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ABSTRACT 

Cryogenic current leads cooled by helium vapour have been developed, 
built and tested. Their construction, based on standard electrolytic copper 
braids crimped at the ends, is such as to provide flexible cold terminations 
and make possible a modular design. The warm terminations combine electri
cal insulation, leak-tightness and integrated thermostatic valves control
ling lead temperature and avoiding thermal run-away or ice build-up. 

After giving a detailed description of their construction, this report 
presents results of performance and reliability tests made on prototype 
units. 
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1. INTRODUCTION AND SCOPE 
The theory of vapour-cooled cryogenic current leads has been extensively treated in the 

literature, as it appears from a selection of references*) t o *°). In parallel, a number 
of practical developments have been made in view of specific applications*0) t o **>), a 

comprehensive review of which is given in Ref. 17. However, an inquiry issued by CERN in 
197718) revealed that no such product as a standard vapour-cooled current lead was avail
able from European industry. At that time, ten firms in the CERN member states had been 
invited to tender for the delivery of a series of 50 vapour-cooled current leads, of dif
ferent current-carrying capacities (1800 A, 400 A, 40 A), in order to equip the quadrupole 
magnets 1 9) of the superconducting high-luminosity insertion^0) to be installed at the 
CERN Intersecting Storage Rings (ISR). No satisfactory offer was obtained due to lack of 
experience of the firms contacted, and the current leads were consequently bought from a 
specialized firm in the U.S.A. The design principles and main constructional features of 
these current leads are described in Ref. 12. 

Since their installation, the current leads have performed satisfactorily during the 
8'000 h cryogenic operation of the superconducting high-luminosity insertion. However, 
both reception tests and operational experience have revealed some shortcomings which had 
to be either coped with by appropriate modifications or accepted as such. 

As a consequence, and in view of possible future needs, it was decided to start in-
house development work on engineered vapour-cooled current leads. The following problems 
are well known to users of such equipment: 
a) By design, an optimized vapour-cooled current lead is the result of a compromise be

tween two conflicting requirements, namely limitation of Joule heating in the con
ductor and reduction of conductive heat inleak into the cryogen. It is, therefore, subject 
to thermal run-away upon insufficient cooling, which can be appreciated by the fact that it 
carries a current density an order of magnitude larger than any conventional electrotech-
nical conductor. A well-engineered current lead should then withstand occasional thermal 
excursions without degradation. 
b) Another design challenge is to achieve electrical isolation of the lead terminations 

with respect to the cryostat and helium recovery pipe-work, while ensuring leaktight-
ness of the helium circuit in all service conditions. Although the voltage appearing in 
normal operation is usually fairly low, it may rise to a few hundred volts upon "quench" 
(transition to the normal state) of the superconducting magnet fed by the leads. 
c) In operation at lower current than the nominal value (including zero current), a "pas

sive" current lead tends to take more cold vapour flow than required; this sub-cool
ing results in water condensation and even ice formation on the terminations, which could 
be avoided by a simple "active" temperature control integrated in the lead. Moreover, the 
excess cold vapour could thus be diverted to intercept heat inleaks from other sources. 

Two design ideas answering the questions raised above were decisive in triggering the 
new development. First, a conductor with a large specific heat exchange area is made of 
standard electrolytic copper braids. The warm termination is crimped in a taper between 
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two solid copper sleeves (Fig. 1), while the cold end is crimped in a solid copper connec
tion block (Fig. 2). This mode of construction, besides suppressing all soldered joints, 
makes it possible to have a flexible cold end taking assembly tolerances and thermal 
contractions and making direct connection to the magnet terminals easy. 

Secondly, the top of the current lead has been designed in such a way as to integrate 
electrical isolation, connection to helium recovery pipe work, temperature sensor, and a 
thermostatic valve operating without external power source, which controls the cooling va
pour flow through the lead as a function of vapour outlet temperature. 

