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Abstract

A gas-jet system is described which has been installed at one
of the external beam lines of the reactor SAPHIR. By means
of a Boral chopper between the target chamber and beam
line timed production of fission products can be achieved.

In a first experiment this gas-jet system was used to develop
a continuous and fast separation for short-lived isotopes of
niobium with half-lives down to 7 s using isothermal gas
chromatography in quartz columns. As reactive gas HBr1(g)
was used.

1. Introduction

Gas-jet systems are a standard technique for. investiga-
tions of nuclear decay properties of shortlived nuclides
(see e. g. refs. [1, 2]). They can be applied if the nuclides
of interest recoil out of a thin target such as in nuclear
fission or in heavy ion reactions. In a thermalisation cham-
ber which is filled with a carrier gas that contains aerosol
particles the products are stopped and attached onto the
surface of these particles. Mostly nitrogen or noble gases
are used as carrier gas and salt particles such as NaCl or
KCl have proven to be very convenient as aerosol particles
[3]. In a continuous mode the reaction products are swept
out of the thermalisation chamber and are transported
along thin capillaries to counting devices. If separations
are needed prior to nuclear spectroscopy, the gas-jet is
often coupled to a fast chemical separation apparatus.
Most efficiently, such separations are performed continu-
ously. Examples are the SISAK technique which performs
solvent extractions in a continuous ultracentrifuge system
[4] or on-line gas chromatography for volatile species
[5,6]. However, also batch-wise working automated -
HPLC-systems such as the apparatus ARCA [7] have
proven to be very useful. In the HELIOS system [8] a
gas4jet is coupled to an on-line mass separator.

Despite these manifold gas-jet applications so far only
few experiments focused on investigations of the chemical

processes in the system itself or used it for purely chemical

investigations. For example ZENDEL et al. [9] and
RENGAN et al. [10] have used an ethylene /nitrogen gas-
jet for a chemically selective separation of selenium and
tellurium from the bulk of other fission products. On-line
high-temperature isothermal gas chromatography was
used to test a semiempirical model which describes the
adsorption enthalpy of metallic atoms on the surface of
metal surfaces [11]. This study was made with the short-

lived isotope 211™ P~ with a half-life of 24 s [6]. More
recently, gas-jet systems were used to study the chemical
properties of heavy elements such as lawrencium [12—14]
or element 105 [15].

It is the purpose of this contribution to describe a gas-jet
system at the swimming pool reactor SAPHIR designed
for chemical studies, especially for investigations of adsorp-
tion/desorption processes of fission nuclides onto aerosol
particles. Moreover, this gasjet system can also be used
for the development of fast chemical separations. How-
ever, it is not suited to the study of nuclear decay proper-
ties of fission nuclides since the neutron flux on the
target is rather low and, hence, does not permit spectros-
copic investigations of nuclides with low fission yields.

In the following we describe our setup which is in -
stalled at an external radial beam line of the reactor. To
get a well timed production of fission products — a pre-
requisite for kinetic studies — a chopper is placed be-
tween the target and the beam line. Besides a technical
description we also present first chemical experiments
aimed at a continuous separation of short-lived isotopes
of niobium by means of an on-line gas chromatography
separation coupled to the SAPHIR gas-jet.

2. Technical description of the gas-jet

Figure 1 shows a schematic drawing of the gas-jet setup.
In the following paragraphs the individual components
are described.

— The gas supply: The carrier gas is supplied from cylin-
ders with a pressure reduction to the desired working
pressure of 1 to 5 atm. Solenoid valves are used to dis-
connect the gas supply from the system. The gas flow
is regulated with thermal mass flow controllers in the
range of 0.5 to 10 liter per minute (STP). With the two
installed mass flow controllers it is also possible to mix
two gases in order to perform chemical modifications of
the aerosol particles or to add e. g. hydrogen to maintain
reducing conditions.

— The aerosol generator: A tubular furnace (HERAEUS)
is used to generate the aerosol. Usually KCl salt in a
ceramic boat is placed in the middle of the oven which is
heated to 750°C (see below). Under these conditions it
produces particles in the range of about 0.1 um to 5 um.
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To chemistry laboratory

Fig. 1. Schematic of the gas-jet setup at the SAPHIR reactor. 1) chopper, 2) target, 3) target

chamber, 4) protective outer tube, 5) transportation capillary, 6) target chamber housing,

7) target chamber relieve valve, 8) activity monitor of waste air with 9) charcoal trap,

10) pressure gauge, 11) gas supply from cylinders, 12) solenoid valves, 13) thermal mass flow

controllers, 14) ceramic boat with KCl, 15) aerosol generator with tubular furnace, 16) loop
of polyethylene tube, 17) sintered glass filter.

