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Abstract

A new type of liquid-^He target has been developed for
photoabsorption experiments at intermediate energies. Using the cooling
power of liquid ^He at reduced vapour pressure, ^He gas is liquefied into
a cylindrical target cell of 180 ml and is maintained at 2.0 K during the
experiment. Evaporated ^He gas is evacuated by a rotary pump and
returned into the ^He bath in the cryostat, where two small mechanical
refrigerators with cooling capacities of 3 W at 4.3 K and 10 W at 20 K are
operated for the purpose of ^He recondensation. A maintenance-free
operation of more than 1,000 hours has become possible by adopting the

circulation system.



1. Introduction

A large-acceptance magnetic spectrometer,TAGX, has been in
operation at the tagged-photon beam facility of the 1.3-GeV Tokyo
electron synchrotron [ 1 ]. The spectrometer has been used for the study of
photonuclear reactions on few-body systems in a nearly kinematically
complete manner. The primary motivation of these studies is the
clarification of the photon absorption mechanism on nuclei and to access
the role of A isobars in nuclei. So far, such measurements were carried out
with the liquid deuterium and the liquid ^He targets [2-4]. In view of the
unique characteristics of ^He among light nuclei, it naturally became the
next target of the systematic study.

Since experiments at the tagged-photon beam facility run over long
periods of time, it is important to develop a maintenance-free, cost-
efficient cryogenic target system. Up to now, many liquid-^He target
systems have been used for accelerator experiments at various
laboratories [5-8]. Most of them contain a large iiquid-^He storage vessel,
from which liquid ^He is supplied to liquefy ^He gas. Evaporated ^He gas
is commonly allowed to escape into the atmosphere. This solution was not
very attractive to us, because it would require a large amount of liquid
^He and would impose frequent interruptions of data taking during a long
running period.

Based on our experience with the closed-cycle ^He target system for
the TAGX spectrometer [9,10], we have chosen to develop a new type of
liquid- ^He target which does not require special care during use. We
successfully built a 180 ml liquid-^He target, meeting the stringent
conditions for the experimental arrangement. It employs a closed-cycle
recirculation system for ^He, where ^He gas evaporated in the cryostat is
recirculated using a rotary pump and recondensed using a pair of
mechanical refrigerators. The ^He itself is contained in a closed system so
that it simply moves back and forth between the buffer gas bottle and the
target cell depending on the target cell temperature.

In the following, the design of the ^He target system, the cryostat
instrumentation and its operational aspects are described in detail.

2. Target Design

2.1. General



Since this target system is to be used in the TAGX magnetic
spectrometer in the tagged-photon beam line, the following
requirements have been taken into account:

(1) A cylindrical target cell with dimensions of 5.0 cm diameter and 8.0
cm long should be filled with liquid 3He, where the wall of the cylinder is
made of Mylar film of 185 tun thick. The target volume is 180 ml.

(2) The temperature of the ^He target should be maintained in the range
between 1.8 K and 2.5 K to an accuracy of better than ±0.05 K.

(3) The TAGX spectrometer uses a modified cyclotron magnet, whose
pole pieces have a diameter of 120 cm and their gap width is 60 cm. The
target should be set at the center of the magnetic field, and be sustained
vertically from the outside of the magnet through a 10.5 cm diameter hole
in the magnet yoke. Therefore the target cryostat, including the vacuum
chamber, should be assembled in the cylindrical shape of 10.2 cm diameter
and 121.5 cm long.

(4) For the maintenance-free operation of the target system, evaporated
4He gas should be recondensed in the 4He bath at the top of the target
system. The 4He gas should be recondensed with the use of the reliable
mechanical refrigerators built in the target cryostat.

A schematic diagram of the present target system assembled in the
TAGX spectrometer is shown in Fig. 1. The target system is composed of
four principal components: (1) a cryostat, (2) a refrigeration system, (3) a
4He gas circulation system and (4) a 3He gas recovery system.

