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LEAK TESTING AND REPAIR OF FUSION DEVICES*, 
T. A. Kozman, Lawrence Livermore National Laboratory, P.O. Box 5511, 
L-635, Livermore, California, 94550 U.S.A. 

The leak testing, reporting and vacuum leak repair techniques of the HFTF 
yin-y?".g number one magnet system, the world's largest superconducting 
magnet system, are discussed. Based on this experience, techniques will 
be developed for testing and repairing leaks on the 42 MFTF-B magnets. 

The leak-hunting techniques for the yin-yang magnet systems were applied 
to two helium circuits (the coil bundle and guard vacuum; both require 
helium flow for magnet cooldown), their associated piping, liquid nitrogen 
radiaticr, shields, and piping. Additionally, during MfTF-B operation 
there will be warm water plasma shields and piping that require leak 
checking. 

During fabrication of the yin-yang coils, the three circuits were tested 
separately and had to be verified in the latter part of 1931 and early 
1982. The coil bundle leak rate was set at 1 x 10" standard cm for 

-9 3 magnet testing and 1 x 10 standard cm for physics operation using 
room temperature helium gas. The measured leak rate during the magnet 

-10 3 tests was 1.3 x 10 standard cm /s. The required leak rate for the 

MASTER guard vacuum circuit, used only for magnet cooldown, is specified to be 
-4 3 less than 1 x 10 standard cm /s. During testing, after some flange 

seals were replaced, the measured leak rate was 5 x 10" standard 
on /s. The leak rate of the liquid nitrogen radiation shield system was • ' 
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set at 1 x lO'^ standard cmJ/s for magnet testing and 1 x K f D 

3 
standard cm /s for physics operation. After many months of checking and 

repairing, the nitrogen system passed an integrated leak rate of 4 x 

-3 3 

10 standard cm /s . After reaching this goal, leak checking was 

discontinued because a l l nitrogen liners w i l l be replaced before actual 

physics operation in 1936. 

The leak checking and repair of the magnets for the MFTF-B magnet system 

wi l l proceed in approximately the same manner as i t did for the original 

HFTF yin-yang magnet. However, leak checking of the l iquid nitrogen 

liners and water-cooled warm liners w i l l be done s l ight ly differently. 

For each magnet, numerous circuits (instead of a single interconnected 

flow c i rcu i t ] w i l l be used to increase the sensi t iv i ty . 

The MFTF-B magnet system described herein comprises 42 superconducting 

coi ls. Eight of these coils are C-shaped (four for the two yin-yang coi l 

pairs and four for the transition magnets), 16 are small racetrack coils 

(for alignment trimming), and the remaining coils are solenoids (12 large 

coils for the central cell and six small coils—four niobium titanium and 

two niobium t i n for the axicell magnets). 

•Work performed under the auspices of the U.S. Department of Energy by the 

Livermore National Laboratory under contract number H-7405-ENG-48. 
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YIN-YANG MAGNET DESCRIPTION 

The original Mirror Fusion Test Fac i l i ty (MFTF) project, authorized to start 

construction in October 1977, was a single-cell mirror machine with the 

1 2 yin-yang magnet providing the entire magnetic f i e l d . ' I t was changed to 

the present tandem-mirror configuration, called HFTF-B, in 1980, and an 

additional yin-yang coi l set was ordered to be constructed. These two magnet 

sets wi l l serve as the anchors for the tandem configuration. When the 

decision was made to turn the MFTF into a tandem-mirror machine, i t was also 

decided to test the major component of the single-cell machine since the 

project at that time was approximately 70% complete. The testing of the f i r s t 

yin-yang magnet is described in Ref. 3. 

The superconducting magnet, is comprising two coi ls , was completed in 

May 1981. The design was for a minimum-& magnet f i e ld with a central f i e l d 

of 2.0 T and a mirror-to-mirror length of 3.6 m. This was accomplished by 

designing the magnet winding in a yin-yang configuration so that neutral beams 

could be injected to heat the plasma. The design was completed and the 

construction of th is enormous magnet started in May 1978. The two coils 

require 50 km of superconductor; the required operating current is 5775 A. 