Implementation of these two design ideas opened the way for modular construction. 
With only three basic types of components and a suitable combination of standard size cop
per braids, it is possible to manufacture current leads optimized for any current between 
100 A and 4000 A. The basic components are manufactured by industry within standard mecha
nical tolerances. They are assembled into functional modules which are eventually put to
gether to form complete current lead units. 

Figure 3 shows two completed current leads with nominal current carrying capacities of 
1600 A and 400 A. 

2. DESIGN AND CONSTRUCTION OF THE CURRENT LEADS 
A general view of a typical current lead, showing the different modules and their 

components, appears in Fig. 4. 

2.1 Conductor module 
2.1.1 Determination of the copper braid_cross-section 
It can be shown (see in particular Ref. 6) that for an optimized lead of current 

carrying capacity I, uniform cross-section A and length L, operating between fixed cold and 
warm temperatures Tj and T 2 : 

— = f(Ti, T 2) , A 
where f is a function of the properties of the material const i tu t ing the lead between tem
peratures Tj and T 2 . In our case, the braid is made of e l ec t ro l y t i c copper characterized by 
i t s r e s i s t i v i t y r a t i o between ambient and helium temperatures^!) P293/P4.2 = 94.7. 
According to Mathiessen's r u l e , th is corresponds to a residual r e s i s t i v i t y of 
2 x 10" 8 £2 cm. Based on t h i s , the value of 2 x 10 A cm - 1 has been chosen for the i n v a r i 
ant f ; the design currents, lengths and resu l t ing conductor cross-sections are given in 
Table 1 . 
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TABLE 1 

Characteristics of prototype current leads 

Lead type A Bl B2 

Nominal current [ A ] 400 1600 2000 
Effect ive length [ml 0.95 0.95 1.23 
Conductor cross-section [cm 2 ] 0.19 0.76 1.23 
Heat exchange area tm 2 ] 0.5 1.9 4.0 
E lect r ica l resistance at 20*^ [ufî] 930 233 186 

2.1.2 Construction of the_multi-braid_conductor 

The mul t i -bra id conductor (see also F ig . 1) is const i tuted from three to six standard 
e lec t ro l y t i c copper braids made of 0.15 mm diameter wire and having cross-sections between 
5 and 50 mm2 each. The braids are coaxial ly f i t t e d into each other and the resul t ing m u l t i -
braid conductor cut to about 200 mm oversize. Such a construction ensures a good heat ex
change between conductor and cooling vapour; for a i m length of mul t i -bra id conductor, the 
ra t i o of heat exchange area to conductor cross-section is 26'700, which y ie lds heat ex
change areas of the order of 1 m 2 for the leads shown in Fig. 3. 

2.1.3 Warm_termination_ 

The outer sleeve ( a l ) , machined from a copper block, receives the mul t i -b ra id conduc
tor in a hole tapered with an angle of 4° . The taper angle and diameter of the matching 
inner sleeve (a3) depend on the cross-section of the mul t i -bra id conductor. This inner 
sleeve, made of brass, features a central hole to allow the passage of the cooling vapour. 
I t s outer surface is polished in order to reduce f r i c t i o n during the crimping process des
cribed below. The end of the mul t i -bra id conductor is f i r s t pul led by about 100 mm through 
the outer sleeve, fanned out rad ia l l y and preformed with an aux i l ia ry t o o l . 

Following th is preparatory work, the inner sleeve is inserted and pressed in i t s f i na l 
pos i t ion , using a hydraulic press, with forces of 30 to 100 kN, depending on the conductor 
s ize. In terms of radial crimping pressure, th is corresponds to about 1000 bar, i . e . well 
above the e last ic l i m i t of the braid mater ia l , which ensures p last ic deformation and hence 
good e lec t r i ca l contact. 

