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Laboratory facility for production of cryogenic targets for

hot. plasma experiments. The paper presents results of

preliminary operational tests of the cryogenic stand designed

for the production of small droplets of liquid hydrogen or

deuterium. Such cryogenic micro-targets are needed for nuclear

and for thermonuclear experiments.

Układ laboratoryjny do wytwarzania tarcz kriogenicznych dla

eksperymentów z goręca plazmę. W pracy przedstawiono wyniki

wstępnych badań eksploatacyjnych stanowiska kriogenicznego

przeznaczonego do wytwarzania małych kropelek ciekłego wodoru

lub deuteru. Takie kriogeniczne mikro-tarcze sę przeznaczone

do eksperymentów jądrowych oraz termojędrowych.

JlaóopaTopHaa ycraHOBica ąjig reHepaum* KpnoreHm>ix MHiueHMH gna

3KcnepKHeHTOB c ropaneń njia3noft. B paóore npeacTaBJieHW

pesyjibTaTbi n penBapwTejibHNX 3KcnJioaTauMOHHWx

KpworeHHoń ycTaHOBKH npeaHa3HaneHH0ń AJIH reHepamłM

Kanjień xuuKoro Boaopoaa HJIM neńTepna. Taxwe MHKitaTypHwe

KpiioreHHMe MM me HM HyxHM ana anepHwx H

3KcnepK«eHT0B.
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INTRODUCTION

Macroscopic cryogenic pellets have found many interesting

applications in various fields of experimental physics.

Targets of this kind have become very attractive for nuclear

and plasma experiments due to their small dimensions (20 -

lOO.um in diameter), high production frequency (up to 150 kHz)

and ideal center-to-center spacing. In particular, the

cryogenic pellets of hydrogen isotopes have been used in

thermonuclear fusion research. e.g.. for refueling of

tokamaks, and as miniature targets for laser fusion

experiments.

The first pellet injection experiment was carried out by

Foster et.al. [1] with the ORMAK tokamak at Oak Radge, USA.

Hydrogen pellets of 70.um diameter were injected into plasma

at a speed of 95 m/s. It is conjectured that in order tc

achieve an adequate refueling of future tokamak—type fusion

reactors, solid deuterium pellets of 1 mm diameter L.ive to be

produced at the repetition rate of the order of 100 Hz [2] .

Taking into account their penetration depth in a plasma, the

pellets should be injected at the speed of the order of 10 m/s

[3]. During recent experiments with large tokamak facilities

[4], the injection rate of the deuterium cryogenic pellets has

been increased to 4 pes/s and their velocity has reached about

1.3 x 103 m/s.

In laser fusion experiments, uniform macroscopic spheres

of deuterium and/or tritium are usually irradiated by intense

laser light pulses 15]. For such experiments the pellets of

extreme uniformity are required. They must be produced at a

rate of 100 pes/s in order to enable sufficient energy gain to

be obtained in future [6].

A stream of iniform liquid drops has also been used in an

attempt [7] to detect fractional electric charges (quarks).

which might exist in the matter. Deflections of the drops, as

they passed through an electric field applied between two

parallel vertical plates (3.1 m long and spaced 1.8 cm apart),

was a measure of an electric charge of the drops. The

100- .um-diameter drops were formed from a high resistivity

liquid. The distance between the drops entering the deflection
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f ield wa;; equal to twe droplet diameters [7] .

A deuterium droplet, target has also been proposed for the

CELSIUS experiment at the Uppsala University [8] . The CELSIUS

facility is an accelerator ring for the storage and cooling of

ions from the Gustaw Werner synchrocyclotron. This facility

can provide an intense flux of neutral pions, e.g. from

reactions p + d - He + n , which in turn can be used for

studies of rare n°- decay modes [8]. The deuterium droplet

target seems to meet all the requirements, such as high

luminosity, good spatial reaction vertex definition, tagging

possibilities, acceptable perturbation of the stored beam, and

acceptable vapour load within the storage ring vacuum chamber

[9, 10].

The application of liquid deuterium droplets for nuclear

fusion experiments with a dense high-temperature plasma, as

produced by high-current discharges within so-called plasma

accelerators, was independently proposed by M.Sadowski [11] of

the Soltan Institute for Nuclear Studies (SINS) at Świerk,

Poland. In order to facilitate the realization of this

proposal, an international scientific cooperation between the

SINS and Uppsala University has been initiated.

This report presents shortly some results of preliminary

experimental studies of a cryogenic pellet generation system,

which have recently been performed at the SINS. In Section 2

there are described the most popular methods applied for the

generation of cryogenic droplets. In Section 3 there are

reviewed generators of different microtargets for hot plasma

expei'iments. Section 4 presents the construction of the

cryogenic equipment used at the SINS, and Section 5 reports on

the results of preliminary exploitation tests performed so

far.

2. METHODS OF GENERATION OF LIQUID DROPLETS

There are known at least two different methods for the

production of uniformly charged droplets of insulating

liquids: the Rayleigh's method and a method based on the field

injection electrostatic spraying.

