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ABSTRACT

Release rates of various reaction products formed by 600 MeV proton irradia-
tion in samples of W, Ta, Hf, Mo, Nb, V, UC, VC, TiC, BaBg, CeBg, BaZr0,, CeS,
Ce;S, and uranium-impregnated graphite cloth (20 um fibres) have been measured.
The samples, in the form of powders (v 10 um particles), fibre cloth, or in one
case liquid (Ce,S,), were contained in Ta or graphite at temperatures in the
neighbourhood of 2000°C. At such high temperatures, fast release was observed
for a number of elements, i.e. S, Cl, Ar, K, Ca, Se, Rb, Sr, Ag, Cd, In, Sn, Sb,
Te, I, Xe, Cs, Ba, Yb. The release data are accounted for by different diffusion
and desorption processes, allowing each system to be characterized by a temperature-
dependent parameter U, related to physical quantities like activation energy, dif-
fusion coefficient, and particle dimension. On this basis, the different matrices
are compared in terms of expected delay properties for on-line application. By

taking into account material demsity, vapour pressure, and stability towards

. sintering we indicate some promising target systems for on-line application at

the ISOLDE isotope separator, coupled on-line with the CERN 600 MeV Synchro-
cyclotron. Some 30 different product elements are expected to be separated from

these target systems.
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INTRODUCTION

The purpose of the ISOLDE on-line isotope separatorl_s) at the CERN Synchro-
cyclotron is to provide mass-separated sources of short-lived isotopes of as many
different elements as possible, in order to allow systematic studies of the pro-
perties of nuclei far removed from beta stability. An essential part of the
facility is the target system, where a broad range of nuclides are formed as end
products in complex reactions between the impinging 600 MeV protons and the
target nuclei. A great effort has been put into the development of target and

ion-source systems, which should combine high production yields with short hold-up
d

times between th iation of the desired P u its subsequent

mass separation and collection for measurement. An account of this work up to
1974, including a complete list of earlier references, may be found in the paper

by Ravn et al.").

The penetrating power of the 600 MeV protons demands the use of thick targets
in order to make efficient use of the primary beam, and the time-limiting step in
the whole process of on-line mass separation is then generally found to be the
(continuous) transfer of the reaction products from the target matrix and out
into the free volume above the target. One way of reducing the delay in this
process is to use liquid targets, and a popular target type at ISOLDE has been
molten metals at temperatures up to 1500°C, where the release of volatile products

apparently is governed by the rate of desorption from the liquid surface*»5) .

The early use of refractory target compounds by Klapisch et al.s) and Hansen
et al.”) prompted a systematic investigation of long-term chemical and physical
stability, as well as release rates of selected tracer elements, for a number of
refractory materials, in order to evaluate their possible utility as ISOLDE tar-
gets. Preliminary data from this study have been reporteda) at a recent con-
ference. The most spectacular application has so far been the observationa) of
the new Rb isotope, the 1" = ot self-conjugate nuclide 1%Rb of half-life 64.9 msec,

produced from a niobium-powder target at 2200°C.

We discuss in Section 2 the basic principles for choosing refractory target
materials and list some characteristic properties of the materials taken for in-

vestigation in the present study.

After describing in Section 3 the experimental techniques, we give in
Section 4 the results of a search for suitable containers as well as release-rate

data.

In Section 5 we treat the release-rate results in the framework of a simple
diffusion model and discuss in detail the behaviour of the individual systems in

view of their prospective use as on-line targets.
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Section 6 contains some additional comments on the relevance of the present

investigation for future on-line application.

CHOICE OF MATERTALS

The idea behind the use of refractory powders as target material is to com-
bine short solid-diffusion paths and high temperature in order to ensure fast re-
lease of volatile reaction products. In general, the temperature should be as
high as possible in order to enhance diffusion and desorption processes, without

exceeding the melting points of the powders or producing intolerable pressure

increases. In Table 1, columns 2-4, are summarized some physical and thermo-
dynamic propertiesg_ls) of the investigated materials. From thése data we -have

estimated some maximum temperatures (Table 1, column 6) at which the systems can
be operated, assuming that in order to assure proper operation of the ion source,

a vapour pressure of less than 1073 Torr must be required").

In general, we notice that the metal powdefs are sufficiently stable to be
run at temperatures above 2000°C, while refractory compounds of borides, sulfides,

oxides, and most carbides, are limited to temperatures slightly below 2000°C.

