
SODIUM VAPOR CHARGE EXCHANGF CELL*

H. R. Hi<?.dleston, J. A. Fasolo, D. C. Minette,
R. E. Chrien,+ J. A. Frederick,+

Argonne National Laboratory
9700 South Cass Avenue
Argonne, Illinois 60439

An operational sequential charge-exchange
yielding a 50 MeV H current o£

~ 8 mA is planned for use with the Argonne 500
MeV boo; far synchrotron. We report on the pro-
gress for development of a sodium vapor charge-
exchange cell as part of that planned effort.
Design, fabrication, and operating results to date
are presented and discussed.

Introduction

It has been pointed out that the introduction
in the I9601 s ol alkali vapor targets for more ef-
fective H+ ** H" charge exchange than that provided
by hydrogen gas has not as yet resulted in appli-
cation to operational H* injectors. The major pro-
blems are 1) the production of low energy, high
intensity H beams, and 2) the development of
cells in which the alkali vapor contamination to
the rest of the system is minimized. Regarding
the latter point, it is not easily predicted just how
much alkali metal contamination is injurious to a
system. It would seem this could vary greatly
depending on the nature of the application. The
results of Dyachkov in_|he production of alkali
vapor jets and of Dimov in the utilization of so-
dium jets for H" production lend encouragement to
the possibilities for developing cells with accept-
able outstreaming.

For an operational design a recirculating or
partially re circulating scheme for the alkali ma-
terial is highly desired. Charge exchange cells
of the reservoir type which utilize wicking methods
for recirculation of the deposited material have
been reported bv. Bacal et al . for cesium and by
Lawrence et al. for cesium or sodium. The
latter cell had an ID of 1 1/4 in and was about
14 in long, but operation with sodium and, specif-
ically, measurements of end losses have not yet
been reported. Consideration has been given to
such a cell for our application. The design we
present here is a nozzle with an end loss of
~20 mg/hr, both ends and a target thickness of
~ 2 x 10 atoms/cnu Tor the desired 2 in aper-
tures, calculations indicate that these end losses
for the reservoir type cell require a cell length of
at least 22 in. This severely limits the solid angle
of acceptance of the cell for the beam.

We have chosen sodium as the alkali metal
for use in our system. From the results of studies

of Gruebler, et al. on the equilibrium chargt
yields of H fractions in the various alkali vapors,
sodium appears to be the most viable candidate
for our uses. The optimum (12% H yield) inci-
dent proton energy is relatively high (2. 5 - 1. 0
keV). Furthermore the broad maximum of the H
yield with energy is such that for H energies
from 10 to 15 keV, for example, the H fraction
falls only from 5% to 3%, still higher than that for
hyd rogen.

The proposed scheme for application to
our situation is that commonly used in the cesium
charge-exchange, Lamb-shift, polarized ion
sources which utilize an accel-decel configuration.
This allows extraction of the H beam at high volt-
ages to maximize the intensity and then decelera-
tion to energies at or nearer those for optimum I!
charge-exchange. Initial stages of our planning
take advantage of the broad maximum in the so-
dium H" yield with energy by performing only mild
decelerations, but still gaining factors of 2 or 3 in
intensity over H~ production using hydrogen for the
same extraction voltages.

The concept of sequential charge exchange
appears to have originated with Dawton and has
been applied to H" production in sodium by Dimov.
In our source a low density hydrogen target will
serve as a space charge neutralizer and a buffer
between the positive ion source and a sodium vapor
charge-exchange cell. We have utilized a planar
de Laval nozzle to form a down jet of sodium vapor
incident on a liquid sodium surface maintained just
above melting so that the liquid may complete the
recirculation loop. The cell through which beam
passes was designed with 2 in apertures and as
short as possible consistent with maintaining the
minimum amount of vapor outstreaming. The
length of the cell (12 in) has been determined by
direct measurements on the sodium jet.

The sodium charge exchange apparatus is
shown in Fig. 1. In operation, sodium travels
from (he vaporization region, through the nozzle to
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Figure 1 - Recirculating sodium charge exchange cell assembly,
side and end views. Partial horizontal lines at the
bottom of the cell and vaporizer indicate the proposed
liquid level. The 15 expansion angle of the down
jetting sodium is also shown.
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form a jet which extends into the vapor collector
or cell. The vaporization region is connected to
the nozzle by means of stainless steel ducting of
constant cross-sectional area. ThiB area is that
calculated to deliver the mass flow necessary for
the nozzle to operate properly. The liquid sodium
is heated to 430 C and vaporizes at the rate of
about 50 mg/sec. The optimum operating temper-
ature for the nozzle, which has a mach number of
2.7 for sodium, is also 430 C. The sodium jet has
a calculated mass tow of 44. 3 rag/sec. The vapor
jet formed by the nozzle is incident upon a surface
of liquid sodium contained in a copper cell 12 in
long with 2 in apertures. The OFHC copper cell i =
maintained at 120 C-140°C by opposing heating and
cooling elements. Liquid return to the vaporiza-
tion region is by gravity feed through a 3/8 in stain-
less steel tube. The actual amount of sodium nec-
essary to maintain the liquid levels in the vapor-
izer and cell as shown in Fig. 1 plus that adhering
to surfaces has not been determined but is prob-
ably in the order of 100 g.