Practical techniques applied for the generation of the



cryogenic liquid droplet?, were developed at. the University of

Illionois [12-141. The hydrogen pellet generators built at

that labordtory were used for injection of the cryogenic

pellets into a tokamak plasma. The apparatus used to produce

liquid hydrogen drops, according to the Rayleigh's method,

consisted of three main parts: a heat exchanger, a vacuum

chamber used for thermal isolation, and a jet assembly. The

heat exchanger system served to produce sufficient amount of

the liquid hydrogen at a controlled temperature and pressure.

Forcing the liquid hydrogen to flow through a glass nozzle

(shown in Fig.l) there was formed a liquid hydrogen jet, which

was unstable and was usually broken up into random sized

drops. In order to break the jet into uniform sized drops a

piezoelectric transducer was used to excite an acoustic wave

upon the jet surface. The drops were produced at the rate

equal to frequency of the acoustic wave. The range of

frequencies, over which the jet would break up into equally

spaced uniform drops, was dependant upon a pressure difference

across the nozzle (limiting the jet velocity) and the inside

diameter of the nozzle. The diameter of the drops was

controlled by changing the nozzle diameter and the frequency

of the acoustic wave [13].

It was found experimentally [13], that to prevent

turbulences the nozzle should be made of glass with a very

smooth surface, and the jet velocity should not be too large (

20 m/s). In order to permit guiding, focusing and positioning

by electrostatic forces, the pellets had to be charged

electrically. Such charged pellets could be accelerated

electrostatically and selected by a deflection within an

electrical field. The drops could be charged by a so-called

field emission or by the field ionization. These methods of

charging require the application of a very sharp tungsten

needle to be inserted into the nozzle and to be kept at

appropriate high potential. It is also possible to charge the

droplets after their generation, i.e., during a later phase.In

order to achieve the uniform charging, the use of an electron

beam has been proposed.

The second method of the generation of cryogenic liquid

droplets, which is called the electrostatic spraying, requires



a low pressure difference tc be applied aci^osse the nozzle. In

such a case the nozzle has to be placed in a vertical

position. Then, a large liquid drop can be slowly formed at

the end of the nozzle, as shown in Fig.2a. When gravitational

forces overcome surface tension forces the large drops can

drip off at a low frequency. If charges are injected from the

tungsten needle immersted in the liquid, its surface becomes

unstable because of electrostatic forces and small uniform

droplets can be formed at a high frequency, as shown in

Fig.2b. When injected current is increased the droplets can

become smaller and their production rate can be increased, as

shown in Fig. 2c. The voltage applied to the needle and the

liquid flow rate through the nozzle determine dimensions and

the production rate of the droplets. However, there are no

direct theoretical predictions about the number of droplets

produced by the method described.

It should also be noted that the liquid hydrogen droplets

are very fragile. Therefore, it is necessary to freeze them

before being transported. The simplest way is to introduce the

droplets into a chamber maintained at a pressure below the

triple-point pressure for hydrogen, i.e., below 54 Tr.

3. TARGET GENERATORS FOR HOT PLASMA EXPERIMENTS

In plasma physics and controlled nuclear fusion research

there are often used various targets and/or pellets. For

example, in experiments with different plasma accelerators

which are able to produce dense high-temperature plasmas,

there have been applied targets made of a deuterized

polyethylene [15] and lithium deuteride [16]. The targets used

in those cases, have been placed in a close proximity of a

dense plasma region. The main aim of those experiments was to

influence plasma parameters (e.g., plasma density, its

temperature, and lifetime) and to facititate nuclear fusion

reactions. The results obtained [15, 16], however, have not

been sensational ones, probably because of impurities.

In several experiments with the PF-type accelerators,

which can create particurlarly dense and hot plasma foci,

there have been undertaken studies with nfiinature nucleai
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targets located inside n dense plcu;mci u'clumi) [17, 18] . The use

of glass mi o obal loons of 100- urn in diami;t.oi . which were

filled up with a DT mixture under a pressure of 100 atm, has

however caused a dramatic decrease in a fusion neutron yield

[18]. That negative effect might be induced by dielectric or

metal supports used for positioning of the internal

microtargets.

Therefore, within a framework of experimental studies on

plasma accelerators, which have been continued in the

Department of Thermonuclear Research (P-V) at SINS for many

years, there have been used mainly gas (deuterium) targets

[19]. Such targets, however, are always diffused and

characterized by a relatively low density.

In order to make possible a considerable increase in a

local density, and to eliminate the use of any solid target

supports, it has been proposed [11] to inject cryogenic

microtargets into a dense plasma column of the PF-type.