The optimum target thickness, i.e. of one interaction length for the 600 MeV
protons, corresponds to v 45 g/cm? for V and v 160 g/cm? for U, taken as extreme
examples of prospective target materials discussed in this paper. Assuming about
50% porosity of the powdery material, it is seen from the densities quoted in
Table 1 that a 20 cm long container (our practical limit for mechanical design)

fulfils this requirement in most cases.

The release rates of various products formed upon irradiation of the powders
are closely related to their diffusion coefficients in the solid particles. A
rough estimate of the lower limit of these coefficients is often obtained by
looking at the self diffusivitiesls), and in Table 1, column 5, we have included
some data of this kind.- Note that, in general, the activation energy for self
diffusion in metals is related to quantities reflecting the strength of atomic

binding. A useful empirical relationship has been pointed out by LeClaire17):

QNBSXTm,

where Q is the activation energy (cal/mol) and Tm is the melting point of the

metal in °K.

The transport of substitutional impurities in metals is usually controlled
by vacancy mechanisms. In such cases one can expect the impurity diffusion co-

efficients to take values about a factor 10-20 higher than the corresponding

16).

self-diffusion coefficients However, in certain cases, when interstitial
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mechanisms dominate, orders of magnitude in favour of impurity diffusion can be
experiencedls). Strong components of this mechanism often appear in metals with
bece crystal structure, a structure which is exhibited by all metals included in

Table 1.

EXPERTMENTAL TECHNIQUES

3.1 Vacuum oven

The preparations and release studies described below were performed in an
oven mounted inside the vacuum chamber (5 x 107° Torr) of a standard evaporation
unit, as shown in Fig. 1. The oven, which consists of a tantalum tube mounted
between two water—cooled current feedthroughs, could be heated to a maximum tem-—
perature of 2200°C. The temperatures were measured by means of a two-colour

optical pyrometer with an accuracy of *10°C around 2000°C.

3.2 Preparation of samples

The physical form and origin of the initial materials follow from Table 2.

In most cases the samples were prepared by heating (sintering) of about 5 g
of the powder in a suitable container (tantalum or graphite, see Table 1,

column 7) at a temperature between 1800-2000°C for 5-15 min in the vacuum oven.

A different procedure was used in the preparation of uranium-impregnated
graphite cloth, where the method!®) developed at OSIRIS was applied, with the
addition of one more heating step. After decomposition of U0, (NO,), at 900°C
the samples were heated to 1700°C in vacuum for about 3 h, in order to transform
the initially formed uranium oxides completely into UC. By examination under a
microscope no deposit was visible on the cloth fibres, indicating that the UC had
formed a solid solution in the graphite. The amount of uranium in the final

samples averaged about 30-40 mg/cm2 cloth.

Ce3S, ("cerium black'") was prepared by vacuum heating of Ce,S; at 2000°C for
1h!%,

3.3 Test of crucibles

All the materials listed in Table 2 have been tested in quantities of about
5 g in boats made of Ta over prolonged periods of heating at temperatures around
2000°C. Those which were found to attack the Ta container were subsequently

tested in graphite crucibles under the same conditioms.

During these tests some measurements of evaporation losses were included by

weighing the samples before and after heating.
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3.4 TIrradiations and release measurements

Samples were irradiated with 600 MeV protons in the external beam of the
Synchro-cyclotron for periods of 1 hour to several days. Following a cooling
period depending upon the half-1ife of the nuclide(s) to be measured, it was
possible to identify a number of specific spallation/fission products in the
samples by means of y-ray spectroscopy, using a large-volume Ge(Li) detector. The
v-rays assigned to radio-nuclides used for the release measurements are listed in

Table 3.

The release measurements were performed by placing a sample (typically about
100 mg and less than 1 UCi activity) in the oven. Temperature equilibrium between
the tube and sample was assumed to take place within a short time (less than
1 min). A y-spectrum of the sample was recorded before and after a period of
heating, and in most cases the heating and measurement cycle was repeated 1-3
times at each temperature. A new sample was taken for each new temperature.
Since the release of products from Ce,S, was measured from molten samples, a
slightly different method was used in this case. After irradiation a small sample
was transferred to a tantalum evaporation boat, with a ratio of volume to surface
area of 0.24 cm, and mixed with 1 g of inactive Ce,S,. The whole sample was kept
molten in periods of % min, and y-spectra were recorded between each period of

heating.

RESULTS

4.1 Containment

Tantalum containers are in most cases found suitable for containment of the
refractory metals up to their melting points. Hafnium can be kept in Ta only up
to 2100°C, due to the formation of a low—melting alloy. The carbides and borides
all caused serious corrosion in Ta within one hour at temperatures around 2000°C.
On the other hand, graphite containers were found not to react with these com-
pounds. For example, in a 48 hour test with UC, contained in graphite at 2000°C,

no sign of corrosion could be seen.

