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Abstract

Production of on-Iine mass-separated neutron-rich isotopes using fission induced by ] GeV protons on high-density uranium targets

(typically ]] g/cm3) has been investigated for severa] years at the IRIS facility. Bere we review some of the achievements during the years
up to 2006 and the perspectives. In particu]aL we present a comparison of yields in p and n-induced fission. enhancements by secondary
neutrons. a comparison with lower-density targets used at PARRNe and ISOLDE for Rb and Cs isotopes and preliminary resu]ts
obtained with a new UC target materia!.
© 2008 E]sevier B.V. Ali rights reserved.

PACS: 29.25.-t: 2<),25.Rm

J{e1'1I'ol'ds: Particle sources and largets: Sources or radioacti\'e nuclei

1. lntroduction

The demand for targets containing large amounts of
uranium has been increased by the new projects concerning
radioactive-beal11 facilities of the next generation based on
the ISO L l11ethod [1-3]. The use of a high-density target
material reduces the volume of the target unit and thus
the effusion time. We developed high-density uraniul11 car
bide targets. of density c10se to the theoretical 1110no-crys
tal value. and carri ed out extensive tests at the IRIS facility
located at PNPI-Gatchina. Russia. in the framework of the
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PNPJ-LNL-IPN Orsay-GANIL (PLOG) col1aboration.
These works have been pub1ished in [4-IOJ and Sl1mma
rized in an activity report covering the measurements unti l
2006 [11]. Modelling the perturbation of re1ease curves due
to elecay of precnrsors in the target is also pl1blishec1 else
where [12,13]. Measurements of very short-lived francium
isotopes and of more difficu]t e1ements like Ag anel Sn
are reported in other contribl1tions to this conference
[14]. Here we present some measurements with the fission
products of Rb and Cs.

2. The IRIS facility at PNPI

IRIS (investigation of radioactive isotopes at synchrocy
c]otron) is a lSOL on-line isotope separator facility using a
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Fig. ]. Rates of rubidiul11 isotopes produced in a 19.~ g/cmè UC, target
by 100 nA of ] GeV prolOns. based on cross-seelions Itriangles. full ironly

Rh is considered. open if ali precursors deeay in the targel). a ealculation

wilh an early version or MCNPx (dotled line) [5] ami a recent one using
CEIV1.2.(>.l1 (dashed line) [lg]. in which ali lìssions induced by secondary

panicJes are incJuded.

98 100

]1roton beam 01' ] GeV with currents or about o.] p A.
Except l'or com parison or n- a ne] p-ind uccd fìssion yielcls
the ]1roton beam is sent di rectly to the target. The ]o 111m
size or the ]1roton beam s]1ot corresponcls to the dia meteI'
or thc targets. The number 01' fìssions is a rew 10"'/s. The

deposited ~heat (0.1 ~IA times 4 MeV ]ost in ]0 g/cm2) is
negligible against the externa] ].8 kW requirecl to keep
the target at 2000°C. Thcrmal condition in the target is
thus not aflected by beam pulsing.

The atoms or the produccd radioactive nuclei are
re]eased rr0111the targeL ionized in the ion-source. mass
separated a nel then implanted on a movable tape. Tbe col
lected activity is transported arter 1.25 s in rront or a I or a
~-radiation detector l'or counting. Yields are measured in a
steady state to allow l'or equilibriu111 to be reached in the
targeL whereas the recording or release curves requires pro
ton beam pulsing.

3. Release times
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The ]ength or collection/counting cycles is chosen to be
short with respect to characteristic reJease times and radio
active half-Jives. The number 01'counted decays is therefore
closely proportional to the average ion current during col
lection. Many such cycles are included in a beam pulsing
cycle. starting with an irradiation and followed with the
measurement arter the proton beam has been switchcd otT.

Release curves are analysed as sums 01' terms with time
dependence given by e-U'k+i.)t and e-I \'+;.)/ factors. where Ille

refers to a term 01' the ditTusion series [15]. " to the effusion
term and l. is the decay constant. Our release curves exhibit
a slow and a fast component. This decomposition allows a
much lower i than the shape corresponding to the convo
lution or diffusion out 01' spherical grains and effusion. An
open question is what the origin or these components could
be. If we express the release function as

with normalisation implying al + a2 = I. the observed
curve during beam-off after a long-lasting irradiation is

R(t) = c(al-!_ll-.e-U'I+i.\t + a2~e-l.I/~+i.,/)!ll + l. !l: + l.

and the release efficiency is

!ll !h
é: = al ---o + a: ----o .

