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Abstract

A survey is given on the progress of fast chem-
ical separation procedures during the last few
years. Fast, discontinuous separation techniques
are illustrated by a procedure for niobium. The use
of such techniques for the chemical characterization
of the heaviest known elements is described. Other
rapid separation methods from agueocus solutions are
summarized. The application of the high speed liquid
chromatography to the separation of chemically sim-
ilar elements is outlined. The use of the gas jet
recoil transport method for nuclear reaction prod-
ucts and its combination with & continuous solvent
extraction technique and with a thermochromato-
graphic separation is presented. Different separa-
tion methods in the gas phase are briefly discussed
and the attachment of a thermochromategraphic tech-~
nigue to an on-line mass separator is shown.

1. Introduction

Among various technigues rapid chemical separa-
tions are a useful tool in studying short-lived
nuclei. The requirements on the rapid separations
depend considerably on the particular case. For the
detection of a nucTide through a characteristic
radiation, a rather unselective procedure may be
sufficient. On the other hand, for detailed decay
studies even a very selective chemical separation
may not be sufficient due to interferences from
accompanying isotopes. Here the difficulty can be
overcome by combining a chemical step with a mass
separation.

An important aspect which must be taken into
account in working out chemical separation methods
is continuous or discontinuous performance. As long
as a relatively small number of experiments give the
desired information discontinuous procedures are to
be preferred. When such an experiment would have to
be repeated too often, a continuous process deliv-
ering a steady source of short-Yived activity is
more appropriate, but such procedures are, in gen-
eral, harder to accomplish.

In the following survey some fast chemical meth-
ods will be described which are representative of
the progress in this field, and their use will be
illustrated by a few examples. Of course, it is not
feasible to cover all the brilliant techniques that
have been developed during the past few years in a
paper such as this.

Those who want to have a more comprehensive over
view are referred to review articles on this sub~
jECt}:ZIS,l‘ .

For the convenience of the author most of the
examples, but not all, have been selected from work
done at the Institut flir Kernchemie in Mainz. Since
a TRIGA pulsing reactor is the major facility of
this institute the application of rapid chemical
separations is mainly demonstrated for the study of
neutron-rich nuclei. However, the techniques are
also applicable directly or after slight modifica-
tions to other regions of the periodic table.
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2. Discontinuous separation procedures

Most of the discontinuous separations are per-
formed from aqueous solutions by transferring
either the desired or the accompanying elements
into a second phase which can be gaseous, liquid or
solid. The advantages of wet chemistry are the
availabiltity of a large variety of well-known
classical procedures, Whether such a method can be
accomplished on a short time scale depend on a fast
completion of the chemical reactions involved and
on techniques enabling fast phase separations. The
transfer into a solid phase can be considerabtiy
accelerated by replacing the time-consuming precip-
itation step by & heterogeneous exchange reactions).
In solvent extraction the transport from one liquid
phase into another may be fast in most cases, but
the separation of phases is the slowest step. This
can be overcome by using either H-centrifuges®! or
layers of quasi~-solid solvents prepared by fixing
the organic phase on fine-grained plastic carrifrs
through which the solution is filtered quickly?/.
The transport from a liquid inte a gaseous phase
can be performed very rapidly with high yields; as
it was demonstrated, for instance, for the yo]a-
tilization of hydrides by nascent hydrogen®/.

Normally, a combination of several separation
steps based on such techniques is required for the
selective isolation of an element. An example for
this is the separation of niobium from fission
product mixtures by its sorption on glass from
strong nitric acid®). Figure I shows the apparatus
and the time schedule for this procedure.

A solution of 2350 or 239y in 0.1 N nitric acid
containing S0, for the reduction of the halogens
and tartaric acid for complexing antimony is sealed
in a polystyrene capsule and irradiated with a neu-
tron pulse. After the pulse the capsule is trans-
ported in a pneumatic system to the apparatus where
it is smashed by impact on the wall, The transit
time through the 5 m pipe is about 100 msec. The
halogens and silver are removed from the solution
by exchange with two preformed silver chloride
tayers. Then the layers are washed with dilute ni-
tric acid. The filtrates are collected in concen-
trated nitric acid and the resulting solution is
passed through two fiber glass filters which adsorb
niobium, presumably in a cation exchange reactfon.
After washing with 10 N nitric acid the filters are
transferred by pressure to Ge{Li)-detectors placed
in a shielded position. Counting of the sample is
started 2.2 sec after the end of irradiation. With
the time schedule given in Figure 1 a niobjum yield
of about 25 % has been achieved.

