rat
box is the be

by integrati

of nuclel by the beam inside the
file pir}. The number of nuclei

on from —i; up 10 fna,

defined as

and Methads i Physics Research 4 3660 (2006) 46547
.||'.|'.-'I.!- =) = P> t"l'_'._-'rl I'.I-'.l i, L) € e (15}
k

The creation rate of nuclel inside the effusion box 1s the flux
at the interface of the diffusion/effusion boxes. It is
obtained from Eq. (4) by setung D) for the release
function R(1).

dpplt=0)=p ) agltf ap (U, 7) (16)

Ppeli=l=p \ T a

k! irr ML, L) €

We note that for each component of the expansion
Gl = pnpll) {18}

which results from the exponential form adopted for D).
The creation rate in the effusion box ¢ (1> 0) is non-zerc
alter the beam has been switched off. For the calculation of
number of nuclei the upper limit of integration is thus now
Imax = [ in both cases. Thus, for 1 =0 there are two terms as
a consequence of the different expressions to be inserted for
D petih

- Iy . :
ne(i<0)=p% ai— fplti.t.7) (19}
E jpaLiy
— gt U

*

tng(a) + ne(B)

nelt=M=p % a.
e (]

nela) = fplig, U, by

.'i_.t_"l:.ll"_:- = (] — g™t 1 pEcibE. U, ). (200

The new functions have been defined

g g

JpEcht U, l) =
i P =1

_-'r.”)f MU0 = -""”H:_i o, I} —'_-r.J'-.i;_::-!'!:'. i g

3.33 Ourgoing flux

In the final step to obtain the fiux of nuclei leaving the
target the creation rate by B decay is convoluied with the
last part of the release process experienced by the nucleus

of interest. This leads 1o

Dppil! = ;’ iip (I Ralr — rpye ™8 dy, (21}

dralth = | Ang(tg)Ealt — tgye™ "8 dyp (22}

The fiux of atoms cr ay during diffusion is

- —
.-_'rl-l:.- Ui = e 12
St R A
'-:_.l.||-,|!|':.'_. ) — Fipti va, I H (23
and
0 —
1 - i
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[t is logical that when B decay takes place during diffusion
the formulae do not contain the effusion constant v, of the
mother nucleus. Similarly, there are no diffusion consiants
py of the nucleus of interest when the mother decays
during effusion. The final expression for the Hux of nuclel
of interest is obtained by adding the contribution of the
direct production by delf) and those of B decay,
namely @pg(r) and g gpl1)

fission

4, I¥scussion

The formulae conlain a oo large number of parameters
to be of practical use for fitting experimental curves if none

of the parameters can be estimated independently. Even if

diffusion is described by formulae derived for simple
geometries [9], three parameters. uy, v and a scale, remain
for mother and daughter. Nevertheless, it is interesting to
study the diffusion of cffusion times
become close to zero, as these can result in different shapes
of the release curve. If the diffusion tme of the mother
nucleus is very fast it does not allow [ decay to occur
except possibly during effusion. The perturbation of the
release curve is then approximated by @ gy(r

the diffusion time is finite bur effusion is very
perturbation is given by ¢ pglf).

In order to carry out reliable release time measurements
one should select the experimental conditions to make the
contributions of the pf delaved functions @pp(1) and @ggir)
small compared with the production by fission ¢g{r). The
perturbation is obviouslv small when the mother nucleus is
quickly released, thus giving it little chance to decay in the
target, Moreover, as shown by the formula pifs) = Aumira),
the perturbation can be small in two
nuclear halflife. A verv short lifetime prompily depresses
the number of mother nuelei. The nucleus has only a short
diffusion path with the properties of the mother slement

limits when either

quick the

2y

). Conversely, if

reme cases of

usion and 2
of interest

unperturbed one
up. Alternatively, a

production rates gy and o
mother

iretme
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than the release time of the nucleus of interest reduces
number of decays during th urement c

An interesting result of the model with two hi
an acceleration of the release is also possible. This shall
shown in one of the examples discussed in Section 5.

the following we indicate some cases '-l-'l]L'i'l." nuclear
structure could help to reduce the influence of P decay in
target. Large jumps in decay lifetime mostly occur in even-
% mass chains. With respect to the average
Z'Jd{l—'i'k en pairing elfects lowers (resp. rises) the masses of
ven-even (resp. odd—odd) nuclei. This makes the decay
energy higher {and the lifetime shorter) if the parent
nucleus is odd-odd, and conversely, the
even—even daughter 15 longer.

A long mother halflife can occur close to the valley of B
stability where odd-even effects can be larger than the slope
of the isobaric mass parabola. Of special importance.
because thev are easily available by surface ionisation. are
the **Rb and **Rb isotopes. Their both neighbouring
isobars are stable. Moreover, these nuclei have isomers
with halflives of 20 and 1.0min emitting v ravs. thus well
suited for the study of LLlLdsL tmes ol shor t- hived rubidium
isotopes. The 3.3min Cs has similar properties. Slightly
off s ulDl]lI\ even—even nuclel are not stable ai 1Y
still have significantly longer lifetimes than the intermediate
odd—odd ones.