In the cryostat, liquid 4He is contained in the 4He reservoir. The
vapour pressure in the 4He evaporator is reduced by evacuation with a
rotary pump. The 4He gas exhausted from the pump is returned to the
cryostat through a gas purification system. In the 4He reservoir, a pair of
mechanical refrigerators recondense the 4He gas.

In the stationary operation, 4He is contained in a closed system
either in the liquid or in the gaseous state. The temperatures and pressures
at various sections can be controlled by adjusting the 4He flow rate. With
this 4He circulation system, liquid JHe in the target cell is maintained at a
constant temperature for a long time period.



2.2. Mechanical Refrigerators

The key in obtaining the compact 4He circulation system is a small-
sized mechanical refrigerator [Sumitomo Model SRJ803*] built in the
target cryostat. It consists of a two-stage Gifford-McMahon [G-M]
refrigerator and a Joule-Thomson [J-T] expansion valve . Compressed 4He
gas is cooled down to 20 K and is allowed to expand adiabatically through
the J-T valve. The normal supply and return pressures are 20 and 5
kg/cm2, respectively. The refrigeration power of the cold head, located in
the 4He reservoir of the target cryostat, can be controlled by the needle
valve to a maximum of 3 W at 4.3 K.

Another two-stage G-M mechanical refrigerator [Sumitomo Model
RD210*] is used to precool 4He gas and also to cool the radiation shields of
the cryostat to 70 K. This system has a cooling power of 10 W at 20 K with
20 W load taken from the first stage.

By using these two refrigerators in series, the effective liquefaction
rate of 1 1/h of liquid 4He is obtained, which is large enough to fill the 6.7 1
4He reservoir within a reasonable time period. Also this power at 4.3 K is
large enough to maintain the 4He evaporator and the 3He target cell at 2 K.
These refrigerators are designed for a continuous maintenance-free
operation of 5,000 hours.

2.3. 4He Gas Circulation System

The 4He gas circulation system is shown in Fig.2. The 4He gas
evaporated in the evaporation chamber is evacuated with a rotary pump
[Alcatel Type 2063H**] with a pumping speed of 1,180 I/min through the
5 m-long flexible duct of 50 mm diameter. The vapour pressure can be
reduced to 0.005 atm (3.6 torr), corresponding to the liquid 4He
temperature of 1.5 K. Oil contamination in the exhaust gas from the pump
is removed by using three oil mist filters in series arrangement. The 4He
gas is further purified by using the charcoal filters at room temperature
and also at liquid nitrogen temperature.

The 4He gas pressure at the input to the first refrigerator
(precooler) is controlled to a pressure of 1.11 atm. The pressure in the
4He reservoir is kept at 1.09 atm, where the SRJ refrigerator efficiently
liquefies 4He gas. The gas flow rate depends on operating conditions, and
it can be controlled by adjusting the pumping speed.

* Sumitomo Heavy Industries, LTD, Tanashi, Tokyo 188, Japan.
** Alcatel, 55 rue Edgar Quinet.99240 Malakoff.France.
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In this 4He circulation system, the stationary state can be maintained
when the liquefaction power of these refrigerators is larger than the liquid
consumption rate in the 4He evaporator. Therefore, the liquid
consumption rate should be limited to less than 1 l/h, which corresponds to
the 4He gas flow rate of 11.7 1/min. However, from the viewpoint of long-
term operation, it is always desireable to reduce the gas circulation rate to
as low as possible. This is because the life of the gas circulation system is
determined by the build-up of impurities in the system and the amount of
impurities increases in accordance with the integrated amount of gas flow.

2.4. 3He Gas Recovery System

In this target system, a fixed amount of 3He gas is contained in the
completely closed system. In order to fill the ^He target cell with liquid
3He, 80 1 of 3He gas at room temperature must be liquefied. In the normal
operating condition 3He is shared in the 100 1 buffer bottle and in the
target cell. When the temperature of the target cell is higher than the 3He
liquefaction temperature, almost all the gas is contained in the buffer
bottle. When the target cell is cooled below 3.5 K, 3He gas is liquefied in
the target cell and a certain amount of gas moves from the buffer bottle
into the target cell. The gas pressure in the buffer bottle decreases until it
reaches the vapour pressure of liquid ^He in the target cell. In the
stationary state operation, the target temperature is in the range between
1.8 K and 2.5 K and the corresponding vapor pressure is in the range
between 0.13 atm and 0.43 atm. Therefore the initial filling pressure of
the 100 1 buffer bottle is in the range between 0.93 atm and 1.23 atm.
Considering the cost of 3He ga<= low temperature operation is desirable.