These particles are suspended in the carrier gas flowing
over the boat thus forming an aerosol. After the aerosol
is cooled down to room temperature it is sent through

a 5 m long coil of polyethylene tube and a sintered glass
filter to remove very small and very big particles. The
aerosol stream is then fed to the target chamber through
a polyethylene-tube (4 mm i.d.). An electrically con-
trolled valve at the entrance of the target chamber can
be used to interrupt the aerosol flow to the chamber.

-~ The target chamber: The target chamber made from
titanium can accommodate two targets of 50 mm diam-
eter each, one on the front and one on the back side.
Currently one 235U target with an average thickness of
180 ug/cm? electroplated [16] on a 15 um thick alumi-
num foil is used. Titanium was chosen in order to keep
the neutron induced activity of the assembly as low as
possible [17]. The Ti(n, y) reaction produces only ' Ti
with 5.1 min half-life with a low cross section (0.2 barn
[18]). The depth of the chamber is sufficient to stop
fission products recoiling out from the target in nitrogen
(p > 1.5 atm). If helium is used as carrier gas the pres-
sure has to be increased to about 3 atm or the target has
to be covered with a thin aluminum foil (7 um) to reduce
the kinetic energy of the recoiling fission products so
that they can be stopped in the target chamber. A pres-
sure gauge is connected to the target chamber to control
the pressure. The target chamber can be vented through
a relieve valve into the waste air stream. The target cham-
ber is housed in a PVC-box kept at a negative pressure
relative to the atmosphere in the reactor building.

— The beam line: A radial beam line at the SAPHIR
reactor of the Paul Scherrer Institut provides the neu-
trons for the gas-jet system. The reactor itself is a light
water moderated swimming pool type with a thermal
power of 10 MW. A helium-filled beam line which starts
behind a BeO-reflector and extends through the biologi-

over a beam spot size of 50 mm in diameter at the
site of the target. From the known fission yield of
92 Sr (34.9b [18]) the flux was determined by measuring
its activity in a thick aluminum foil placed over the tar-
get which collected all recoiling fragments. The plugs of
the beam line can be electrically operated and provide
the necessary shielding to work at the target chamber
site.

— The chopper: The production of the fission nuclides
can be precisely timed with a mechanical shutter made
of aluminum-boroncarbide. With this Boral shutter of

6 mm thickness the thermal neutron flux can be reduced
by a factor of 100. The two wings of the shutter open
and close within 25 ms.

— The capillary: To transport the activity from the tar-
get chamber to the chemistry laboratory over a distance
of 130 m polyethylene capillaries of 2 mm i.d. are used.
For applications with very short-lived nuclides (7', , ~

1 s) a glove box is installed at a distance of 10 m from
the target chamber. To mechanically protect the capil-
laries and to retain any possible leakage in the system
the capillaries are put into an outer tube. A permanent
air flow in the outer tube is maintained from the chemis-
try laboratory to the reactor building.

— The control system: In order to accommodate the
changing needs of the experiments a program controlled
logic system (PLC PEX, Selectron) is used. This control-
ler is easy to connect to external signal sources and can
drive loads such as solenoid valves directly. The controller
is programmed by forming boolean expressions with in-
puts and internal registers and assigning the result to the
outputs. It is planned to connect a PC in the chemistry
laboratory to this system to give the operator remote
control of the gas-jet system.

— Safety and monitoring systems: To reduce the risk of

cal shield provides (4.6+0.5)x 10® thermal neutrons/s-cm? a contamination of the environment several safety mea-
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sures are taken. The waste air from the outer tube of the
capillaries and from the target chamber housing is pumped
through an activated charcoal filter and then released into
the ventilation system of the reactor building. The activity
of this charcoal filter is continuously measured. All opera-
ting parameters such as gas flow rate, chamber pressure
and oven temperature are permanently monitored and
compared with upper and lower limits. If any of the

limits is reached, an alarm condition is set and an acoustic
signal warns the operator. If the fault can not be corrected
within 30 seconds, an interlock is triggered. An interlock
is also triggered by one of the following conditions:

i) The target chamber pressure changes with more than

5 atm/s which would indicate a rupture of the carrier gas
feed line or the target chamber, ii) the activity of the char-
coal filter of the waste gas stream is too high which would
indicate a leak in the target chamber or the capillary,

iii) the relieve valve is open or iv) one of the emergency
shut-off buttons (e.g. in the chemistry laboratory) is
activated. In case of an interlock the chopper and the
beam line of the reactor are closed, the gas supply is
turned off and the relieve valve of the target chamber is
opened.