When operating at maximum current, the conductor f i e ld is 7.7 T, l iquid helium 

refrigeration requirements are 510 W, and the weight is 341,000 kg. During 

the period from May to September 1981, the liquid-nitrogen radiation shields 

were installed on the magnet. In September, instal lat ion of the large magnet 

into the vacuum chamber was completed. 
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The core was inspected for leaks in May 1981. The magnet, at the completion 
of the core leak check, is shown in Fig. 1 (Hay 1981). The total magnet 
system is comprised of two coils in separate coil and jacket assemblies, each 
contained in an outer structural case, as shown in Fig. 2. The primary 
rationale for this arrangement was primarily to separate the fabrication of 
the coil from the fabrication of the structural case so that both 
time-consuming fabrications could be accomplished in parallel, thus minimizing 
the project schedule. The coil and jacket assembly is the only equipment 
containing liquid helium during operation. The space between this assembly 
and the structural case allows for differential pumping inside the magnet case 
to prevent helium from contaminating the plasma. This differential pumping 
also reduces the leak-rate requirement for both the case and coil assemblies, 
while still maintaining the low overall magnet helium-leak requirements. 

Because the case must restrain the large magnetic forces created by the coils, 
a bladder-type shim assembly was devised that could (1) be expanded after the 
coil and case were assembled, (2) fill the difference in the manufacturing 
tolerances of the two assemblies, and (3) transmit the loads from the coil to 
the case. The bladder was constructed of a thin stainless steel shell that, 
after assembly into the case, was injected with a hardening high-density 
polyurethane resin. 

Each coil and bladder assembly had to be leak checked separately before 
placing it in the case. Following the leak tests, the case sections were 
tack-welded together and the resin was injected. The case assembly welding 
was then completed and the two magnets were welded together. After this, the 
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total yin-yang assembly (Fig. 1) was leak checked and a total integrated 
leak-rate check was determined. The magnet was then moved on the transporter 
to Building 431 (Fig. 1). Once inside the building, the liquid nitrogen 
radiation shields wer? installed. The magnet with the installed radiation 
shields is shown in Fig. 3. 

LEAK CHECKING THE ORIGINAL MFTF YIN-YANG MAGNET SYSTEM 

The leak checking techniques and requirements for all the magnet systems are 
defined in Table I. The coil forms and covers were leak checked using a 
sniffer probe technique after completion of the coil winding and closure 
welding of the assembly. A Veeco HS17AB and Varian 936-40 portable 
contra-flow leak detector were used for all the tests. The first coil was 
tested in November 1979 and the second was tested in May 1980. After the 
coils were leak checked, the bladder was placed in the case assembly and 
pressurized to 45 psig with nitrogen gas. The acceptability of the bladder 
assembly was based upon a rate-of-decay leak rate. The bladder acceptance 
tests were successfully completed in May and August IUJO for the first and I second coils, respectively. f 

In February 1981 the magnet assemblies were jointi together after the two coil 
cases were welded. After these cases were welded together, they were 
connected via the open guard vacuum space (Fig. 1). The pumpout of the case 
was accomplished by connecting four 4-in. pipes to the guard vacuum and to an 
8-1n. manifold connected to a mobile multistage 3000-ft /m pumping 

4 system. Every weld was leak checked and a total integrated leak-rate 
measurement was obtained by bagging the entire assembly in a plastic tent and 
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injecting helium gas into the tent. Five leaks were found and repaired. Four 
of these leaks were on the 1/4-in. caps added to the small radius ends of the 
guard vacuum used to inject the resin in the bladder; and the fifth leak was 
in welded small-radius case extensions to the main case. These leaks were all 
through shallow welds that were easily repaired. The integrated leak rate 
measured in May 1931 was found to be less than 4.4 x 10" Torr-litre/s at 
room temperature. 

After the magnet was moved into Building 431, the liquid-nitrogen liners were 
installed from June until August 1981. During this installation, 
approximately 320 panels were installed and more than 3000 tube welds were 
made. The total magnet liner system is tied together with a single 3-in. 
supply pipe at the bottom of the system with return to the top of the system. 
Because of this, it was impossible to check the subassemblies for leaks. 
However, the vendor checked each of the panels for leaks and certified them to 

-8 be less then 10" Torr-litre/s. In addition more than 80% of the panels 
were checked for leaks again after they arrived at LLNL. The subassemblies 
were leak checked before they were installed on the magnet. The entire system 
was pumped down to approximately 1 Torr with a Leybold WS-150 roots pump and a 
Kinney KC-28 vacuum pump. Systematic leak checking of every joint was begun 
in October 1981 after the magnet was installed in the vessel and all the final 
pipe joints were made. The magnet installed in the vessel is shown in Fig. 4. 