The extra length of copper braid is then cut away by m i l l i ng in order to obtain a 
smooth surface. F ina l l y , a bundle of small diameter copper pipes i s inserted into the va
pour passage of the inner sleeve in order to increase the heat t ransfer between warm t e r 
mination and cooling vapour. 

2.1.4 Çol^d_termination_ 

For conductor cross-sections of up to 60 mm2, a copper pipe of 1 mm wall thickness and 
appropriate diameter is simply s l i d around the end of the mul t i -bra id and crimped in to a 
connection block of square cross-sect ion. 
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For conductor cross-sections larger than 60 mm2, a crimped construction s imi lar to 
that of the warm termination is used: the mul t i -bra id conductor is crimped between the 
tapered end of a copper connection block (a4) and a strong crimping r ing (a5) which is made 
of copper-beryllium a l l oy . 

In a l l cases, the protruding part of the braid is removed by machining. The completed 
connection blocks are f i n a l l y coated with indium in order to avoid oxidation and ensure 
good e lec t r i ca l contact. 

2.2 Temperature monitoring module 
The vapour temperature is measured a few millimeters downstream of the warm termina

tion, using a platinum resistance temperature probe. This measurement of the vapour tem
perature after heat exchange with the conductor module gives a good estimate of the maximum 
temperature reached in the lead. 

The temperature monitoring module (b) is composed of an electrically insulating ring 
(bl) acting as a support for the gauge, and a spring guide (b2) which is also insulating. 
Both are made of high-molecular density polyethylene. The temperature gauge (b3) is con
nected to the leaktight sockets (b4), and the clearance between (bl) and (b2) is filled 
with self-vulcanizing silicon elastomer. 

2.3 Vapour collector module 
The function of this module (c) is to ensure electrical insulation between the current 

lead and the vapour recovery system; it also provides a housing for the thermostatic valve 
(e). The collector body (cl) is made of high-molecular density polyethylene, whereas the 
counterflanges (c2) and (c3), which distribute the load exerted by the assemly bolts onto 
the softer polyethylene flanges of the collector body, are of nickel-plated brass. The 
hydraulic connection (c4) to the vapour recovery system can accommodate either a ISO NW 25 
fitting or a swaged pipe fitting. 

Leaktightness between the metallic components and the polyethylene collector body is 
achieved by clamping the polyethylene flanges flat onto clean metal surfaces, by means of 
the assembly bolts and metal counterflanges, which exert a pressure of about 100 bar on the 
sealing surfaces, maintained by sets of spring washers. 

2.4 Lead feedthrough 
This module (d) supports the current lead from the top flange of the cryostat. It al

so provides thermal insulation between lead and cryostat top flange by reducing conduction 
to the warm termination, convection along the lead passage and radiation from the cold 
conductor. A low conduction path is achieved by means of a thin stainless steel spacer 
tube (d2) which is welded to the bolted flanges (dl) and (d3). Internal convection is li
mited by means of a stainless steel guide tube (d4) which channels the vapour around the 
multi-braid conductor from which radiation is cut by a superinsulation blanket made of 
15 layers of aluminized Mylar held in a stratified paper tube (d5). Leaktightness between 
feedthrough and current lead proper is ensured by an elastomer 0-ring seal clamped by the 
bolted flange (dl) from the counterflange (c2). 
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2.5 Integrated thermostatic valve 
2.5.1 Design_p_rinci^es 
The integrated thermostatic valve controlling the cooling vapour flow must have the 

following characteristics: 
a) reliable and reproducible operation without any external power source; 
b) sufficient gain to keep the temperature of the outcoming vapour constant within a 

range of ± 10 K around the set point; 
c) compactness in order to fit into the current lead unit (space is always tight on the 

top flange of a cryostat); 
d) dynamic behaviour characterized by a response time shorter than that of the current 

lead it controls, i.e. typically ten minutes, in order to avoid thermal run-away or 
phase shifts generating unwanted oscillations. 
A first attempt to reconcile these somewhat conflicting requirements made use of the 

deflection as a function of temperature of a high-sensitivity bimetallic stripe). 
However, no satisfactory solution could be found which fulfilled simultaneously the re
quirements of sufficient gain, actuator force and compactness; the work (i.e. force exerted 
times deflection) developed by a bimetallic strip for a given temperature difference, is 
directly proportional to the volume of the device, as well as to its Villarceau coefficient 
which was found to be insufficient for this application. 