Ili + l. Il: + l.

Variation 01' etDciency versus lifetime 01' isotopes is thus an
indirect measurement 01' release-time. However. thc mere

calculation or efficiency can be biased by assumptions.
Experimental cross-sections l'or I GeV protons are avaiJ
able [16]. but the impact 01'neutrons produced in the target
is more difficult to estimate. Furthermore. fission creates
neutron-richer isobars 01' the nucleus 01' interest. a fraction

01' which may decay in the target before escaping. see [13]
l'or a detailed treatment. The actual in-target distribution
is thus intermediate between those shown in Fig. I. In addi-

tion. the caJculated experimental ion current depends on
the intensities Or y transitions per clecay. They are not a]
vvays trusta ble enough. An unl1sl1ally severe mistake was
done in the decay 01'92Rb. see [17]. but scaling errors within
a ractor 01' 1.5 seem to be common. In our experimental
conditions the etDciency is a quick method to evaluate
the release-tÌme perrormance 01' a targeL but cannot teach
much about the details 01' the processes.

4. The HDR material

A high-density rod (HDR) UC, uranium carbide
(p = l 1.2 g/cm3) with an average grain size 01' about
200 ~l has been used l'or the early tests. Release properties
al' targets made 01' this material. be they as a rod or pow
deL are very comparable and no dependence on thickness
(at least up to 20 g/cm2) has been observed. They are thus
dictated by the grain. and must be associated with diflì.l
sion. Release cUl'ves can be decomposed into about 1 min
(fraction (tle or 0.2-0.3) and 25 min components. Il' they
had been record ed with a short-lived isotope (sa)' a rew sec
onds). the sIow component could only have been noticed
l'rom the discrepancy 01' experimentaI and calcl1Iated
efficiencies.

4.1. Pl'olo17 vel'.I'lI.1'nelftl'o17-induced/issio17

In fission induced by nel1trons. the production 01' neu
tron-rich isotopes far l'rom stability is enhanced with
respect to proton-induced fission. V/e investigated this
efTect experimentaIJy. The target materia] was a powder
with an effective density 01' 7.36 g/cm3 and a thickness 01'
19.8 g/cm2. Both the UC target and the ion-source were
operated at 2100 cc. It turned out that the deduced efficien
cies (defined as the observed yield divided by the in-target
production rate ca1culated with MCNPx) l'or long-lived
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Carbonization or the tungsten outer target container
leads to fast destruction. The long-Jasting-target (LL T)
unit ditTers fro111the early versions by the thicker waU or
the W target container (1'1'01110.25111m to now 0.50 mm)
and the ract that its contact with the inner graphite con
tainer is avoided. The tested target was 9.2 g/cm2 thick.
Yields and release curves were measured before the targel
was off-line continuousIy heated during three months at
2030 0c, and atter. They remained the same. The less than

2'% increase 01' target resistance suggesls that the heating
cou]d have continued further without damage.

Fig. 2. Ratio or yields per nelltron (resp. proton) l'or ncutron (resp.

prolon)-indllCecl lission verSllS the distance l'rom lhe bne or stability l'or

nelltron-rich isotopes or Rb. In ano Cs. Error bars due lo counting are
smaller than the symbol size.

nuclei were a few times higher in (/JJ) than in (pJ). We
consequentIy Iowered tbem by tbe efficiency ratios of 3.3
(Rb), 2.0 (In) and 2.7 (Cs) for drawing Fig. 2 (this COITec
tion was not done in [Il]).

4.2. Enhallcemeill due to target thickncss

The rate of fissions induced by secondary particles
increases with the square of the thickness. These secondary
particles are mostly neutrons produced via (p, x/J) or
accompanying fission. They add extra cross-section to fis
sion wi tb a (Z, A) distribution shifted towards the most

neutron-ricb isotopes. Fig. 3 shows ratios of yields for
the HDR as a l'od of 8.2 g/cm2 thickness and as a powder
of thickness of 1.9 g/cm2 obtained by smashing the rod
(thus the l'od target is 4.3 times thicker than the powder).
There is indeed a slight enhancement of yields of the most

n-rich isotopes, which cannot be accounted for by invoking
a shorter release-time since the releases curves measured for
l'od and powder targets are quasi identicaL