According to Eastman et a1.13) the cerium sulphides do not react with Mo

crucibles, even in the molten forms. We found the same to be true for Ta.
Our final choice for crucible materials follows from Table 1, colummn 7.

4.2 Release rates

The results of release measurements in different matrices are shown as data
points in Figs. 2-6, where the "fractional activity" of a number of elements is
given as a function of sample heating time. The fractional activity of a given

element is defined as the ratio between the activity of a characteristic isotope
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in the sample after a heating period and the activity before any heating treatment.

Some additional data, not included in the figures, are given in Table 4.

DISCUSSION

5.1 Release mechanisms

In order to understand the observed release properties and to make a quanti-
tative comparison between different systems, we have to account for the release

mechanisms that are in operation in such materials.
In powders, two different mechanisms are involved:
i) The diffuéion of the products to the surface of the powder particles.
ii) The diffusion through the pores of the powder bed to the sample surface.

The relative importance of these processes depends on the particle dimensions
and pore structure, as well as the physical and chemical properties of product
elements. Our main concern will be those cases where mechanism (i) is found to
be time controlling. Cases where (ii) is dominant are of less practical value,
since the products belonging to this class in general will be strongly delayed
in the multigram quantities of material needed for thick-target on-line experi-
ments. In the following we will start by assuming process (i) to be time con-
trolling and then discuss for which classes of products this assumption can be

expected to be valid.

The diffusion in solids is described by Fick's second diffusion equation.
By solving it for uniform spherical particles with an initially homogeneous ac-—
tivity distribution as boundary condition, the following expression for fractiomal
activity F(t) can be derived!®):

[ee]
6 1 -k?ust
HORE I~ TRl €b

k=1
where t is the heating time and My is a diffusion parameter. In the practical
case the particles are neither spherical nor of uniform size. Still, Eq. (1),
together with the experimental release data can be used for determination of an
"average" characteristic us—value for a given system at a given temperature. This
can be done graphically, since with increasing heating time, only the first term
in the series becomes effective, giving an exponential release with slope “Hg
(and, with the normalization F(0) = 1, an ordinate intercept of 0.61). The

curves in Figs. 2-4 have been fitted to the experimental data by means of Eq. (1).

The ué—parameter is related to the particle radius (r) and the product dif-

fusion coefficient (D) in the following way

2
m°D
W, = o7 - (2)
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This relation shows the importance of reducing the particle dimensions as much as
possible, without causing the mechanism (ii) to become dominant. In principlé,
knowing us and r for a system, D can be calculated from Eq. (2). However, due to
the uncertainties involved (particularly in r), only order of magnitude estimates
of D can be carried out. In cases where D-values are available from literature,
a comparison with experiment may decide the nature of the release-controlling

mechanism.

The temperature dependence of M is described by the Arrehnius relation:

-Q/RT
= e

u , (3

s

where Q is the activation energy for the diffusion process, R is the gas constant,
and T is the absolute temperature. Note that the relative uncertainty in Q is

much less than in D, since the uncertainty in r does not contribute.

A quantity of great importance in characterizing an on-line target system is
the release yield Yobs/Y’ defined as the ratio between the observed yield (Yobs)
of a nuclide and the yield (Y) that would be obtained if there was no delay in

the target system. From the discussion in Ref. 3, it follows that:

3
= = 2 (4
Yobs/Y = Vus7k, for A ZUS . (&)
where A is the decay constant for a nuclide being released. This means that the
delay properties of specific target materials can be judged as soon as the M~

values are known.

So far we have neglected the possible influence of mechanism (ii) on the
release process. In order to evaluate for which cases such an assumption can be
justified, we have to consider the quantities describing the transport of products

through a porous solid.

Assuming the transport as occurring through a number of non-intersecting

capillaries, one can define an effective diffusion coefficient, De’ in the
following way2°’21):

D=€2—LL—D , (5)
e t

where € is the porosity, Le/L is the ratio of the actual diffusion length to the
straight-line distance through the solid, and Dt corresponds to the diffusion co-
efficient for diffusion of a product through a cylindrical capillary of radius p.
Using Fick's second diffusion equation, one can show that the average time (t)
needed for a product to pass through a capillary of length L is given byzz)

L2
(&) = — . (6)
6D




This average time may also be written as??)