This separation method in combination with high
resolution y-ray spectroscopy enabled the ideyti-
fication of reutron-rich nuclides of niocbium®) up
to 0,8 sec 10%Np,

Separations on a time scale of seconds cannot
be performed by hand but have to be operated auto-
matically. This is done by an electronic programmer
which controls the whole sequence and from which
signals at predetermined times are sent to magnetic
valves delivering, for instance, pressure to small
pistons moving teflon stopcocks.
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and time schedule for the rapid separation of niobium from fission
At the right-hand side the mean-time for each separation step is

Technique £1ement[production] Procedure Nuclide/Half-1ife | Reference
Solvent Zr [U+n] TBP/7.5 N HNO, 1097y 2.0 sec (10)
extraction Mo [U,Pu+n] Amylalcohol/NH,SCN 107Mg 3.5 sec (11)

Te [Pu,Cf4n] AsPH,C1/0.1 K HND, 101c 1.0 sec (12)
Ru [Pu,Cf#n] Petrolether/5 N HC10, 12py 3.6 sec (13)
Ion exchange ¥ [U+n) Cation resin/l M o-HIB a7y 1.5 sec {14)
resins Ce [U+n] Anion resin/Pb0;/9 N HNO, 158Ce 3.4 sec {15)
Sdrption Nb [Pu,Cf+n) Glass/10 N HNO, L04Nh 0.8 sec (9)
Exchange Ag [Cf+n] AgC1/Agt 118a4g 4.0 sec {18)
with solids I {U+n] Agl/i- 1x0y 0.8 sec {17)
Volatilization As [U+n] AsHz from HC1+Zn 8645 0.9 sec (18)
Se [U+n] SeH, from HC14Zn 885e 1.4 sec (19)
Sb {U,Pu+n] SbHy from HC1+Zn 1365h 0.8 sec (20)
Te [U,Putni TeH; from HG1+Zn 1377¢ 3.5 sec (21)
Sn 14,Pu+n] SnH, from HCT+NaBH, 1325n 39 sec (22)
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Separation procedures for other elements in ad-
dition £o niobium and using the same experimental
arrangement as described above have been applied to
a number of short-lived fission products by the
Mainz group. In Table 1 some of the rapid separa-
tions are summarized.

The first column gives the technique, the second
one the element and the production mode and the
third, the separation procedure. To indicate the
efficiency of a particular technique, the shortest-
lived nuclide, observed so far, is listed in the
next coclumn.

By using solvent extraction procedures zirconium,
molybdenum, technetium and ruthenium have been sepa-
rated from complex fission product mixtures within
a few seconds.

Yttrium and cerium can be isolated from the
other fission products on Ton exchange layers; the
former on a cation resin and the latter on an anion
resin.

The separation of niobium by sorption on glass
has been described in detail. I'sotopic exchange
has been used for the isolation of silver as well
as for iodine.

The volatilization of hydrides by nascent hydro-
gen generated by zinc powder in concentrated hydro-
chloric acid or sodium borohydride jn HC1 is an
excellent technique for the separation of arsenic,
selenium, antimony, tellurium and tin,

A more sophisticated automated chemistry appa-
ratus was built by Ghiorso et al. for the chemical
characterization of the heaviest known elements and
applied to the solution chemjstry of element 104 by
a Livermore-Berkeley group?3),
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Figure 2.

For the studies of the chemical properties of
element 104 the isotope 65 sec 261104 produced at
the Berkeley Super HILAC by the reaction
2480m(280,5n) was used.