The first vacuum-system integrated-magnet leak-rate test of the three circuits 
(magnet helium, guard vacuum, and liquid nitrogen) was performed in November 
1981. The results of this test, along with the two subsequent leak-rate tests 
and requirements, are shown in Table II. The leak-rate requirements for the 
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guard vacuum circuits are less severe than those of the magnet helium circuit 
since helium is supplied to this circuit only during cooldown at liquid 
nitrogen temperature. After liquid nitrogen temperatures are reached, flow to 
the guard vacuum circuit is stopped and it is pumped down to approximately 1 
Torr. Helium gas continues to flow in the magnet helium circuit until the 
case reaches 4.5 K, at which time liquid starts forming via the Joule-Thompson 
value in the magnet dewar. It then takes approximately 16 h of additional 
cooling to fill the 3000-litre magnet coils, 3000-litre helium supply, return 
lines, and 4000-litre magnet dewar. 

The leak-rate requirements for the MFTF technology demonstration tests were 
less stringent than the MFTF and MFTF-B requirements, since these tests were 
designed only to test the equipment and do not form a plasma for physics 
testing. The requirements for the helium (and other gases) leak rate are 
based on the partial pressure and the pumping speed. The technology 
demonstration tests are to limit gas conductance. Therefore, we set the 
partial pressure of helium to 1 x 10" Torr with a pumping speed of 

3 5 x 10 litre/s. The allowable leak rate must then be factored by the 
difference between the helium gas at roim temperature and liquid helium at 

-8 4.5 K. The partial pressure of helium for the physics operation is 1 x 10" 
Torr at the same pumping speed. This total is then divided by the number of 
large coils, which is 24 for the tandem MFTF-B vs 2 yin-yangs for the MFTF. 

The results of the first integrated leak test showed that the magnet helium 
circuit passed the minimum requirements for the technology demonstration and 
probably would pass the physics requirements. The guard vacuum circuits and 
the liquid nitrogen circuits (partial pressure requirement of 1 x 10 
h'tre/s) did not pass the initial test. For two weeks the guard vacuum 
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circuits were rechecked. Eight flanges indicated leaks. Four Batzer type 
flanges (originally used for pumpout) were replaced with new flanges and 
seals, and one Varian flange seal was replaced. No leaks were observed after 
this. The next three weeks were spent rechecking the liquid nitrogen system 
with the pumping system (roots and vacuum pumps) described above. The 
pressure in the liner system was on the order of 10" Torr. This does not 
give the best sensitivity since the flow to the leak detector was quite 
reduced. An additional five leaks were found and repaired in 1/2-in. tube 
welds. 

The integrated leak-rate test was performed again in December 1981. This time 
the guard vacuum circuit yielded an integrated leak-rate of 5 x 10" 
Torr-litre/s. This was good enough to continue the magnet technology 
demonstration tests, although further work would be necessary in the future to 
meet the physics requirements for MFTF and MFTF-B. Because the total case had 
an indicated leak rate less than 5 x 1-" Torr-litre/s, we feel that the 
difference was in the piping and joints inside the vessel. Therefore, the 
four Varian flanges connected to the vessel shall be welded joints and the 
four Batzer type flanges for pumping down the system and leak checking will be 
moved to the outside of the vessel. Neither of these fixes could be 
incorporated in time for the technology demonstration test, but will be 
incorporated into the final installation before the startup of MFTF-B. 

The liquid nitrogen liner system failed again to meet the minimum requirements 
for the technology demonstration tests. Therefore, we decided to increase the 
pumping speed on the system and lower the internal pressure in an effort to 
increase the sensitivity of the leak checking. To do this, we spent one week 
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adding two 1000-litre/s cryopumps to the very top and bottom (external to the 
vessel) of the liner system. The bottom cryopump was in series with the leak 
detector and in parallel with the roots and vacuum pumps (they were valved-off 
during leak checking). As a result, the pressure in the liner system was 

-4 reduced to approximately 10 Torr, which allowed us to fully open the leak 
detector during this operation. For three weeks we leak-checked and repaired 
the system and found an additional 21 leaks: 14 in 1/2-in. tube joints, two 
in 1-in. tube joints, three in 2-in. pipe joints, ind two in 3-in. pipe 
joints. Before the start, of the next vacuum vessel integrated leak-rate test 
we ran a rate-of-rise test which indicated that the leak rate was lower than 
1 x 10 Torr litre/s in the vacuum test. 