2 2
L LT
= 2+ =
(t> 4pu 802 s (7)
where the first term represents the delay caused by the cosine law of evaporation
(u is the average velocity of the product) and the second is due to the existence
of a finite time of surface lingering, T. Surface migration is not included in
Eq. (7), since it is believed to be negligible in our casesZ3). For situations

where the first term in Eq. (7) dominates, we find

D, = (8)

.
|9

wir
ko)
e
.

which is the Knudsen diffusion coefficient that usually dominates when physical
absorption takes place between product and surface. If the lingering time is

high, we get

_4p?
by =37 - (9)
The time T is given by the Frankel equationzq):
kT
T =0 VKT (10)

where T° is a constant of the order of 107!% sec, q is the surface desorption

energy, k is the Boltzmann constant, and T the absolute temperature.

Having derived a De—value for a particular system, we can apply the diffusion
law in a similar way as described above, now assuming process (ii) to be time

controlling. The result ist®):

8§ v 1 - (2k+1) 2upt
F(t) = o Z“—“—‘(zk Lore (2k+1) "upt (11)
k=9
where
2
'lTDe
L W
p Le

For powder systems discussed in this article, at temperatures in the region

of 2000°C, the products can be divided into three classes:

i) Elements of Groups 1A, 8A, and possibly 7A in the periodical system. These
products are characterized by Knudsen diffusion in the pore system [Eq. (8)],

leading to Up >> Mgs which means that mechanism (i) will be time-controlling.

ii) Products of Groups 2A, 6A, 2B, and some other rather volatile elements (Eu,
Sm, Yb, In, etc.). In these cases the pore diffusion will be dominated by the
lingering time [Eq. (9)], but still up >> Hos which again ensures mechanism

(i) to be time-controlling.
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iii) Refractory products with very high gq-values, leading to Up < Hg- Such pro-
ducts (Ti, Zr, Hf, etc.) will be strongly delayed in the pore structure of

the powder and cannot be produced efficiently from thick powder targets.

Release from a liquid system has been studied in the case of molten Ce;S,.

The characteristics of liquid targets are somewhat different from solid targetss’zs).
It is commonly found that the release process can be described by a single ex-
ponential function,

F(t) = e MF (12)

where uz is believed to be related to the surface-desorption step. This descrip-
tion also fits the data given in Fig. 6. 1In this case the release yield is given
bys)

My

Tobs/Y T X (13)

L
It is interesting to compare Egs. (4) and (13), which show that the delay pro-
perties of solid diffusion-controlled targets depend less strongly on the charac-

teristic parameter | than in the case for those controlled by a single desorption

step. This situation is also apparent from Fig. 7.

5.2 Sintering effects

It is an empirical observation that when a powder is heated to more than
half its melting point, sintering takes place. This process causes the particles
to join together, resulting in grain growth and removal of pores. Clearly, the
delay properties of powders may be influenced by such effects. In general, the
sintering rate is known to depend on the initial particle dimension, self-diffusion
coefficient, temperature, and indirectly on vapour pressurezs). In particular,
the first quantity is important, the initial rate being inversely proportional
to the cube of the linear dimension of the particleze). For this reason, particle
sizes below some 1-5 um are in most cases not suited when a stable powder struc-
ture is desirable. Although some models predict grain growth to continue until
the theoretical density is reached, it is commonly observed that growth slows

down and even stops at larger grain sizes.

To what extent sintering influences the properties of specific target materials
can only be determined on the basis of on-line tests, where repeated measurements
of the delay properties are performed during prolonged periods of heating. Such
tests have been carried out on two systems, i.e. Ta(20) and Nb(20) powder, mea-
suring the delay of Yb and Rb, respective1y3’7). No changes were found in these
two cases. The off-line measurements show, however, that changes must be expected
in a number of systems. In general, it appears that ceramic powders are more ex-

posed to sintering than metal powders, possibly because the vapour pressure of
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ceramics tend to be higher than for metals, as seen from Table 1. The symptoms
of major sintering are:

- No increase in release rates with decreasing particle sizes. (Examples are

CeS, VC, UC, and Mo powders. See Figs. 2 and 3 and Table 4.)

- No increase in release rates with increasing temperature. (See results for

CeS and BaZrO, in Fig. 3 and Table 4.)

Further reference to sintering will be made in the discussion of individual

powder materials.

5.3 Di

As early as 1965, Andersen et al.?7?) reported a preliminary study of the re-
lease of rare-earth elements formed in proton-irradiated Ta-foils, and they
pointed out the possibility of using such refractory foils for the production of
certain rare earths (RE) at an on-line isotope separator.