The next idea was to try and use directly the thermal expansion of a suitable medium 
to actuate the valve as a function of temperature. A survey of possible materials having a 
high thermal expansion coefficient and being able to withstand temperatures well below am
bient without freezing has shown that a silicone oil 2^), currently used for lubrication 
under vacuum, meets the specified requirements; its relevant physical properties are given 
in Table 2. 

TABLE 2 
Characteristics of thermostatic valve materials at 298 K (25°C) 

Material Cu Be 2 Si l icone o i l 

Mass density [kg m" 3] 8260 970 
Specific heat 
Thermal conductivi ty 

[J k g ^ K " 1 ] 
[W n r^K- 1 ] 

420 
98.5 

1500 
0.16 

Thermal d i f f u s i v i t y [m2s-i] 2.8 x 10- 5 1.1 x 10- 7 

Volume thermal expansion 
coef f ic ient [ K - 1 ] 5.7 x 10- 5 9.45 x lO - 4 

The valve actuator is a bulb made of a material with a volume thermal expansion coef
ficient Tg, containing a volume V of working fluid, of volume thermal expansion coeffi
cient Yp. The apparent volume expansion of the fluid then becomes: 

— = (Y F - Y B> V , AT 
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which is translated into a linear travel by a piston of cross area S: 

H = (YF - YB) 1 • AT S 
The bulb (el) is made of copper-beryllium al loy (Cu Be 2) , which exhib i ts high strength and 
good thermal conduct iv i ty . The calculated l inear sens i t i v i t y of the system is then: 

— = 0.54 mm K"i . 
AT 

This figure is, however, reduced to about 0.50 mm K - 1 in practice because of the compres
sibility of the working fluid. A return spring keeps the bulb under a pressure of about 
20 bar by exerting an average force of 10 N on the piston surface. Moreover, the pressure 
exerted on the working fluid depends on the piston travel due to the spring constant of 
0.47 N mm - 1; over the maximum travel of 10 mm, the bulb pressure varies from 14 to 24 bar. 

The valve seat is designed so as to approximate a logarithmic variation of flow 
cross-section across the first 6 mm of the maximum 10 mm travel. Figure 5 shows the design 
characteristics of the thermostatic valve. The working range has been set so that with no 
current flowing through the lead, the vapour outlet temperature is 283 K, i.e. 10 K below 
the ambient. This draws a vapour flow which is sufficient to keep the residual conductive 
heat inleak along the lead to a fraction of its value at nominal current. 

2.5.2 Construction 
The 1 mm wall thickness of the copper-beryllium alloy bulb is the result of a compro

mise between rigidity under internal working pressure and fast heat transfer to the sili
cone oil. The external surface is increased by a conical shape and azimuthal fins in order 
to improve heat exchange with the vapour flowing past it. The bulb also features a collar 
acting as course limiter and guide for the return spring. 

The bulb cover (e2), made of brass, guides the piston (e3), a polished cylindrical pin 
of hardened steel; leaktightness to silicone oil is ensured by an elastomer 0-ring through 
which the piston slides. The mechanical tolerances required on the piston and guide to en
sure proper assembly and operation of the device are below 0.01 mm; this also guarantees a 
reproducibility of the linear travel sensitivity within 0.5 %. 

The mobile assembly rests on the brass stator (e4), in which the valve seat is machin
ed in order to obtain the desired flow control characteristic. 