3. Transportation yields

Figure 2 shows measured yields for the transportation of
fission products through the 130 m long capillary from
the reactor building to the chemistry laboratory as a func-
tion of the oven temperature of the aerosol generator.
The carrier gas was helium at a flow rate of 1 1/min, and
KCl particles were used to form the aerosol. The maxi-
mum yield is observed for an oven temperature of 750°C.
This yield was determined by y-spectroscopy of the col-
lecting filter paper positioned in front of a HPGe-detector.
Collecting and counting time was 30 min. The 100% value
was determined by putting an aluminum foil over the

30
25 /ir {\
—_ / \
X ; \
o
254 £ \
= / \
2 74 \
> 154 4 \
/ .
5 ¥ \
/ \
o 104 / \
5 ;
< o
5 -
0 T T T T T 1
550 600 650 700 750 80O
Temperature [°C]

Fig. 2. Transportation yields for non-volatile fission products
(isotopes of Zr, Nb, Y, Sr, Mo, Tc) through a 130 m long poly-
ethylene capillary (2 mm i.d.) from the reactor building to the
chemistry laboratory at a carrier gas flow rate of 1 liter per minute
STP helium as a function of the cluster generator temperature.

target and collecting all recoiling fission products. After
each measurement the filter paper was changed (see also
right part of Fig. 7). The results shown in Fig. 2 represent
average yields for non-volatile fission products such as
zirconium or niobium which gave within statistical uncer-
tainties identical results. The errors shown represent
statistical uncertainties of the vy-peak analysis only. For
volatile elements such as iodine the yields were signifi-
cantly lower. Identical transportation yields were observed
for nitrogen or helium as carrier gas. In the following ex-
periments the oven temperature was kept constant at
750°C. In routine use it turned out to be necessary to
change the KCl in the ceramic boat and to clean the
sintered glass filter roughly once a week in order to assure
constant transportation conditions.

A typical y-spectrum of such a direct catch is shown
in Fig. 3. The main +y-lines can be attributed to fission
products with half-lives longer than about 10s. The ab-
sence of very short-lived isotopes is due to the high trans-
portation time of about 12 s at a gas flow rate of 2 1/min
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Fig. 3. y-spectrum of a direct catch for a 30 min collection and counting time. Fission products with

half-lives from 15 s (**8Nb) to 40 min (' **Te) are observed.
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and the rather long counting time of 30 min. Therefore,
if shorter lived nuclides are to be applied, either capillaries
smaller in diameter have to be used and counting has to
be performed with automated collecting and detection
systems (tape, wheel etc.), or the nearby glove box in the
reactor building has to be used (see preceding section).
The absolute transportation yield as a function of the
gas flow rate was determined by two independent meth-
ods. First, the so-called Epiphaniometer [19] was used
to determine the yield of ' Pb transported along the
130m long capillary. The Epiphaniometer delivers 2!'Pb
atoms at a constant rate by the decay of the short-lived
isotope 2!'°Rn which itself emanates from a 227 Ac source.
This set-up was put at the position of the target chamber
in the reactor building. The corresponding results are
shown in Fig. 4. In a second experiment transportation
yields of fission products were measured as a function of
the carrier gas flow rate (Fig. 5). As already mentioned
for Fig. 2, the results shown in Fig. 5 represent average
values for non-volatile products. In both cases an increase
of the transportation yield is observed with a typical value
of about 40% at a gas flow rate of 2 I/min. This value is
comparable to the 60% given by Stender et al. [3] using
the same aerosol but having a considerably shorter trans-
portation distance of only a few meters.
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Fig. 4. Transportation yields for >! ' Pb along the 130 m long

capillary versus the carrier gas flow rate (N, ). The yields were
measured using the Epiphaniometer (see text).
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Fig. 5. Transportation yields for non-volatile fission products
(see Fig. 3) through the 130 m long capillary as a function of the
carrier gas flow rate (He).
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4. An on-line chemistry for the separation of niobium

In the course of a renewed interest in investigations of
chemical properties of heavy elements continuous and
fast separation procedures are needed for trans-actinide
elements. This renewed interest stems from predicted
relativistic effects for such elements which might change
their chemical properties considerably compared to clas-
sical predictions based on the periodic table of the ele-
ments [20]. Recently the chemical properties of the last
actinide element, lawrencium, were studied because cal-
culations [21,22] predict for this element a chemical
behavior similar to a 6p element instead of the expected
similarity to actinides. However, these investigations did
not give any evidence for a 6p-behavior of lawrencium so
far [12—14,23]. An attempt to determine a p-behavior
of element 104 by means of gas chromatography tech-
niques failed also [24]. In a next series of experiments it
is planned to investigate the chemical properties of ele-
ment 105. First investigations have already been per-
formed [15] which showed that this element like niobium
or tantalum [25] can be adsorbed from nitric acid solu-
tions on glass surfaces. In addition, early experiments per-
formed by ZVARA et al. [26,27] using thermochromato-
graphy have indicated that element 105 forms volatile
halides such as chlorides or bromides. However, those ex-
periments were hampered by poor statistics (see also
[28)).