Since then comprehensive diffusion studies of RE products in irradiated HEf,

28-30) an4 Latuszyﬁéki31), based on

Ta, and W foils have been carried out by Beyer
off-line release measurements. As a general trend, they find not much difference
in the diffusion behaviour among rare earths in one defined metal host, while

large variations in diffusion coefficients occur for Hf, Ta, and W hosts. Typical

values at 2000°C are

x -7 2 ~ -9 2 ~ ~12 2
DRE(Hf) 107 cm®/sec, DRE(Ta) 107° cm“/sec, DRE(W) 5 x 10 cm”/sec .

It may be noted that the trend agrees well with LeClairejs relation given in
Section 2. It follows from the discussion in Section 5.1 that with these values
for the diffusion coefficients, the diffusion length, for example in Ta, should be
less than some 50 ym in order to ensure sufficiently fast release at moderate
temperatures (v 2000°C). This has been taken into account in our choice of powder

particle fractions (see Table 2).

However, as pointed out above, the solid diffusion is only one of the mecha-
nisms responsible for the release process, the other being controlled by the sur-
face desorption energies. It turns out that of :the heavy rare earths formed in
high yield, only Yb and possibly Tm are sufficiently volatile to escape without
serious delay in the pores. These findings agree with what should be expected
from desorption measurements performed by Beyer et al.3?), By measuring the mean
desorption time of carrier-free RE isotopes, they find the desorption energy gq
to increase from q = 4.2 eV/atom (¥Yb) to q = 6.4 eV/atom (Lu), with a general

trend which follows the boiling points.
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Release measurements of Yb at three different temperatures are shown in
Fig. 4. The corresponding Arrehnius plot of the us-values (Fig. 5) gives an
activation energy of 105 + 10 kcal/mol, which is close to the 85 * 9 kcal/mol
reported by Beyer et al. for diffusion of Yb in Ta 29), Also, diffusion coef-
ficients estimated from Eq. (2) correspond well with those found by Beyer et al.,
indicating that solid diffusion really is the time-controlling process in the
release of Yb. The same situation is found for Yb from Hf, but for Yb from W the
release rate is far below that expected from reported D-values?®). This is best
explained by assuming high surface-desorption energy in the latter case, resulting
in substantial pore delay. This explanation is supported by desorption measure-

ments of rare earths from W carried out by Alekseev®3®). For this reason, W-powder
is much less favourable than Hf- and Ta-powders for on-line production of Yb~

isotopes.

Expected release-yield curves for on-line production of Yb from different
targets are shown in Fig. 7. For Ta(20) [which has been tested in on-line
operations)], we have taken the diffusion parameter to be My = 8 x 107% sec”! at
2000°C, as estimated from Fig. 4. For Hf(10) a u -value of 5.7 x 1073 sec”! fits
the release curve in Fig. 2e, taken at 1900°C. This last value is extrapolated
to 1.2 x 1072 sec” ! at 2000°C, using the Arrehnius relation and assuming an acti-
vation energy of 70 keal/mol 28) . Also included in Fig. 7 is a release-yield
curve from liquid Lu, since from vapour-pressure considerations'!) Yb may be ex-
pected to be released from such a target. In this case we have assumed
ug = 5,7 x 10°° sec ! (delay half-time of 2 min), estimated on the basis of the
results from other liquid target systemss’zs). We observe a considerable advan-
tage in using Hf-powder for production of Yb-isotopes with half-lives below some
0.5 min. This advantage must, however, be expected to be less pronounced if Hf-
and Ta-powders with the same particle size are compared, and it is possible that
the difference that still remains may be compensated by raising the temperature
of the Ta-target. As seen from Table 1, Hf is limited to about 2000°C, while Ta

can be operated well above this temperature.

The optimum value of particle sizes both for Hf and Ta seems to be around
5-10 ym. For smaller particles one must expect increased delays coming from sur-
face desorption and sintering effects. Note that the self-diffusion coefficient
and vapour pressure (Table 1), which influence the sintering process, are more

favourable for Ta than Hf.

Escape of fission products, lanthanides and actinides from U-loaded graphite

samples, prepared in different ways, has been reported by a number of investi-

gators®,18,3%,35)
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Cowan and Orth3") found rapid release of a number of fission products in the
temperature range 1600-2600°C from U-loaded graphite pins. Exceptions were re-
fractory products (Y to Pd) not being released because of high surface-desorption
energies. Slow surface desorption may also explain the apparent close relation
found between escape fractions and boiling points in the case of lanthanides and
actinidesas).- Of interest is the observation that no U-loss occurred at tempera-
tures below 2050°C, and that the escape rate of products decreased with increasing

U~concentration®%),

Klapisch et al.®) have carried out mass separation of alkali isotopes using
targets of UO, deposited on thin graphite slabs. The fission recoils are stopped
in the graphite and rapid release is obtained at 1500-1600°C. Delay-time com-

ponents much below 1 sec have been reported.