When the replacement of the target cell is required, the ^He gas in
the target cell and in the pipes can be recovered into the 14 1 buffer bottle
by pumping with the rotary pump RP-1. In this operation, 3He gas passes
through the charcoal trap at liquid nitrogen temperature, where
impurities in 3He gas are trapped.

3. Cryostat Instrumentation

3.1. Cryostat Structure

A structural layout of the target cryostat is shown in Fig.3. The low
temperature part of the cryostat is divided into three sections: (1) the 4He
reservoir, (2) the 4He evaporator and (3) the target cell. All these
structure components are made of stainless steel for reliable welding.
Since the target cell must be placed deep in the TAGX spectrometer, a 1.2



m-long cylindrical cryostat with a 10.2 cm diameter is designed. Within
this diameter range, all cryostat parts, including low-temperature parts,
radiation shields at 70 K and the vacuum vessel, are assembled coaxially.
Also liquid-4He transfer lines, ^He gas lines and a 4He gas evacuation line
are assembled in the cryostat cylinder. In addition, cables for temperature
monitors and liquid level monitors are passed through the cryostat all the
way up to the top flange.

In the upper part of the cryostat, the 4He reservoir with 6.7 1
volume is assembled, into which the cold head of the 4.3 K refrigerator is
inserted. The 4He gas is condensed at this cold head and liquid 4He fills the
4He reservoir.

3.2. 4He Evaporator

A 4He evaporator of 480 ml volume is connected to the 4He
reservoir through a transfer line and a bypass line with liquid flow
impedance of 200 ml/h. A needle valve in the transfer line controls the
liquid flow rate. In the normal operation mode, liquid 4He is transferred
only through the bypass line.

The vapour pressure of liquid 4He in the evaporator is reduced by
pumping through the evacuation duct, whose cross section is made much
larger in the sections where the temperature becomes higher in order to
assure the constant conductance for gas flow. The diameter of the
evacuation tube in the cryostat is 1.6 cm and that of the flexible duct
between the cryostat and the rotary pump is 5.0 cm.

At the top end of the evaporator, a small diameter (0.2 cm) orifice'
is placed in order to prevent the spillout of liquid 4He when it is cooled
down below the 1 point temperature (2.17 K), where liquid 4He-II exhibits
superfluidity. Also around the upper part of the evaporator cylinder, a 50
mW heater is wound for the above-mentioned purpose.

The bottom part of the evaporator is specially designed to
recondense 3He gas evaporated in the target cell. Small copper grains are
packed in the evaporator, through which the ^He gas line passes. As a
result, efficient heat exchange is performed between 4He liquid and 3He
gas. Droplets of 3He fall into the target cell, where liquid is evaporated.
Gas convection toward the heat exchanger and droplet fall-down into the
target cell transfer heat from the 3He target to the 4He evaporator. This
heat pump action is only in one direction and heat can not be transfered
from the evaporator down to the 3He target. This is quite convenient in the
3He liquefaction process, where rapid temperature changes occur often in
the evaporator.

- ti -



3.3. 3He Target Cell

The 3He target cell has a cylindrical shape of 5.0 cm diameter and
8.0 cm long. As is shown in Fig.4, the top and bottom caps of the target
cell are made of stainless steel and the side wall is made of Mylar film of
185 jam thick. They are glued together with the epoxy resin "Stycast"***
The target cell is attached to the 1.6 cm diameter extension pipe by means
of the 3.4 cm diameter ICF flange. A copper ring is used between them
for vacuum-tight insulation at the 4He temperature.