In the following we describe experiments to optimize
a fast and continuous gas chromatography separation for
the chemical homologous of element 105, the fission
product niobjum. Since the separation procedure is
planned to be applied to the nuclide 26 105 with a half-
life of 35's, all experimental parameters have to be opti-
mized to this time regime. We are therefore using in our
study mainly the isotope **2Nb which has a half-life of
15 s. This nuclide is produced in the thermal neutron
induced fission of 23° U predominantly as decay product
of the isobaric precursors °°Sr (T, =290 ms), *°Y
(Tyj2 <1s)and *°Zr (T, =2.15)[18]. The isobar
A =99 has a chain yield of 6.07% [18]. In addition, effi-
cient separation of final products from actinide elements
are a prerequisite for a chemical study of trans-actinide
elements, since fission counting and a-spectroscopy are
to be used for their identification. Highest possible de-
contamination from lanthanide elements or yttrium was
therefore tried to achieve in our chemical study. In order
to make the identification of niobium isotopes trans-
ported with the SAPHIR gaset easier, we have covered
the 235U target with a 12 um thick aluminum foil. This
allows an efficient suppression of the products from the
heavy mass peak compared to those from the light one.
The former ones having a significantly lower recoil energy
when leaving the target are stopped in this foil. A y-
spectrum from a direct catch obtained in this way is
shown in Fig. 6 (top). No products from the heavy mass
peak are observed. On the other hand also isotopes not
identified in Fig. 3 (e.g. %" Nb) are detected.



The Saphir Gas-Jet and a First Application to an On-Line Separation

10000

of Niobium

o o =
o o . - Mg o
T?—."go o¥%o -
1 O',_ -1 -— |

e Lol o

@ o 22 e

= '(’_1 S

1000+ r =
L

n

Te—102

7
— o a
g 100{ & 9
3 o =2 o b
z o
O 1000{ = %+ -5 o € T
(& ] Nl lom©o 3
S 22 ~
-h37887e @ L4 -
| !l—-c_g | 1 oo
s T RL2g 2 £ X =
100 STrexs 24 2 s 3
o

104

Sr-93
o—-101
Sr=98,16=101
Y-95,5r-93

100 200 300 400 50

Energy

600 700 800 900 1000

[keV]

0

Fig. 6. The upper spectrum shows a direct catch measurement (30 min) with the target being covered
by a 12 um Al foil. Only light fission products (4 < 120) are observed. The lower spectrum shows vola-

tile bromides or oxybromides of fission products afte

mental conditions were: 11/min STP He, 100 ml/min HBr(g)

500°C for the isothermal part of the chromatograph
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Fig. 7. Gas chromatography apparatus designed for an on-line chemistry of short-lived

nuclides. At the entrance of the chromatography tube a reactive gas such as HBr,

added. The inset shows a typical temperature

) can be
profile in the chromatography tube. After

leaving the capillary shaped endpiece of the chromatography tube the volatile species are

cooled down and reattached onto new aerosol particles in a recluster chamber. These

products are then transported through a capillary to the collecting filter in front of a
HPGe detector.

The on-line gas chromatography was performed with
the set-up shown in Fig. 7. It is similar to that used in a
previous study aimed at an investigation of the volatility
of lawrencium [12]. At the entrance of the chromato-
graphy tube (quartz, 6 mm i.d.) HBr is added as reac-
tive gas. Products are stopped on a quartz wool plug in-
serted into the chromatography tube. This part of the
tube is heated to about 1000°C. Volatile bromides or
oxybromides are then transported further along the iso-
thermal second part of the quartz tube. The temperature
of the isothermal part can be varied between 100 and
1000°C. After leaving the column through a capillary
shaped endpiece (1 mm i.d.) the volatile species are cooled
down in a reclustering chamber (i.d. 6 cm; length 32 cm)
and are adsorbed onto new KCl aerosol particles which
are continuously injected into this volume with nitrogen
as carrier gas. At the exit of this recluster chamber the
products attached onto particles are transported further

along a few meter long capillary (polyethylene, 2 mmi.d.)
to a collecting glass fiber filter positioned in front of a
HPGe detector in the same way as for the direct catch
measurements.