At OSIRIS, Studsvik, UO,-loaded graphite cloth is used for production of
short~lived fission productsls). Fast release at 1600°C has been observed for

fission products, except for the non-volatile elements Y to Pd.

From Figs. 3a,b and Table 4 we notice that most fission products, except the
refractory elements, are released from the investigated samples. The release
process is presumably controlled by solid diffusion, since available data show
that the sequence in escape rate should be Cs > I >> Ba, if the surface desorption
energies were controlling36_38). In fact (at a given temperature) the surface
lingering time of Ba is many orders of magnitude longer than for Cs 37) Also,

one should expect, for example, Sn to be released much more slowly than Cs.

Comparing UC(1.3) and UC(20), it turns out that the release rates are rather
similar in these two cases. This shows that sintering and grain growth have taken
place in the first sample, indicating that no advantage -is obtained by using par—
ticle sizes below 10-20 um. In the following we will not distinguish between the

two different UC samples, but just refer to the material as UC.

In comparing the production capacity of the different uranium target com-—
positions, two aspects have to be taken into account, i.e. target thickness and
delay properties. A target thickness of one interaction length, v 150 g/cmz,
corresponds to a filling of UC in the standard 60 cm® (20 em long) target con-
tainer at ISOLDE*). When going to U(gr), a maximum of 15 g/cm® can be obtained
in the same geometry, thus giving an order of magnitude lower reaction rate (i.e.
true yield, Y). The interesting quantity, however, is the intensity of ion beams
at the collector position (observed yield, Yobs) which, in general, is lower than
the true yield, because of decay losses in the transfer process [see Eq. (4) in

Section 5.1].

It is obvious from Figs. 3a,b that U(gr) is a much "faster" target than UC.
If we take the release of Cs to represent the performance of the target materials,

then we can define a uS—value for each system
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u 1.5 x 107% gec™? for UC at 2000°C

S
3.3 x 107% sec™? for U(gr) at 1600°C .

Mg

Since a comparison is best made at the same temperature, we assume an activation
energy for diffusion of Cs in U(gr) of 70 kcal/mol, as found in on-line experi-

ments®®). This gives
Mg = 55 % 1073 sec”!? for U(gr) at 2000°C .

The expected release yields, as a function of product half-life, can now be cal-
culated for both targets at 2000°C (see Fig. 7). We notice that for half-lives
below 10 sec the graphite-cloth system is favoured by a factor % 6, thus partially
compensating for the 10 times lower target thickness. For half-lives above 1 min
no major decay losses are expected in any of the systems. For comparison we also
show the expected release yields for Cs-isotopes, released from molten uranium
[the problems connected with containing such a corrosive melt over prolonged
periods have been discussed in an earlier paper“)]. In this case a delay half-
time of 30 sec is assumed, a valﬁe measured for Cs from molten La 5). The decay

losses of very short-lived isotopes (TV < 1 sec) are seen to be substantial.
2

From the present analysis we conclude that UC powder constitutes a promising
target matrix for production of a whole range of fission products. Spallation

products like Fr, Rn, At, and Po must also be expected to be released.

For very short-lived isotopes U(gr) may be the best choice, due to its
favourable delay properties. The graphite fibres will ensure high long-term

stability of the target structure.

Interesting reaction products in this region, where the half-lives quickly
become short when moving away from stability, are Ar, Cl, and S. The release
rates of these products from the three VC samples showed no difference, indicating
that sintering and grain growth have taken place, probably influenced by the high
vapour pressure of VC at 2300°C. At the more realistic running temperature of
2000°C (not more than 157 linear shrinkage was observed here) good release yields

can be expected for isotopes of Ar, Cl, and S.

No escape of products from V metal powder was found. The observed release

rates from TiC were well below those from VC (see Figs. 3c,d and Table 4).

5.3.4 Nb and Mo

The release of Sr, Rb, and Se has been measured from different Nb and Mo
powder samples (Figs. 2a,b,d and Table 4). Due to the absence of convenient iso-
topes, no measurements of Br and Kr have been performed, but it is expected that

also these elements are released.
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It soon became apparent that several characteristics of the Nb-powder, for
example, fast release of products already at 1650°C, no structural change or target
loss even at temperatures above 2000°C, and high density, made this material par-

ticularly promising as an ISOLDE target.