The temperature gradient between the noz-
zle exit and the copper cell is maintained over a
4 in length by a 0. 01S in stainless sheet housing.
An inner shield, also mechanically connected to the
nozzle, but thermally floating, protects the housing
from direct vapor from the jet. In theory, tl>o
inner shield is maintained at a high enough tem-
perature to prevent sodium from the jet from con-
densing onto its surfaces.

The vaporization region, ducting and nozzle
are all constructed of stainless steel and surround-
ed by copper jackets. Enclosed heating elements
are imbedded in greaves in the copper and held in
place with clamps. The heaters are composed of
resistance wire embedded in MgO and contained in
1/16 in OD stainless steel jackets. They have an
active length of 40 in and an inactive length of 30 in.
They are used in conjunction with Swagelok connec-
tions for feedthrough from the vacuum. Power
ratings are about 250 W, though in operation we
limit the maximum power to ~ 50 W. (1 A ® 50 V).
Each copper jacket contains one heater and one
thermocouple (similar in construction to the heat-
ers) which acts as the sensor for a temperature
controlled feedback system. Six such units are
used to heat the vaporizer-nozzle sections.

The vapor collection takes place in the cop-
per cell. Although copper alloys slightly with so-
dium at elevated temperatures (800°C), no alloy
formations are reported at temperatures below this.
Two heaters of the type described above, controlled
by one TC are run in opposition to cooling coils
circulating chilled oil to control the cell tempera-
ture. A 1/4 in stainless steel tubing line is used
lor filling tha apparatus from an external reser-
voir and is also vrapped with a 40 in jacketed
heating element.

To minimize the radiation of heat to other
parta of the system and to increase the efficiency
of the heating, heat shields were utilized around
the parts of the apparatus to be maintained at
430 C. The heat shields were constructed ol 4
layers of 0. 001 in stainless steel shim stock, each
layer separated from the next with fiberglas cloth
and the total sandwich spot welded together on the
edges. Several sections of laminate were then
wrapped around the ducting and nozzle and held in
position with wires. Without the heat shields,
300 W total power for all heaters raised the tem-
perature to no higher than 290 C and took about
3 hrs. After adding the shields, the same temper-
ature was achieved in less than one hour. The
power was cut to ~ 200 W and full operating tem-
perature (4 30 C) wa = reached in 3 hrs. Further-
more, the power was then cut back to a maintain-
ing level of about 100 W total.

The entire assembly was mounted on a
12 in aluminum plate which is in turn mounted via
a standoff ceramic ring to the lid uf a 28 in diam
aluminum chamber. The chamber is 3 5 in high
and the axis of the cell is 6 in from the bottom. In
operation this chamber will sit on top of a large
gate valve which is mounted on top of a sublima-
tor pumping vessel (~ 100, 000 p. Is).

In order to minimize damage to the alu-
minum surfaces of the chamber, valves, and beam
lines, they will be lined where possible with dis-
posable foil (probably aluminum foil I. Although
the sodium does not attack the aluminum directly ,
on exposure to normal humidity atmosphere, the
reaction with the moisture in the air forms a
NaOH paste which will etch the aluminum quite
markedly.

Oppration

For operation of the assembly, sodium is
transferred in batches 10-30 g at a time by means
of valving and an intermediate transfer vessel.
Conducting wires at different levels in this vessel
are monitored for make and break contact with the
sodium surface. The desired amount of sodium is
transferred in this way usually after the entire
assembly is at operating temperature. Some
splashing has been noted on the inital introduction
of sodium into the system, possibly caused by the
cover gas (Argon) used to insure that the sodium
will flow during the filling.

Before attempting operation in the recir-
culating mode, tests were made with the vapor-
izer-nozzle part of the assembly by freezing out
the sodium from the jet. An oil cooled copper cyl-
inder of diameter 4 in with a 2 in neck to simulate
the cell aperture was used as a collector. The
neck was at right angles to the downward direction
of the jet and to the plane of the nozzle. The dis-
tance from the bottom of the nozzle to the center
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of the 2 in neck was 4 in. A mechanically oper-
ated shutter was interposed between the nozzle
and the collector so that timed measurements
could be made of the sodium collected- Measure-
ments were made in the 2 in arm at distances of
4, 6, 8, and 10 in from the plane of the nozzle.
These were interpreted to represent the end loss-
es for operation of the jet into a cell of twice these
lengths (end symmetry is assumed). This did not
take into account however any vapor due to liquid
sodium in the subsequently designed cell since we
were freezing out the sodium in these tests.
Measurements were also made at various posi-
tions along the sides and bottom of the 4 in cylin-
der, and with the proper geometric factors were
used to determine the plane mass-flow angular
distribution.