Figure 2 shows the experimental arrangement. The
receil products attached on NaCl-aerosols in He-gas
are deposited on polypropylene rabbits (2) which
are pneumaticaliy delivered (3) to a turnable (4).
The rabbits are either shuttled to a second turn-
table (4a) for direct a~counting or moved to a sta-
tion {5a) where the receil products are dissolved.
The sotution is put on the top of the column (6)
consisting of 0.25 F trioctylmethylammonium chlo-
ride {Aliquat-336) in ortho-xylene and supported
on an inactive fiuorocarbon powder. Actinides,
lanthanides and yttrium as well as the alkali and
alkaline earth elements are eluted from the column
with 12 M HC1 due to the weak complex formation
while Zy, Hf and presumably element 104 form strong
anionic chloride complexes in concentrated hydro-
chloric acid and are maintained on the column.
These elements can be subsequently eluted with'6 M
HC1. The eluted fractions are dried {7} and their
a-ray spectra are measured with 50 mm? surface-
barrier detectors (9). The time, energy and sample
identification of each g-event is stored on magnetic
tape. Counting is started about 2-3 min after the
end of irradiation. Because only a few atoms are
produced per bombardment it is necessary to repeat
the separations many times. For this reason, the
experimental apparatus and data storage are fully
automated and controlled by a PDP-% or -15 computer,
allowing a cyclic discontinuous running of the
system. In preliminary experiments six events at-
tributable to 261104 decay were found. Their distri-
bution indicates that the chemical behaviour of ele-
ment 104 is much more like that of hafnium and dif-
ferent from that of heavy actinide elements.

PCPRI5
COMPUTER

Automated chemistry apparatus for solution chemistry of element 10423)
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Another problem is the fast separation of chemi-
cally very similar elements 1ike the janthanides
or the heavy actinides. This may be solved with the
high speed 1iquid column chromatography,a technigque
that rivals gas chromatography in speed and elegance
and which has been applied heretofore mostily to
organic compounds. Recent developments have been
directed towards its use in radiochemical separa-
tions2%:25),

The improvement in the performance of high speed
liquid chromatography can be largely attributed to
the availability of high efficiency column packings
consisting either of pellicular materials, 30 um in
diameter, with a solid glass core and a thin crust
or of small porous particies with diameters of 5-10
pm. The high speed 1iquid chromatography is not
Timited te adsorption but can alsoc be extented to
ion exchange or solvent extraction. The application
of the Tatter to the fast separation of some Tan-
thanides and yttrium?8) is shown in Figure 3.
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Separation of several lanthanides and yttrium by
means of high speed liquid chromatography using
di{2-ethylhexyl}~orthophosphoric acid (HDEHP} as
stationary and nitric acid as mobile phase?f

0i(2-ethylhexyl)-orthophosphoric acid (HDEHP)
adsorbedon silica gel particles with a diameter
of 10 ym is used asstationary phase in a column of
250 mn length and 3 mm diameter and nitric acid of
different normality as the mobile phase. To decrease
the time required for a complete separation the
properties of the mobile phase are changed with time
so that the distribution coefficients of the more
strongly sorbed species are reduced during the later
stages of the separation; i.e. gradient elution is
used. As it is seen from Figure 3 seven lanthanides
and yttrium can be separated within 20 min and the
gaps between the elution peaks are large enough for
a complete separation of all the lanthanides with
the described conditions. Compared to the hitherto
fastest procedure this is an improvement of about
one order of magnitude.

Also some attempts were made to isolate short-
lived single lanthanides from fission product mix-
tures by combining the high speed 1iqu1? chromato-
graphy with an electrophoretic method27) with which
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the lanthanides &5 a group were separated from the
remaining products. Without optimization of the
technique this could be achieved in 3 min28),

3. Continuous separation procedures

The main line of development in the field of rap-
id separations for detailed studies of short-lived
niclides is concentrated now on continuous separa-
tion procedures. In an on-line operation the target
is permanently bombarded and the reaction products
from the target are transported either to a detector
or to.a chemical system with subsequent radio-
chemical separations and measurements of the chemi-
cally purified reaction products. For the transport
of nuclear reaction products one has to distinguish
between volatile and non-volatile species. Volatile
spacies may escape from a thick target by a dif-
fusion-evaporation process or may be formed in an
appropriate stopping gas in which nuclear reaction
products recoiling out of a thin target are slowed
down.