A number of on-line investigations were initiated with measurements of yields
and delay times of Rb-isotopes from a Nb(20) powder target. Of the results, which
are reported in Refs. 3 and 8 and briefly referred to in the Introduction, we
mention here that the observed yield of the new isotope 74Rb (64.9 msec) was
found to be 100 times higher than that which was obtained in an early test run

with a molten Y-La alloy at 1400°C.

It is interesting to compare the release characteristics of the Mo(20) and

Nb(20) powders. Using Se as a representative product, we find
= 1.15 x 107° sec™? for Nb(20) at 1650°C .
Extrapolation by means of the Arrehnius relation gives

Mg = 1.3 % 1072 sec™! for Nb(20) at 2000°C ,

taking the activation energy to be the same as for Rb, 60 kcal/mol ), This
should be compared to the observed value:

uy = 7.7 % 107" sec™! for Mo(20) at 2000°C .

The corresponding release yield curves are shown in Fig. 7, from which the gain

in using Nb can be evaluated.

The ratio between the diffusion parameters (v 20 in favour of Nb) is signi-
ficantly higher than the corresponding ratio between the self-diffusion coefficients
(v 4, see Table 1). This may indicate that the diffusion mechanism of products
in the Nb host is influenced by interstitial components, which are known to result

in enhanced diffusion!®).

We notice from Fig. 2d that the release of Se from Mo(2) is slower than from
Mo(20), presumably as a result of sintering effects. Thus, the optimum particle

size seems to lie around 10-20 um for Mo, and probably similarly for Nb.

5.3.5 BaZrOj, LaBg, CeBg, CeS, and Ce3S,

Molten La for production of Cs isotopes has been in use at ISOLDE for a
number of years“). Release of Xe and I from molten La has been observed in off-

line experiments, while Te and Sb are found to be retained in the melt*),

Preliminary on-line tests at ISOLDE of a ceramic CeO, target have been :-

ported by Hansen et a1.7). No delay measurements were performed, but reasonable
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yields of the elements Cs, Xe, I, Te, and Sb were observed. A limitation had to
be put on the target temperature, however, as it was found that Ce0, begins to

react with the Ta container already at 1550°C.

On this basis, we decided to investigate a series of refractory compounds to

search for alternative targets with better delay and stability properties.

0f those tested, BaZrO, and CeS represent the best cases (see Figs. 3e,f and
Table 4), although the characteristics are not as favourable as for some of the
metal powders discussed above. However, at a running temperature of maximum

1900°¢C, using Ta containers, they should offer good alternatives to Ce0, for pro-

.
duction of Te and Sb. Th S amn

oo}

ciently produced from molten La.

An interesting possibility for production of Te is offered by the molten
Ce,S, at 1900-2000°C (see Fig. 6). The delay half-time of v 40 sec ensures good
release yields of Te isotopes with half-lives in the second range or above. The

" 20 sec delay half-time for Cs is about the same as found for Cs from molten La °).

An interesting ceramic system, although so far not tested, is cerium carbide
(CeC). This compound has a reported melting point of 2500°C and a vapour pres-
sure at 2000°C of ~ 107" Torr “°), which bring the physical properties very close
to those of UC. Thus, by analogy with the corresponding U-targets (see Figs. 3a,b
and text above), Ce-impregnated graphite cloth or pure CeC-powder may be expected

to show favourable properties as targets in the Cs-Te region.

CONCLUDING REMARKS

The present investigations have brought out that a number of refractory
materials, prepared in a powdery form, represent efficient target systems for on-
line production of a range of elements. A summary of the most promising powders
and some 30 different elements expected to be separated at ISOLDE is given in

Fig. 8.

Finally, we would like to stress that on-line measurements of release rates
may differ somewhat from those measured off line, owing to the influence of radia-
tion effects. It is known that when a crystal is subjected to ionizing radiation,
additional vacancies and interstitials are created in concentrations which may
far exceed those produced thermally*!). This means that enhanced diffusion can
occur during irradiation, clearly seen, for example, in the on-line study of Rb
from hot Nb-powdera), where the diffusion parameter (us) increased by a factor of
approximately five compared to the value measured off line. For chemical-compound
targets the situation may be somewhat different, since the chemical damage induced

by nuclear events (resulting in decomposition of the compound) can affect the




P

- 15 -

porous structure of the target material. Although thermal annealing processes
may repair the chemical damage, it is uncertain how sintering and shrinkage pro-
perties will be affected during this process. On-line experiments39), which are

in progress, will give the answer to these problems.
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Table 3

Properties of nuclides used in the release measurements?)