The target cell is surrounded by two layers of superinsulator made
of aluminum-Mylar laminate. The radiation shield o( 50 (im-thick
aluminum covers the target cell, which is anchored to the 70 K shield of
the cryostat. By careful shielding against radiation, the heat inflow into
the target cell is reduced to levels below 20 mW.

3.4. Monitoring System

Three types of thermometers are used to measure temperatures at
various points in the cryostat. It is important to accurately determine
temparatures of the ^He target and the 4He evaporator. For this purpose,
two carbon-glass resistors (Lake Shore CGR-1-1000****) are used.
These sensors are calibrated within the absolute accuracy of 0.01 K at low
temperatures. The target temperature measured with the CGR sensor is
used to obtain the density of liquid ^He during the experiment.

Four Pt-Co sensors are used to measure temperatures at cold parts
of the cryostat: the cold head of the refrigerator.the upper and lower parts
of the 4He reservoir, and the evaporator. Also, Cu-Constantan
thermocouples are used to measure temperatures at various parts of the
cryostat in the cooldown process. This temperature information helps us
to control the cooldown and liquefaction process.

Three liquid level sensors made out of carbon resistors of 100 ohm
impedance are placed in the 3He target cell, 4He evaporator and 4He
reservoir. A constant current of 10 mA is applied through the resistance
with heat dissipation of 10 mW.

Outputs from these temperature monitors are digitized and sent to a
personal computer in the control room.

•• • W. R. Grace, Grace Plaza 1114 Ave. of the Americas, New York
10036-7794, U.S.A..

•***Lake Shore Cryotronics, INC, 64 East Walnut Street,
Westerville, Ohio 43081, U.S.A..



4. Operation

4.1. Preparation

After the 3He target system is mounted into the TAGX
spectrometer, the vacuum system o[ the cryostat and all the gas lines are
carefully leak-tested. The vacuum in the cryostat is required to be better
than 10-5 tor r at room temperature.

The 3He gas system including the target cell is first evacuated down
to the vacuum pressure of 10-2 torr. Then the ^He gas system is filled with
3He gas at 1.1 atm. The 4He circulation system including the 4He reservoir
and 4He evaporator in the cryostat is also evacuated down to 10-2 torr and
then it is filled with 4He gas at 1.3 atm. Next, the cold trap in the gas
purification system is filled with liquid nitrogen. At this point, the rotary
pump RP-2 is turned on to circulate 4He gas and the gas flow rate is
adjusted to 10 1/min by controlling the valve Bl, where the needle valve of
the cryostat is open.

4.2. System Cooldown

The cooldown of the cryostat starts when two mechanical
refrigerators, GM and SRJ, are switched on. During the cooldown period,
the 4He gas must be circulated at a flow rate between 5 and 10 1/min. This
circulating gas is cooled down at the cold head of the GM refrigerator and
is transferred to the lower part of the cryostat, where cold gas takes heat
from the surroundings to cool down the cryostat.

The cooldown process of the present system is shown in Fig.4. Since
the compressed gas flow rate in the SRJ refrigerator depends on the
temperature, the J-T needle valve has to be adjusted when one wants to
extract the maximum cooling power at each temperature stage. With this
adjustment, the system can be cooled down to 4.3 K within 12 hours.

4.3. Liquefaction of 4He

When the temperature of the cold head of the SRJ refrigerator comes
down to 4.3 K, liquefaction of 4He gas starts. Before liquefaction, 4He gas
circulation is shut off by closing the valve Bl. Further supply of 4He gas is
provided from a 4He gas supply bottle, and the supply pressure is kept
below 1.3 atm. During liquefaction, one ensures a constant flow rate of
4He gas into the cryostat and the flow rate depends on the effective cooling
power of the refrigeration system. In normal operation, the 4He
liquefaction rate is 1 Mi. Since the volume of the 4He reservoir is 6.7 1, it



takes about 7 hours to fill it up. When the 4He liquid level moves up
beyond the cold head of the SRJ refrigerator, the liquefaction power
drops down considerably and the 4He gas can not be liquefied any further.