2.5.3 Assembly and calibration Er.Ç.Ç.f-ÎÎIdr.f. 
A 0.2 mm thick aluminium joint is first inserted into the thread undercut of the empty 

bulb, which is then filled to the top with silicone oil. In order to ensure complete out-
gassing, the filled bulbs are placed for one hour in a vessel evacuated to below 1 mbar. 
The cover is then mounted, displacing excess fluid from the bulb. The volume of working 
fluid has to be precisely adjusted to obtain the required travel characteristic: the ther
mostatic valve has to be fully closed at 280 K and fully open at 300 " with a working 
stroke of 10 mm (see Fig. 6). The piston must, therefore, be inse. o the bulb at the 
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temperature which produces the maximum travel of 18.5 mm, i.e. 312 K (39°C). This is done 
by immersing each bulb in a temperature-controlled water bath for half an hour before in
serting the piston. 

The travel characteristic of each thermostatic valve has been checked by measuring the 
piston stroke as a function of temperature; the dispersion observed on 20 units is within 
± 1 K. 

2.5.4 Dynamic response 
A look at the thermal properties of the working fluid and the bulb body (Table 2) 

makes it possible to estimate their thermal diffusivity D = k/yC, where k is the thermal 
conductivity, y the mass density and C the specific heat. For the fluid, 
Dp = 1.1 1 0 - 7 m 2 s " 1 , whereas for the bulb, D B = 2.8 1 0 - 5 m 2 s _ 1 . 

Consequently, temperature variations propagate 250 times faster in the bulb body than 
in the working fluid; the latter is therefore the prime source of time lag in the response 
of the thermostatic valve. This problem is analogous to that of the "thermometer time 
lag", well treated in the 1iterature 2 4) in the case of a spherical bulb initially at uni
form temperature, the surface of which undergoes a sudden temperature step AT 0 at time 
t = 0. If AT is the average temperature variation of the bulb, i.e. that which produces 
the piston stroke AX, then: 

AX 0 AT 0 \ R 2 / ' 
where R is the radius of the spherical bulb. 

Taking for R a typical value of 10 mm, it is possible to plot AT/AT 0 as a function of 
time (Fig. 7.a)). According to this model, 50 % of the final stroke is obtained after 
27 seconds and 90 % after 164 seconds. This shows a reasonably good agreement with the va
lues of travel measured on a thermostatic valve suddenly immersed in a water bath at con
stant temperature; the measurements can be well fitted by an exponential with a time con
stant of 50 to 60 seconds (Fig. 7.b)). In any case, the response time of the thermostatic 
valve is much shorter than that of the current lead at nominal current. 

3. PERFORMANCE OF PROTOTYPE CURRENT LEADS 
In order to test the design concepts and construction choices, and to assess opera

tional performance, three pairs of prototype current leads have been built and tested. 
Their characteristics are given in Table 1. 

3.1 Electrical resistance 
The electrical resistance of each current lead has first been checked at room tempera

ture, by measuring the voltage drop occurring across the lead carrying a known direct cur
rent. Measurements were performed at the stabilized temperature of 293 K (20°C), with a 
precision of better than 1 %. The values of electrical resistance of the prototype leads 
appear in Table 1. For the leads of a pair, they differ by less than the precision of the 
measurements. 
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3.2 Hydraulic resistance 

The hydraulic resistance of each current lead has been measured by passing a flow of 
gaseous helium at room temperature through the lead. The gas flow was measured by a mass 
flowmeter of 150 I m i n - 1 NTP f u l l range with a precision of t 3 £ m in " 1 NTP, and the pres
sure drop was measured using a d i f f e ren t ia l aneroid manometer with a precision of 
± 0.3 mbar. 

The resul ts are shown in F ig. 8 for lead types A and B l ; the leads of a pair d i f f e r by 
less than the precision of the measurements in hydraulic resistance. 

3.3 Elect r ica l insu lat ion 

The electrical insulation to ground of each current lead has been checked by applying 
a d.c. voltage of up to 5 kV between the lead proper and the connection to the vapour reco
very pipe work, and then measuring the leakage current. 