For non-volatile species the only way of getting
the activity out of the target area is by nuclear
recoil. The recoil atoms are thermalized in a non-
reactive gas and are transported in a gas-jet to
the desired position,

The gas jet recoil transport method has found
wide application for rapid and efficient trans-
portation of nuclear reaction products from the
production site with its high radigtion enviro-
ment to a low back-ground area3:2%). It is gener-
ally recognized that large clusters are necessary
to carry the radivcactivity long distances through
narrow capillaries. Mostly, helium is used as the
carrier gas mixed with some additives to form
clusters to which the recoil atoms are attached. In
accelerator experiments the large cluster carriers
are produced by the interaction of low-molecular
weight impurities in the helium with the intense
jonizing radiation of the beam. A high-yield gas
jet transport system for fission products with the
absence of a strong fonizing atmosphere can be
achieved by adding liquids to the transport gas and
then irradiating the mixture with an intense UV ra-
diation or by employing gases from a gas reservoir
at temperature and pressure above the critical
point. Here the aerosols are formed while the gases
expand in the throttle valves of the supply bottle.

Some of the various "“recipes” given for aneffec-
tive transport of fission products in the gas-jet
are summarized in Table 2 and compared with the
transport efficiency of pure helium. With pure he-
1ium gas no activity is transported. With the com-
bined action of additives and UV-light a signif-
icant increase in transported activity could be
observed in the order water, trichlorethylene,
ethanol and carbon tetrachloride30). Using a La Mer
aerosol-generatar for the production of oil clus-
ters together with a He-jet transport system 70-90%
overall efficiencies for fission products could be
reached3!) . Successful transport of radicactivity
was also achieved with carbon dioxide, ethane and
especially with ethylened2,33) yielding an effi-
ciency of 70 ¥, even in mixtures with helium or
nitrogen. Recently it has also been shown that
massive clusters are not required in a He-jet
system operated at ligquid air temperatures3%). For
most gas-jet systemsonly small differences in trans-
port efficiency between chemical elements were
found. However, there are some indications that in
at least a few cases it may be possible to achieve
a partial separation in the course of the thermal-



ization and transportation grocess leading to ultra-
fast chemical separations3s),

Table 2

Average transport efficiencies of fission products
for different gas-jet systems

Gas Additive Average transport
efficiency (%)
"Pure" Helium - <0.,1
Helium Water 21
Helium Trichlorethylene 29
Helfum Ethanol 32
Helium Carbon tetrachloride 50
Helium 01 75
Carbon dioxide - 30
Ethane - 55
Ethylene - 70

"Cold" Helium - 40-70

A great deal of attention has been devoted to
expioring the possibility of performing chemistry
at the end of the gas-jet system. For combinations
with chemical separation procedures the observation
was important that the yields remained almost un-
changed if the reaction products were collected on
a foil in a vacuum chamber or if the Tow-pressure
end of the capillary was kept at atmospheric pres-

sure36). The advantages of such a system are obvious.

There is no need for any expensive pumping arrange-
ment and the rapid chemical separations can be run
completely on-line.

Continuous separation procedures from agueous
sotutions have recently been accomplished with
an on-line operating solvent extraction system37?
consisting of several H-centrifuges {SISAK-system).
In these specially designed continuous flow cen-
trifuges perfect phase separation takes place, i.e.
no measurabie amounts of one phase occur in the
other. The combination of this new technique with
& gas jet transport system3®) is outlined in Fig-
ure 4 for the isolation of trivalent lanthanides
from fission products.

The fission fragments are produced by bombarding
an 235 target with thermal neutrons and are ther-
malized in a 1:1.4 mixture of ethylene and nitrogen.
After the transport through a 7 m long, 1 mm i.d.
potyethylene capillary the gas mixture enters a
static mixer where it is mixed with nitric acid of
pH 1.4 heated up to about 900C to take advantage of
the enhanced dissolution of the fission products
from the clusters at higher temperatures. The gas-
Tiquid mixture is fed into a degassing unit to re-
move noble gases together with the C,Hy-N, carrier
gas. In & second mixer the solution is contacted
with a solution of HDEHP in Shellsol T. The tri-
valent Tanthanides as well as other elements Tike
Zr, Mb, Mo etc.are extracted into the organic phase.
The phases are then separated in the first centrif-
uge (Cl). By contacting the organic phase with an
oxidizing solution La, Pr and other trivalent lan-
thanides are stripped from the organic phase where-
as Ce as Ce(IV) and the other extracted elements
remain in the HDEHP-solution. After phase separa-
tion in the second centrifuge (C2) the aqueous
phase is pumped to the detector cell and the meas-
urements are carried out directly on the liquid
phase. The delay time between production and meas-
urement is estimated to amount to about 10 sec
caused by a hold-up time of 3 sec in each centrif-

uge and the delay in the gas-jet system and the
tubes.
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Figure 4.