The technique for these measurements was
to collect the sodium on samples of aluminum foil
of previously determined mass and then to quick-
ly transfer them under inert atmosphere(nitrogen)
to an analytical balance for determining their total
masses. This process was found to be not at all
difficult and by either vaporizing a known mass of
sodium through the nozzle or by controlling the
time for the deposition with the shutter we were
able to measure absolute values. The results of
the end loss measurements are shown in Fig. 2.
Using 6 in as the essential cut off point for the jet,
and the actual geometry used, it was determined
that the expansion of the iet around the corner of
the 2 in neck ii about 15 , and is also shown in
Fig. 1. These measurements resulted in the de-
sign parameters of the actual cell, i. e. 2 in
apertures with axis 4 in below the nozzle and total
length of the cell of 12 in. The expected end loss-
es then are 10 mg/hr (each end) or 20 mg/hr total.

The results of the angular distribution of
the sodium are shown in a polar plot in Fig. 3.
The solid line represents our data. The dashed
line is derived from a figure in reference 3,
measured for an almost identical nozzle. The
units are relative and were arbitrarily normalized
to the maximum. The total mass flow determined
from the graph and the known geometry is 42 mg/
sec in excellent agreement with the calculated
value.

Measurements for the entire recirculating
cell assembly are still in preliminary stages.
Approximately 30 g of sodium was transferred
into the vaporizer assembly and the operation was
observed from a glass viewing port located about
12 in from one end of the cell. The vaporizer-
no izle section had been preheated to the operating
temperature of 430°C but the cell itself was at only
80 or 90 C and still warming. The pattern of
sodium vapor condensing on the copper was ob-
served to be fairly uniform and as the cell tem-
perature reached the melting point, the sodium
''.^uified and immediately wet the surface of the

copper. Silvery globules of sodium could also be
seen adhering to the sides of the inner shield, con-
trary to expectations. After about 5 min of
operation, the glass became opaque and no further
observations could be made.

After cooling, the system was , ' ;d with
ultra high purity nitrogen ?.nd a shutter was added
over the viewing port. The cell was reheated but
with no additional sodiujn added. It wa- observed
now that the sodium no longer wet the copper sur-
face but seemed to adhere to it in lumps. Also,
the sodium no longer exhibited the shiny silvery
surface of before. Some contamination of the so-
dium is evident, possibly due to oxygen. The total
time in vacuum for the sodium was about 3 days
although heated only about 12 hrs of that time.
Typical pressures were s-lOx 10 Torr.

There are several methods of cleaning
alkali metal systems and we shall describe
briefly what has worked well for us. We are deal-
ing with small amounts of sodium (~100 gl and
we utilize the method by which the entire apparatus
is immersed in 95To ethyl alcohol. This serves to
dissolve the sodium slowly and with the amount of
. Icohol used ( ~ 15 gall does not heat the alcohol
appreciably. Nevertheless, a purging gas is re-
commended to minimize the possiblility of the
alcohol igniting. Experience has shown that if the
alcohol is allowed to stand for prolonged periods
it can obtain anough moisture from the air to in-
crease the reaction rate sufficiently to self ignite
with the introduction of the sodium. Care must al-
so be taken to allow sodium in tubing and lines to
completely dissolve. In our case the tubing is dis-
connected and cleaned separately as previous ex-
perience has shown that a 2 ft length of 1/4 in tub-
ing took several days *.o clean out.

The next step is to immerse the apparatus
in an 80% alcohol 20% water solution. This serves
to dissolve the Na OH crustwhich can form in cor-
ners, cracks, etc. which is not soluble in alcohol
but which may cover small amounts of still active
sodium. A purging gas is also used in this step.

The final rinse is in distilled water and
should be performed with some sort of agitation
to dissolve all the Na OH. If any active sodium is
left in the system at this point it will react violent-
ly with the water and although sodium and water
cannot react fast enough to explode, the hydrogen
gas evolution in a confined area can build up high
pressures very quickly. This is the reason the
sodium delivery tube is removed. A fourth step,
a mild cleaning acid dip is sometimes used and
may be necessary -.vith copper if the sodium is to
wet the surface.
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Future Considerations

Quantitative measurements of end losses
for the recirculating apparatus are next to be made.
The sodium inventory and length of time between
refills must also be deter:" \ned. Effects of con-
taminants in the sodium may necessitate the add-
ition of a filter and electromagnetic pump to main-
tain circulation, [n addition, the inclusion of
several important safety features, such as an
automatic inert gas pressurizing system in case
of loss oi' vacuum, are necessary before the system
can become operational.

After the engineering problems associated
with the sodium operation have been resolved,
operation with the 30 Hz multiaperture, multigrid
source attached will be investigated. The operating
parameters of the accel-decel configuration mus'
also be optimised. It should be interesting to
note the effects of outstreaming sodium on the
grids and grid life, including the breakdown pro-
blems encountered by Lawrence et al.
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