For all current leads, the leakage current to ground at 5 kV was less than 1 PA, i.e. 
the insulation resistance to ground is better than 5 Gfi. 

3.4 Leaktightness 

After thermal shock at l i qu id nitrogen temperature, a l l leads have been pressure-
tested at 3 bar d i f f e ren t i a l pressure and leak-tested with soap water. No leak was 
detected. 

3.5 Operation of current leads 

3.5.1 Descri[)tion_of_test_set-up 

The lead pair to be tested is f ixed by means of an insulat ing polyethylene flange onto 
the cover of a 250 mm diameter l i qu id helium cryostat with a l i q u i d nitrogen sh ie ld . The 
leads are strapped together at the i r lower end by a copper-superconductor sandwich short-
c i r c u i t , operating in l i q u i d helium. A number of voltage taps are d is t r ibuted along the 
current path. The cryostat is equipped with a 0.6 m long continuous helium level gauge of 
the superconducting wire type. Below the cover, three ba f f l es , each 5 cm apart, l i m i t the 
radiat ive heat inleak from the top. The vapour f low-rates through the leads and out of the 
cryostat are measured and adjusted on a control rack. The leads are energized by a low-
voltage, high-current d.c. power supply. 

In the useful level range, the average heat inleak to the helium due to the cryostat 
alone is 0.6 w. 

3.5.2 Operat ionof typeJMeads 

A pair of type A current leads has been operated steadi ly at currents of up to 450 A 
in the se l f -coo l ing mode, i . e . cooled by the flow of helium they vapourize from the bath; 
the f i r s t series of tests was performed without thermostatic valves. The test results are 
summarized in Figs. 9 and 10. 



- 9 -

Figure 9 shows the variation of heat inleak to the helium bath with operational cur
rent as well as the specific heat inleak per lead Q/I, which shows a minimum around 400 A, 
i.e. the design current of the lead. The specific heat inleak at nominal current is 
1.8 W kA-i per lead. 

Figure 10.a) shows the corresponding variations of electrical resistance and warm end 
temperature, the latter ranging from 270 K at zero current up to 310 K at nominal condi
tions. If operated steadily at zero current, the leads condense water and eventually ice 
up, whereas they are at the limit of overheating at nominal current. 

The installation of thermostatic valves improves considerably the situation 
(Fig. 10.b)); warm end temperatures vary only from 288 K (zero current) to 302 K (nominal 
current). As a consequence, the electrical resistance variations are damped, which indi
cates a more stable temperature profile along the lead. 

3.5.3 0peration_of_tyjje_B leads 
A pair of type Bl current leads has been tested in a similar way, at currents up to 

1800 A. The minimum of the specific heat inleak curve (Fig. 11) confirms the design cur
rent of 1600 A and yields a value of 1.7 W k A - 1 per lead at nominal current. Typical va
lues for electrical resistance and warm end temperature of the leads at nominal and zero 
currents are given in Table 3, showing the considerable improvement brought by the thermo
static valves. 

TABLE 3 
Operational characteristics of type Bl current leads 

Current 
[A] 

Ttop 
[K] 

R 
[y£2] 

without thermostatic valve 
0 

1600 
220 
270 58 

with thermostatic valve 
0 

1600 
283 
286 64 

A pair of type B2 current leads, rated at 2000 A, has been mounted on the cover of a 
large vertical cryostat used for testing superconducting magnets; the leads have been oper
ated satisfactorily up to steady currents of 1950 A. The thermostatic valves limit the 
range of variation of warm end temperatures to about 10 K between nominal and zero cur
rents; they also prevent icing which repetitive quenching would produce during the training 
of the superconducting magnet under test. 
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RELIABILITY TESTS ON THERMOSTATIC VALVES 
Before implementing the thermostatic valves on series current leads, it remained to be 

checked that their operation is safe, reliable and reproducible over a number of thermal 
cycles comparable to what they will encounter in real working conditions. This was done on 
a special test set-up simulating accelerated cycles of current lead operation. 