4. DESIGN AND CONSTRUCTION OF CRYOGENIC TARGET GENERATOR

To realize the experiment proposed at SINS, a new

cryogenic system has been designed and constructed. A

schematic diagram of that experimental facility is shown in

Fig. 3. The main part of the system described is a cryostat

cooled down with liquid helium, which enables gaseous hydrogen

or deuterium to be liquefied. For this purpose the liquid

helium coolant is transported from a Dewar volume to the

cryostat heat exchanger through a special siphon. This siphon

consists of three coaxial metal tubes. The external tube

provides a thermal shield for the two inner ones. In order to

assure the thermal isolation the outer tube i3 pumped out with

an auxiliary rotation pump to a background pressure below
_3

10 Tr. The medium diameter tube is used to exhaust air and

gaseous helium from the heat exchanger. The internal thinnest

tube of the siphon supplies a liquid helium flow into the heat

exchanger ducting. The rate of the liquid helium flow is

measured with a rotameter and it can be adjusted by means of a

metering valve.

The cdhstruct ion of the cryostat has been presented in
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Fig. 4. A geneial view of the cryostat , at.< designed for

experiments at SINS and manufactured at the Institute of Low

Temparatures in Wrocław, Poland, has been shown in Fig.5. A

general view of the whole cryogenic system assembled at SINS

is presented in Fig.6.

5. PRELIMINARY EXPLOITATION TESTS

The cryogenic system , as described in Section 3 and

shown in Fig.6, has recently been put on preliminary

exploitation tests. For this purpose the whole cryostat has

been connected with a vacuum chamber pumped out to the
_3

pressure below 10 Tr.

To measure a temperature at the output of the heat

exchanger, use has been made of the Bradley-type carbon

resistor. Its resistance at. the temperature of 4. 2K is equal

to 22350 ohm. The temperatur- value can be found when an

electric current of 1- uA intensity is passing through the

calibrated resistor, and a corresponding voltage drop is

measured by means of a digital multimeter.

In order to stabilize temperature changes there is used

an electrical heater wound around a part of the heat exchanger

body. The heater wiring of 50 ohm resistance can be powered

from a supply unit through a special electronic module, which

switches on the heating current if the temperature value

inside the heat exchanger is too low. This temperature

controller switches off the heating current if the temperature

value under control is too high. Therefore, the temperature

changes can be stabilized with the accuracy of + 0.1K.

Since the whole cryogenic system has just been assembled

for the first time at SINS, some preliminary tests have been

started to liquefy air. For this purpose, an appropriate

cooling medium has been a liquid nitrogen. During a series of

the exploitation tests it has been shown that the system in

question is capable to produce liquid air droplets of

different characteristics. It has also been demonstrated that

changing a flow rate of the liquefied air at the inlet of the

heat exchanger, one can obtain seperate liquid dropn (as shown

in Fig.7), a train of miniature liquid drops (as presented in
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hciMi pt.-rfutnted pr cl lnnricity de^igii :.:t.uci ieu o n t h e d d o p t d t i o n of

tin.; PF-type facility for future p 1 auma-tcii get experiments.

Since for the PF-type discharges, as performed at a 60-80kJ

level, a dense plasma column of 2-3 mm in diameter and up to 5

cm in length exists only 150-200 ns, a passage of a cryogenic

liquid tai get (pellet) has to be synchronized accurately

enough. A scheme of the experimental set-up, as designed for

this purpose, has been presented in Fig.10. [t is proposed to

place the cryostat vertically above the plasma column and to

detect the passage of the liquid hydrogen (deuterium) droplets

in advance by means of an auxiliary laser beam and

photodetector system aligned above the discharge axis. A

signal from the photodetector w n then be used for the

triggering of the main plasma discharge.

6. SUMMARY

The results of the experimental studies reported in this

paper can be summarized as follows:

1/. It has been demonstrated that the constructed cryogenic

facility is able to produce liquid air droplets under

different experimental conditions.

2/. Characteristics of the cryogenic liquid droplets can

easily be changed by an adjustment of the operational

parameters of the cryostat.

3/. Further exploitation tests are required in order to

generate liquid hydrogen and deuterium droplets in a

reproducible way, before the cryogenic system is installed at

plasma facility.

4/. The PF-type facility as designed for future studies on

cryotarget-plasma interactions, has to be equipped with an

auxiliary laser beam system and an appropriate electronic

units.
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Fig.l. A nozzle system usocl for the droplets production

according to the Raylnigh's mothoti [12].
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Fig.2. Physical principle of the electrostatic spraying of

cryogenic droplets [14]:

a - charging current equal to zero,

b - small charging current,

c - ltirge charging current .
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flow control
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Fig.3. Schematic diagram of the experimental system designed

for the production of cryogenic liquid droplets for plasma

experiments .it SINS.
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Fig.5. General view of the cryostat, as taken before

assembling the experimental stand at SINS.



Fig.6. General view of the whole experimental facility for the

production of cryogenic targets at SINS.
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Fig.7. Series of pictures showing the formation and detachment

of a liquid-air droplet under conditions when the liquefied

air flux was relatively low.
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Fig.8. Time-integrated picture demonstrating a train of the

miniature cryogenic droplets produced under conditions when

the liquefied air flux was slightly increased. White arrows

show positions of the droplets below the output nozzle.



Fig.9. Time-integrated pictures taken under conditions when

the liquefied air flux has been considerably increased and

distinct jets of liquid air have been produced.
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