Figure 6 (bottom) shows a typical y-spectrum obtained
in a gas chromatography experiment of 30 min collecting
and counting time. If compared to Fig. 6 (top), the cor-
responding direct catch measurement, it can be seen that
only those products are observed which form volatile
bromides or oxybromides [29 —32]. Of interest is the
good depletion from strontium and yttrium with a factor
> 50.

Figure 8 shows the chemical yield for °8Nb as a func-
tion of the reactive gas (HBrg)) concentration. As chemi-
cal yield we define the ratio of y-peak areas measured in
a direct catch on the filter paper without chemistry as
compared to the same counting with the gas chromato-
graphy inserted. Obviously, the best conditions for the
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Fig. 8. Yields for **ENb as a function of the reactive gas HBr(g
concentration at the same parameter values as in Fig. 6 (bottomg.

separation of the short-lived isotope **¢Nb are found at
about 100ml/min HBr(g. This yield was found to be
nearly independent of the flow rate of the recluster aero-
sol within a range of 0.5 to 2 1/min.

In Fig. 9 the yield dependences for the isotopes
*%€Nb, **™Nb (T2 =2.6m)and '°'Nb (T, =75)
are shown as a function of the temperature of the iso-
thermal part of the oven — at a fixed temperature of
1000°C for the quartz wool plug. All yield curves have
their maximum at about 300 to 400 °C. At higher tem-
peratures the yields decrease again. This may be caused
by a lower yield for the reattachment at higher gas tem-
peratures in the recluster chamber. A similar effect was
also found by STEIDEL [32] where volatile bromides of
fission products were investigated using HBr(g) as reactive
gas. In that work highest yields for short-lived isotopes of
niobium were found at a temperature of 300°C too. In
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Fig. 9. Yields for '°'Nb (X, Ty =75s), 298ND (o, T2 =15%)

and *°MNb (a, Ty2 =2.6 m) asafunction of the isothermal part

of the oven. All other parameters were the same as in Fig. 6
(bottom).

off-line thermochromatography experiments with Br,
[33] and Br, /BBr; [29,34] as bromating agents, niobi-
um isotopes were found at deposition temperatures on
quartz of 125+30°C [33] and 40+ 10°C [29,34],
respectively. Possibly, in the first reference the volatile
species observed was NbOBr; instead of NbBr;s, the
former one being less volatile [26, 35]. Since we are using
short-lived isotopes in our study with isothermal gas chro-
matography, it is reasonable that the temperature of
300°C for the maximum yield of *?8Nb is significantly
higher than both temperatures listed above from thermo-
chromatographic studies with long-lived isotopes. From
our result, however, we can not decide whether the vola-
tile species separated is NbBrs or NbOBr;.
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Fig. 10. Yields of volatile bromides or oxy-bromides of different
isotopes of Tc, Mo, Zr and Nb as a function of their half-life. For
the experimental parameters see Fig. 6 (bottom). The dashed —
dotted line represents a homogeneous sweeping-out of the reclus-
ter chamber (volume = 910 ml) at the experimental gas flow con-
dition (3.1 liter per minute STP), adjusted to the yield values of
long-lived isotopes. The dashed line shows a fit curve through the
niobium data which results in an effective volume of 470 ml (see

text).

The observed trend of decreasing maximum yields
shown in Fig. 9 with decreasing half-life is mainly caused
by the decay during the time required for the reattach-
ment onto new KCl aerosol particles in the recluster
chamber. The kinetics of this process can also be read
from Fig. 10 where measured yields for volatile bromides
or oxybromides of different isotopes of several fission
elements are plotted as a function of their halfife. The
temperature of the isothermal section was fixed in this
study at 500°C. The dashed-dotted line shows calculated
yields assuming a homogeneous distribution of the volatile
species in the recluster chamber, giving an average resi-
dence time #, of 18 s at our gas flow conditions. The curve
is adjusted to the measured yields at long half-lives. The
dashed line shows a best-fit through the niobium data
resulting in an effective residence time in the recluster
chamber of about 9 s. This indicates that the volatile pro-
ducts ejecting from the quartz capillary are distributed
inhomogeneously in the recluster chamber. In general,
yields of 45 + 15% are obtained for nuclides with half-
lives above about 30s. For half-lives shorter than 10s
they drop to values below 20%.
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