Experimental set-up for the continuous separation
of trivalent lanthanides from fission products by
connecting a gas jet recoil technigue with the fast
chemical on-1ine system SISAK3Y

A y-ray spectrum of the trivalent lanthanide
fraction3?) is shown in Figure 5. This spectrum was
measured on-line during 25 min. Most of the y-rays
can be attributed to neutron-rich lanthanum and
praseodymium nuclides and their daughter products.
The shortest-lived nuclide identified hereby is
159pr with a half-life of 6.2 sec.

For even shorter-lived activities the delay time
of the SISAK-system has to be decreased. This can be
achieved with an improved version of the H-centrif-
uge, the volume of which #s reduced by one order of
magnitude compared to the older one. The first runs
with the new system, just performed, look very prom-
ising.

Continuous separation methods in the gas phase
have been used for a Jong time by workers at Dubna
for separating short-lived transactinide nuclides
via voiatile chlorides*0:%1), The activities were
produced using thin targets in a heavy fon gyclotron.
The atoms recoiling from the target were collected
in flowing nitrogen and then mixed with a chlorin-
ating agent downstream. The passage of the activities
through a thermochromatographic column produced
distinct absorption zones from which the properties
of the chlorides of new elements were estimated.

Another approach, in which the recoil atoms are
transported over several meters by a gas-jet and
then brought into contact with a reactive agent to
form volatile species32§ is outlined in Figure 6.

The physico-chemical data on bromides of fission
products suggest that the bromides might be suitable
for a separation of neutron-rich nuclides in a ther-
mechromatographic column. The fission products of
235)) are fed through a 7 m capillary into a reaction
chamber in which the gas-jet (ethylene-nitrogen
mixture or pure ethane) is mixed with nitrogen gas
loaded with bromine by bubbling through liqiid
bromine. For an efficient bromination the reaction
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Figure 5.

y-ray spectrum og neutron-rich lanthanum and praseodymium nuclides and their
daughter products?d) from thermal-neutron induced fission of 2350, obtained on-
line with the technique outlined in Figure 4
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Schematic diagram of the apparatus for continuous separation of fission product
bromides by combination of a gas-jet transport system with a thermochromatographic

column32)
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chamber is heated to 4009C. To prolang the contact
time of the clusters with the reactive gas a glass
frit is put between chamber and thermechromato-
graphic colum. The volatile bromides are swept by
the gas through a 5 mnm (i.d.) open tubular column.
A temperature gradient is established over the
thermochromatographic column through heating with
hot air. At the exit of the column the gas passes
through a charcoal trap at room temperature and then
through another trap, held at the temperature of
liquid nitrogen

The distribution of the various fission products
along the column and in the traps is shown in the
tower part of Figure 6. The bromides of the alkali,
alkaline earth and the tanthanide elements as well
as those of yttrium, palladium and silver are non-
volatile under the described conditions and remain
in the reaction chamber. Ru and Rh are found at the
hot end of the column. Zr and Nb are moderately
volatile and Mo and Te are found in the colder part
of the column. Sb, Sn, Tc, Se go partly to the cold
end of the column and are als¢ found in the char-
coal trap together with As, Br, I. The noble gases
are cellected in the tast trap. An underlying back-
ground of non-volatile fission preducts is also
cbserved in the column caused by clusters which were
not destroyed and have passed the glass frit. The
contaminations disappear by heating the reaction
chamber to 700%C and filling it with guartz wool.

The delay-time between production and deposition
of short-lived nuclides was found to amount to
3-4 sec. Among other things this set-up was used to
measure the delayed-neutron spectrum of 1.7 sec
1355h as discussed by K.-L. Kratz et al. in their
contribution to this conference, indicating the
short time scale achieved in on-line separations in
the gaseous phase in conjunction with a gas-jet
system.