Host | Nuclide | Half-life | y—energy | Host | Nuclide | Half-life | y-energy
(keV) : (keV)

o | %Psr 25 d 777 14012 |40 h 1596

= levgp  [334 882 140ga |12 4 537

S | o3pp 83 d 520,529 136cs 13 d 819,1047
735e 120 d 136 1311 8 d 365

- 13271¢ 78 h 228

| 1eeyy 314 177,198 126gp, | 12.4 d 666,695

£ [m |94 208 1226, | 2,7 d 564

= 5| 2%b | 5.7d 1022,1171
1%0La |40 h 1596 5 | M7msn |14 4 159

S | 12%a | 2.44d 273 S | 'mIn | 4.5 h 336

3 ['Ba [9.74d 124,496 115¢4 |53 h 528

= | '?%s [32h 372 195gh |35 n 319

D | 1%%s [6.54 668 (103py |39 4 497

= [ 1%°%e [ 171 188 °*mfc |6 h 141

T | 127%e |36 d 172,203 °9 Mo |66 h 181,740

© |h23g 13 h 159 S Nb [354- 766

I s S A 603 °5 zr |64 d 757,724

- | ''°Te |16 h 644 -

B |t2re [174 573 _ | *ca |44 1207
1206 | 5.84d 1172 ol ¥k 22 h 373
M3gn | 1154 255 "] *ar |1.8n 1294

S| 3%1 | 56 min 1267
38g 2.8 h 1942

a) Data from C.M. Lederer, J.M. Hollander and I. Perlman, Table of
isotopes, 6th edn. (Wiley, New York, 1967).
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Table 4

Release of reaction products from different powders

Powder Product Heating Temperature Fractional activity®
element time
(min) (°c)

Nb(20) Sr,Rb 5 1850 0.20
HE (30) Tm 3 1900 0.42
HE(10) Tm 3 1900 0.17
Ta(6) Tm 6 2000 0.23
Ta(10) Tm 6 2000 0.50
Ta(20) Tm 6 2000 0.50
CeB,(10) Ba 3 2060 0.90

Cs,Xe 3 2060 0.70

I,Te 3 2060 0.40
LaBg (10) Ba,Cs,Xe,I,Te | 3 2000 No release
v(100) K,Ar 3 1800 No release
vc(5),vC(10) | Ca,K,Ar 3 and 8 | 2300 Same as for VC(15) (Fig. 3c¢)
UC(1.3) Ba,Cs,I,Te,Sn | 5 and 15| 2000 Same as for UC(20) (Fig. 3b)
CeS(10) Ba,Cs,Xe,I,Te | 3 and 10| 2000 Same as for CeS(30) (Fig. 3e)
CeS(30) Cs 3 1850 Same as at 2000°C (Fig. 3e)
BaZrO, Cs,I,Te,Sb 5 1900 Same as at 1800°C (Fig. 3f)

a) Quantity defined in Section 4.2.
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Figure captions

Fig. 1

Fig. 2

Fig. 3

Fig. 4

Fig. 5

Fig. 6

Fig. 7

Fig. 8

..

The sample contained in a tantalum boat is being placed in the tubu-
lar oven, which is suspended inside the chamber of a usual vacuum

coating unit.

Release of reaction products from irradiated refractory metal powders.
The points represent measured fractional activities (defined as the
ratio between the activity of a given nuclide in a sample after a
heating period and the activity before any heating treatment) as a

function of sample heating time.

The curves have been fitted to the experimental points according to

Eq. (1) in the text.

Release of reaction products from irradiated powders of refractory

compounds. See capture in Fig. 2.

Release of Yb from irradiated Ta(20) at three different temperatures.

See capture in Fig. 2.

The diffusion parameter M for release of Yb from Ta(20) as a function

of the inverse of the absolute temperature.

Release of reaction products from molten Ce,S,. The points represent
measured fractional activities. The curves have been drawn according

to Eq. (12) in the text.

Calculated release yields YobS/Y (ratio of observed yield and yield
that would be observed if no decay losses occurred) for different
target systems as a function of the half-life of the nuclear reaction

product.

Periodical system of the elements, indicating those powder (or fibre)
targets which are either in present use or foreseen to become opera-
tive in the near future for on-line experiments at ISOLDE, together

with the product elements expected to be separated from these targets.
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