4.1 Test set-up 

Cold vapour is boi led o f f from a l i qu id nitrogen bath in a 300- l i te r cryostat , and 
passed through e lec t r i ca l heaters before reaching the thermostatic valves under tes t . The 
heaters are fed from a variable voltage a.c. autotransformer, through a control un i t 
equipped with t iming relays. In th is way, rectangular heating cycles can be applied to the 
vapour flowing through the valves. In order to ensure long term operation, the cryostat is 
equipped with an automatic r e f i l l i n g system fed from a 5000- l i ter l i qu i d nitrogen storage 
tank. The flow and temperature of nitrogen vapour through each valve under test are meas
ured and recorded on a chart recorder. 

4.2 Cycling tests 

The control unit has been programmed to apply rectangular heating cycles sequentially 
to each of the three heaters; the total period of a cycle is 60 minutes, composed of a 
heating pulse of 20 minutes and a recovery plateau of 40 minutes (Fig. 12). The power dis
sipated in the heater during the 20-minute pulse is 100 W, i.e. comparable to that dissi
pated in a current lead operating at nominal current. The liquid nitrogen boil-off heater 
in the cryostat is set to maintain an overpressure of about 15 mbar across the thermostatic 
valves. 

Typical flow and temperature cycles recorded during the tests appear irr Fig. 12. Each 
thermostatic valve underwent 750 such cycles reproducibly over a period of one month with
out any failure. 

RETROFITTING EXISTING CURRENT LEADS WITH THERMOSTATIC VALVES 
In view of the good results obtained with the prototype units and the successful com

pletion of the reliability tests, it was decided to mount thermostatic valves on the six
teen 1600 A current leads equipping the eight quadrupole magnets of the ISR superconducting 
high-luminosity insertion. For this purpose, the warm terminations of these current leads 
had to be modified in order to accommodate the thermostatic valves and an adapter piece was 
designed accordingly (Fig. 13). Its components, manufactured by industry, were assembled 
and tested at CERN. Final installation took place during the scheduled ISR shutdown of 
January 1983. The nominal vapour flow rates through the current leads had previously been 
readjusted to achieve warm end temperatures of 270 K in order to provide enough cooling 
vapour for proper operation of the thermostatic valves in the 280 to 290 K range. 
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A first advantage of this modification can be observed during cool down of the 
cryomagnets; this is done by passing about 6 g s - 1 of cold helium vapour from the cryogenic 
plant through each cryostat. A small fraction of this flow (about 0.3 g s" 1) can then be 
diverted to cool down more efficiently the cryostat screen without icing the current lead 
tops, thanks to appropriate throttling of the thermostatic valves. In this way, the 
overall cooldown time from ambient temperature can be reduced by about 6 hours. 

The main advantage, however, occurs during normal cryogenic operation of the magnets, 
as illustrated in Fig. 14. At zero current, the warm end temperatures of the leads are 
stabilized at about 282 K, with oscillations of ± 1 K around their average value, thus 
avoiding any ice formation. The corresponding vapour flow rates range from 12 to 
15 i min - 1 NTP. At nominal current, the warm end temperatures rise to about 290 K and then 
stabilize within oscillations of amplitude 5 K. 

A quench of a magnet produces sudden vapourization of helium and hence a large vapour 
flow out of the cryostats; in such an event, the thermostatic valves close within a few 
seconds and prevent the formation of ice. 