Drawbacks of the thermochromatographic method
are the relatively poor resolution; e.g. the depos-
ition zones are rather broad with some overlap be-
tween adjacent elements, and the shift in the
deposition zone depending on the half-1ife of the
nuclides. This can be circumvented by substituting
the temperature gradient by a sharp step to a lower
temperaturewhere the volatile compound can be
deposited on a small spot with the disadvantage of
a decreasing selectivity. The selectivity is im-
proved by adding a second reactive gas at the depos-
ition spot through which the desired or the un-
desired elements are transported further downstream.
An alternative to this method is the replacement of
the adsorption chromatography through the chem-
isorption, For this approach suitable wall materials
which form stable complexes with the veolatile
compounds at certain temperatures are required.Both
methods have been investigated by .the Darmstadt-
group in detail%2),

Figure 7 shows an example for the separation of
fission producti using the reactions with different
wall materigiét3), This separation was carried out
with fission product chlorides in a temperature
gradient from 7000C to 25%C. The wall was coated
with BaCl,, NaCl, KC1 and CsCl. Due to the formation
of different comptexes with distinct deposition
temperatures, elements 1ike Zr and Nb, which are
difficult to separate by adsorption chromatography
are well resolved. In principle a high selectivity
can be achieved by using several different wall
materials so that at each zone of coating one
element is fixed.

In some cases a combination of fast chemical
separation methods with on-line isotope separators
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Thermochromatographic separation of fission prod-
ucts by reaction with different wall materials"?

is very desirable, e.g. if the target-ion source
system processes many elements. At the Studsvik
OSIRIS separator, a thermochromatographic system
working at low presiures has been attached to the
callector chamber*}, The system is shown in Figure
8. :
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Figure 8.

Schematic picture of a thermochromatographic sep-
aration apparatus attache? to the collector chamber
of an isotope separator®!

It consists of two concentric guartz tubes
(ength 800 mm, dia 20 mm and 10 mm, respectively)
the outer one surrounded by heating coils. A copper
foil between the quartz and the coils smeothes the
heat from the coils. A steel tube surrounding the
coils can be moved axially through a hole in the
collector chamber and vacuum sealing fs achieved by
means of twe 0-rings. One end of the thermochromatic
apparatus is provided with a narrow entrance tube
which allows a selected jon beam to enter and to hit
a collector. The choice of the collector material
depends on wether oy not a chemical reaction
between the material and the incoming beam is de-
sired. In the simplest case the collector is an
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inert material, for instance, tungsten and the ions, 9)
after being stopped and neutralized, rapidly diffuse
to the surface and evaporate. The other end of the
apparatus contains a catcher whose temperature can
pe adjusted in the range from -1009C to 350°C. This
arrangement is suitable only for elements with a
moderate deposition temperature {~4000C). It was
applied to the separation of short-lived Cd and In
isotopes in the mass chains 119~-128 and 75-80,
respectively®3). Pure sources of these nuclides,
expect for the daughter activities growing in have 12)
been prepared. Furthermore halegen isotopes with

half-lives down to 1 sec have been successfully

separated from accompanying isobaric contaminations“®) 13}

10}

11)

Instead of an inert material one may use a
collector material in which the incoming atoms form 14)
volatile compounds by chemical reactions.

4. Closing remarks 15)
To conclude, one can say that rapid chemical
separations combined with high-resolution radiation 16}

spectroscopy offers aone important approach for

studying nuclides far from the region of g-stabil-

ity. 17)
The advantages of the chemical methods are selec-

tivity and sensitivity. Chemical procedures show an 18)

ideal resolution with regard to the atomic number

and enable the detection of even a few atoms in a

bulk of interfering activities. In the past, the 12)

main restriction in the application of rapid

chemical separation techniques has been seen in

the time scale. Here considerable progress has heen 20)

made by developing fast discontinuous and continuous

radiochemical separations as outlined in this paper.

The future trends may be mainly directed towards 21)

the improvement of existing and development of new

continuous procedures. For instance, the continuous

solvent extraction with the centrifuges is not only

Timited to the separation of Tanthanides but can be

extended to almost all elements. The investigations 22)

of fast separations in the gas phase are far from

being completed and will probably be continued for

further years.
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