5. HDR yersus PARRNe target materia I

The release-times measured for the HDR remai n defi

nitely longer than those reported by the P ARRNe groLlp
al IPN-Orsay. In order to see whether this is an anifact
of the different measurement metbod or not. the 'Iow-den

sity' target materia] used at PARRNe (LDr. p = 2.32
g/cm3, grains of 25-35 Il) was prepared according to tbe
proper specifications and tested at IRIS. A new constrLlc
tion unit, in which ionisation only takes piace in the con
tainer, was built for the purpose of comparison in the
same geometry of HDR (now 6.7 g/cm2) and LDT (2.8
g/cm2 distributed among 8 pellets each of 1.2-1.6 mm).
The HDR higher mass results in higher production for
all nuclei measured, see Fig. 4. Yields of long-lived nuclei
sca]e up more than target thickness, which again hints at
fissions induced by secondary neutrons. The decrease of
the excess for shortest-lived isotopes confirms that the
HDR target has slower release tha11 the LDr.

6. Small grain uranium carbide target

The above comparison suggested the L1seof a smaller
gl'ain material. The new high-density pellet (HDP. grain
size 20 Il- P = 12 g/cm3, thickness 6.3 g/cm2 shared 011

Fig. 3. Enhancement 01' the yields 01' very nelltron-rich Rb isolopes witb
target thickness. Lh.s: Release Cllrves al T = 2050 cC recorded wilb 130CS
(T1/2 = 9.27 minJ. 1'.h.s: Yidd ratios arbitrarily normalised. The dashed
line merely gives a trend. whereas the dotted line is tbe calcllialeo ratio or
efficiencies. basecl on release times.

Fig. 4. Yields or Cs isolopes in ions/s produced b\' the ionizing larget with
I--IDR (6.7 g/cm2) sho\\'n as lriangles. LDT (PARRNE-like) at [R!S 12.8

g/cm2) sbo\Vll as circles.
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Fig. 5. Comparison of relcase efhciency for the reJerencc HDR (c1osed

squares). lhe LDT PARRNe-lìke (open circles) amI lhe ne", 1·10 Pellet

largel (closed squares). Note lhal experimenlaI eross-sections [16] have
been used and lhe scale has been adjusted to unity for lhe long-lived

isolope.

3 pelIets 01' thickness about 1.6-1.9 mm each) has been
delivered in spring 2006. The target has been operated at
1700°C due to a technical problem. Low ionisation effi
ciency explains why yie1ds al' 10ng-lived nuclei were about
30 times lower than the best ones vvith the HDR target.

The re1ease efficiency al' the three targets compared in
the same geometry is shown in Fig. 5. It was necessary to
multiply by 2 alI the yields far 142CS in order to get a
smooth behaviour. This might point to a prob1em with

spectroscopic input. The enhancements 01' neutron-rich iso
topes due to secondary neutrons produced in the targets
cannot be very different as the thicknesses al' the HDP
and LDT used for this test are comparab1e. Therefore,
the a1most overlapping trends 01' relative yield versus
ha1f-life suggest that the new HDP and standard LDT have
very similar re1ease properties.

A direct release-time measurement was made l'or HDP.

The flattening. instead 01' a steeper rise. near the origin 01'

time 01' the releasecurve al' 130CSll1was fitted by the convo

lution 01' sequential diffusion and effusion witb ha1f-time
constants 01'5A s (representing either diffusion or effusion)
and about 3 s (representing the other one), see [12]. This
result suggests that one starts to see the effect 01' effusion.
as diffusion has become much faster than witb tbe originaI
ED R ma teria!.

7. Ol1tlool\

We studied yields. efficiencies and re1ease-times or UC,
high-density target material or grain size about 200 p oper
ated at temperatures 01' typically 2100 cc. This target was

proved to runction alter 3 months or ofT-Jine hcating with
out Joss or its perrormance amI alIows highcr yields than
thc low-density target in use at PARRNe-Orsay ami
CERN-ISOLDE l'or a11 Rb and Cs isotopcs with halr-Jifc
longer than one secondo but its release is slower. This draw
back is removed through a newly man ufactured high-den
sity UC materia!. now with a grain size of 20 p. This
material shalI be rurther tested to charactcrize it rulIy.

Our lack 01' insight in the mechanism or release prevents
us to predict the properties 01' a 1 kg target. Longer effusion
path and increase 01' the num ber of secondary f1ssions work
in apposite ways. Thus. in J une 2006 the fìrst on-Jine exper
imenl with a thickness or uranium or 91 g/cm2 or the new
material was carri ed out. There was Jittlc loss or ef1ìciency
even for activities as short as a rew seconds and this target
was successfu11y test ed for its long-te l'm stabiJity.
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