The thermostatic valves retrofitted on the existing current leads of the superconduct
ing quadrupole magnets have been successfully operating under different working conditions 
during the last ISR runs. 
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Fig. 1 Construction of current lead warm termination 

Fig. 2 Construction of current lead cold termination 
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Fig. 3 Completed 1600 A and 400 A current leads 



- 15 -

d2 

à%Bt-= 

? 
à%Bt-= * — 

d3 I 

d5 ; tn_J 

E i ^ . 

l/i 

K M 

44 

a2 

a5 

a4 

(a) Conductormodule (b) Temp_erature_moni- (c) Vagour collector (d) Lead_feedthrough (e) Integrated 

£°£iUS_3°E!iIS 

al Outer sleeve bl Insulating ring cl Collector body dl Bolted flange 

a2 Multibraid conductor b2 Spring guide c2) d2 Spacer tube 
> Counterflanges 

a3 Inner sleeve b3 Temperature probe c3> d3 Bolted flange 
a4 Connection block b4 Leaktight socket c4 Hydraulic connec- d4 Guide tube 

a5 Crimping ring tion 
d5 Superinsulation 

housing 

valve 

el Bulb body 

e2 Bulb cover 

e3 Piston 

e4 Stator 

Fig. 4 General view of current lead assembly 



- 16 -

# 

.S 

<0 

8 

0 1 2 3 4 5 6 ? 8 

valve position (mm) 

9 10 

Fig. 5 Characteristics of thermostatic valve 

77/0 

310-

300-

290 

27-0-

r(K) 

310 

final characteristic 

characteristic without 
return spring 

••£30 

•280 

10 

rco 
:+° 

-35 

-30 

20 

-•SO 

-0 

Lâ- Working stroke 

15 1Q,5 

valve position (mm) 

Fig. 6 Calibration of thermostatic valve 



- 17 -

60 120 180 ZUO 300 

a) calculated 

IU- A X -&Xo(mm) 

5-
\ 4 - \ 

* 
3- X 

V 
\ 2 • 

\ r=6os 
1 -

s 
\ 

- V 
\ 

q5- \ 
\ Q*. \ 

A 
* \ 

0,3- \ \ \ 
02- \ 

+ \ 
\ 
\ 

\ 
0.1 • \ 

0 700 ' ' ZOO 

t(s) 
b) measured 

Fig. 7 Dynamic response of thermostatic valve 

AP(mbar) 

0 10 20 
m Clmiri' He NPT) 

Fig. 8 Hydraulic resistance of current leads 



- 18 -

Q / I (W/kA) 
7 

Q.(w) 

100 200 300 400 500 
1(A) 

F i g . 9 Thermal p e r f o r m a n c e of t y p e A c u r r e n t l e a d s 

f?(juQ) 
a 

Ttop 

300-

• 

/? / 
250-

?00-

Thp. (K) P(jt8) 
320 

300 

-280 300 

•260 

250 

100 200 300 WO 500 
200 

Ttop (K) 
320 

300 

•280 

•260 

1(A) 
0 100 200 300 400 500 
1(A) 

a) without thermostatic valve b) with thermostatic valve 

Fig. 10 Electrical resistance and top temperature of type A current leads 



19 

Q/Icw/kA) 
7 

5-

<t 

1 • 

1(A) 

Q(wi 

3,0 

2,5 

2,0 

1,5 

1.0 

•Q5 

sbo' ' ' fobo 'i5oo ' 2000 

Fig. 11 Thermal performance of type Bl current leads 

200 L 
20 10 60 20 

i l i 1 _ 
40 

— I 
60 20 hO 60 20 

5 100 

300 

280 

260 

J/VVv/v- J/VV^-y / I A A ^ ^ I 
k. 

60-

50-

«0 t 
5 30-

kto 

Ï 20-

10-

zb~ —r~ 
60 ~60~ 

t (miri) 

i 
HO r 

20 

i — 
HO 60 20 to 10 

Fig. 12 Thermal cycl ing t e s t s on the rmos ta t i c valves 



- 20 -

(Nomenclature : see Fig. 4) 

Fig. 13 Retrofit of thermostatic valves on superconducting 
high-luminosity insertion current leads 
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