4.4. Liquefaction of^He

Even when the 4He reservoir is filled up with liquid 4He, the
evaporator and therefore the target cell are still at higher temperature of
around 15 K. This is because the heat conductivity between the 4He
reservoir and the evaporator is low due to the high impedance of the
bypass line. In order to introduce liquid ''He into the evaporator, one has
to open the needle valve and to reduce the gas pressure in the evaporator.
This pressure reduction is accomplished by the use of the rotary pump
RP-2. By gradual evacuation, liquid 4He fills the evaporator smoothly and
its temperature drops down to 4.3 K immediately after liquid 4He is
transferred.

In order to liquefy 3He gas, the vapour pressure in the evaporator
should be further reduced. In this process, the needle valve is not
completely closed, since the ^He liquid level in the evaporator should be
maintained at a certain height. To liquefy ^He gas to 180ml liquid, 74 J of
heat should be taken out, and this heat removal can be done by evaporating
4He liquid of around 60 ml. Because of the good thermal contact between
the evaporator and the target cell, efficient liquefaction is achieved within
a short period.

During this liquefaction process of 3He, the exhausted 4He gas from
the rotary pump is thrown away from the 4He circulation system. This is
simply because the gas evaporation speed is faster than the ''He
recondensation speed.

When ^He gas is liquefied, the target temperature can be adjusted to a
requested value by controlling the evacuation speed. In the equilibrium
state, the pressure in the ^He gas system shows the vapour pressure of
liquid 3He in the target cell. In this stationary state, the 4He evaporation
rate is determined by the heat inflow into the 4He evaporator and the
target cell. When the needle valve is closed, this evaporation rate is
measured to be 2.4-3.0 1/min depending on the operating temperature.
This means that the heat inflow into the 3He target cell and the evaporator
is around 100 mW in the present configuration.

4.5. Temperature Control

The temperature of the 3He target can be controlled by changing the
vapour pressure in the 4He evaporator. The lowest temperature achieved



is around 1.5 K, which corresponds to the 4He vapour pressure of 10 torn
This limit is determined by the bypass impedance and the pumping speed.
In the normal operation mode, the ^He target temperature is maintained at
a certain value between 1.8 K and 2.5 K. The difference between the
temperature of the 4He evaporator and that of the 3He target ;s less than
0.02 K, which is a result of good thermal contact between them.

4.6. Long-term Operation

Once the stationary state is established at a certain operating
temperature, the needle valve is closed. If the liquid ''He inflow rate into
the evaporator through the bypass line is larger than the evaporation rate,
the liquid level in the evaporator will increase. When the liquid level
reaches up to the top of the evaporator, the evaporation rate would
increase rapidly and the equilibrium of the liquid level would be
established. On the other hand, if the evaporation rate is larger than the
liquid 4He inflow rate, the liquid level would decrease and, after a certain
period, the evaporator will be dried up.

In the latter case, we can take another operation mode in which the
needle valve is opened by a certain amount and liquid ''He flows into the
evaporator through both the bypass line and the needle valve. As the
needle valve is located in the ''He reservoir, the temperature of ''He liquid
in the reservoir is also decreased by a certain amount. However, the
temperature of the upper surface of the 4He liquid in the reservoir is still
kept at 4.3 K because the 4He gas is returned to the reservoir at the
pressure of 1.1 atm. Therefore, a stable temperature gradient is
established along the long 4He reservoir. In this operation mode, the 4He
evaporation rate increases by a factor of about 4 compared to the case
where the needle valve is closed.

Once the system becomes stable, it can be used for experiments over
extended periods of time. During this time, the maintenance work is only
to fill the cold trap with liquid nitrogen once a day although the trap has
enough capacity of liquid nitrogen to last for over two days. This system
has operated for over 4 weeks continuously without any problem or
maintenance. A slight change of less than 0.04 K of the target temperature
occured during operation. The histogram of the sampled temperatures at
constant time intervals is shown in Fig.5, where the liquid-3He density is
also shown as a function of the temperature. Over the time interval of 4
weeks, the target was kept at the mean temperature of 1.99 K with the
r.m.s. accuracy of ±0.01 K and resulting density variation was within
±0.1%.
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