Far from stability the decay of a high-spin isomer in an
odd-odd nucleus 15 another way to avoid too much
perturbation. Decay of the even-even parent with [ =
07 hardly reaches such a state. Among Bb and Cs isclopes
*'Rb (37, 4.3min) and "**Cs (6™, 2.9 min) are suitable with
respect to halflife and the fact that there exist v rays almost
free of interferences with the decay of the lower-spin
ground states.

end the

lifetime of the

lonzer but

5. Exampies
5.1, Example |

As first example we compare the release curves _'-|'

S (T = 3.46 min) and BTy =9 ‘. 1m| he
isomer in '“"Cs is populated only by f Csis
also the P daughter of "#Xe (T);» '.'a_l. The tarset
tested has “fast’ . In this context, the t
‘fast’ means that the release time constants of
shorter than the Xe parent halflife.

The -._'tp-._'rimcmul method 15 the one descnibed in Section 2.
Irradiations have been long enough to reach saturation of
the ion currents. We show in Figs. 3
release curves after the proton

151011, while

release properties

cesium are

and 4 the part of the

beam has b hed off.,

L '”I'!'L'I'I'I'I'I ntal release -OrTre-

sponds to the Aux function ¢ i), A [air it 15 achieved with
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ot . et cuams et componant. The parameters, T,(xe)=10s and
E T.iXe)=5s. are strongly correlated since @pglr) and
] [ frgii) have a similar shape. Actually, the curves shown
~ ] t in Fig. 4 are not the results of fits with free varving
CI - parameters but are calculated. Nevertheless. the scale of the
g : ) E sum of these parameters 15 important because it controls
- the amount of Xe decaving in the target. The analysis of
& ] the release curve of '**Cs is not ery conclusive about the
E ail . release of Xe. but. at least, it shows that the curve can be
St 3 reproduced with realistic values.
! |- 3.2 Exampie 2
. - N ;
! 20 30 40 =1 As another example we analyse release curves of
Time Ts] rubidium isotopes for a target with much slower release.
We show in Figs. 35 and 6 the decay part of the release
o et diffusion component .y ves for YRB™ (T = 615) and 'Rb (T, = 58s).
. Slow release implies that the release parameters (y,. v) are
comparable with the radicactive constant They are
" . possibly poorly determined since the fits are sensitive onl

U | x
£ : L
i (

-2 o |
w1074 4 E
£ 1
o Dg L
B | I

Ef
)
I T T -
i C - ol
Time [s]
Fig. 4. Release curve for **Cs. The Cs par

lhose ex

Xenon s

and define the Nonct

lunction

I3 I0C 5um o«

above the fir

I_"'.'I'I‘."-I'.i.l_'l'l'l'l_':" |

one expon ch. however,

ponl, A better f

DASAES

i5 thus possible

seguence of diffusion and effusion. The deduced para-

correspond

y=loe(2)/u = 54(Trs and

efined.

current

T tha
lecommnosec
~1i
ction
ections [ where for Xe the value wsed is the sum of
T AR} & q [F-dec [ he Xe ie
. i implified b ne ¢

to the sums w; = 4+ . and v = 4 + v. Choosing these Rb
1sotopes of very similar halfiives decreases the impact of
possible errors since fits are carried out over the same time
range.

The release curve for *Rb™ represents the flux function

deleh. A very good fit 1s obtained with two exponentials.
The parameters (T, = log(2)/ 1. a;) are {15({3)s. 0.62) and
(1965, 0.38), respecuvely. The latter 15 poorly delermined
due to the short fitting range (30% error). We note that
such a good fit is not achieved with a standard diffusior

senes. The curvature of the curve excludes that one of
constants is associated with effusion {in which case the
curve had flatiened at the top). Therefore effusion 1s not
observable, 1.2. 1ts me constant 15 much shorter than 1535

The release curve of “'Rb exhibits the less usual feature
of an extra fast component which has 1o be assoeiated with

.
1Ll
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Fig. 6. Release curve tor ' Rb. The Rb parameters, except for sca

those extracted for “"Rb™ and define (1

unction doe(f) (lom

Krypton parameters are a diffusion and an effusion time resulting in the

functions d, . The zolid line

shori=dashed line) and @ (¢ (doted line)

1% the sum of I0E1S. See 1

'Kr (7

decay ol = 8.65). As above. the relanve

production rates for krypton and rubidium are taken from
the measured cross-secuons [10]. Beta decay dunng
diffusion {represented by ¢ pg{r}) does not produce a steep
enough component at short times, [ts time dependence 15
soverned by the slow diffusion of Rb produced after decay.
In contrast, the assumed very short effusion time for Rb

makes ¢p to be sensitive to Kr parameters and to

produce the fast component of the experimental curve. In

6 the consianis

used are T Kr)=215 and
critical but,
nevertheless, a too quick effusion of Kr (i.e. much shorter
than the halflife of "' Kr) would suppress the probability of
the enhanced release exhibited by @ gplr).

T

(Kr)= 10s. These wvalues are not very

6. Conclusicn

ve developed a

analysis of release curves of radicactive nucler. It ailows

framework for the empirical

to implement the production of the nucleus of interest via
decay in the tarzet, which is able to significantly modily the

ves. The perturbation is small in case the

eding a(r) is small aguain

his could happen. e.2. when the 1
removed

ni¢) smail) or has

from the

argel Dy Ils ST OWn

itile chance to

interesi). The model 15

nucicus ol

(5 GraWDCk 15

SOWI lL' =oud I
of parameters. These

single release curve. It it 15 not possible to fin

100 many o DE o

prevent feeding by i deca

nuclear Properies

mves hints o find those with small perturbaton.

can be constramed by

1either possible the parameters

: channs, sir

alysing curves recorded for various

release depends on the element and nol on 1S 1S0t0pe.
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