This was sufficient to operate the system for the remainder of the technology 
demonstration b"t would not have been good enough for physics operations. 
Because of this fact, we are making some changes to and recommendations about 
the design of the new liner systems. Because the yin-yang has to be modified 
for the MFTF-B configuration, all of the liner system will be removed. As a 
result of these nrodifications, we will change the liquid nitrogen circuitry so 
that there will be multiple parallel circuits for initial leak checking 
instead of the single circuit used in December 1981. Using the same pumping 
speed that we used in December, we would produce a lower overall pressure (and 
higher leak checking sensitivity) for each circuit. After each circuit is 
systematically leak checked, the parallel circuits will be joined together and 
that these final joints be checked as an entire system. Also, as with the 
guard vacuum system, we recommend that the pumpout flanges will be moved to 
the exterior of the vacuum vessel shell. Figure 4 shows the yin-yang magnet 
installed and ready for testing. 



CHANGES TO THE AXICELL CONFIGURATION (HFTF-B) 

The MFTF-3 axicell configuration shown in Fig, 5 consists of 42 coils that 
must be leak checked. Included in this is the rework of the existing 
yin-yang. The two C-shaped magnets of the existing yin-yang have to be 
separated by an additional 1.7 m. Therefore, because of the new case 
extension and rework, the yin-yang structure itself will have to be 
checked again for leaks. The method for leak checking the structural case 
for both yin-yang magnets and all transition magnets will be similar to 
the techniques described earlier, The leak checking of the solenoid 
magnets and the liquid nitrogen and water-cooled shields will be different 
and is described below. 

FUTURE LEAK CHECKING IMPROVEMENTS 

Based on the leak checking experience gained on MFTF, the following leak 
checking procedures will be used on the MFTF-B magnets and a similar 
procedure is recoumended for leak checking other large fusion devices: 

o Because of the lack of sensitivity involved with the 
sniffer-probe technique, the coil forms and covers will be leak 
checked with the standard spray technique prior to the start of 
winding. After winding, the standard spray technique is 
difficult to use (vacuum inside the coil bundle) because of the 
large amounts of G-10 and G-ll used in the coil bundle. The 
sniffer probe would therefore only be used on the final closeout 
welds. General Dynamics/Convair Division (under contract to 
LLNL) has already used the spray technique on the new coil forms 
and covers for MFTF-B's 5-m solenoid coils. 
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o Because of the large size and numerous joints, we recommend that as 

much of the magnet liner system as possible will be fabricated in 
major subassemblies and leak checked on the bench before 
installation on the large magnets. It is desirable to minimize the 
number of joints on the magnet that may require leak checking. 
Generally, these joints are difficult to make on the magnet, 
particularly with a geometry like the yin-yang, and are therefore 
difficult to leak check due to physical access limitations. 

o We also recommend systems as complex as the yin-yang liner system be 
leak checked using numerous parallel circuit paths that are joined 
together in the final circuit. Thii at first would seem to require 
more time but because of the increased sensitivity could probably 
require less time. 

o Finally, we recommend, wherever practical, that all pumpout flanges 
be moved outside to the va uum vessel 'iell. The internal joints 
and connections on the piping should D,: welded where it is possible 
to do so. 

LEAK CHECKING OF THE SOLENOID MAGNETS AND LINER SYSTEM 

Because most of the improvement techniques discussed above have now been 
adopted and leak checking is currently in progress on the solenoid magnets, 
the final leak rate measurements will be made on two solenoids in a single 
vessel module as shown in Fig. 6. 

3 The vessel module will be pumped down using the 3000-ft /m pumping system 
described above. The magnets which have previously been leak checked will be 
filled with 1 atm of helium gas and the total integrated leak rate will be 
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measured. If both magnets pass the acceptance criteria, the liquid nitrogen 
radiation shields will then be installed. After the shields are leak checked, 
they will undergo an acceptance leak rate test similar to the magnet cases. 
The vacuum vessel module will be pumped down, helium gas will be injected into 
the liquid nitrogen system, and the total integrated leak rate will be 
measured. After the liquid nitrogen liner system passes the leak rate 
requirement, the water panel system will be installed, leak checked, and the 
integrated leak rate n-easurements made. 

For leak checking the liquid nitrogen and water system a Veeco MX/7A3 leak 
deti.'ctor will be used in combination with a CVC PSPM3 auxiliary automatic 
puirpinq system (roughing system 17.7 ft'/m, high speed pumping system 
7'JO litre/s). Based on the sensitivity and capahility of this equipment, 
leaks as small as 10"" standard cm /s should be detectable. Also, the 
punipdown time to 5 x 10" 3 Torr should be less than 12 h for the liquid 
nitrogen system and less than 11 h for the water system. Also, the worst 
helium cleanup time after detection of a leak should be less than 2 h. 
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TABLE I. Leak-check techniques and leak rates for the HFTF yin-yang magnet. 

Technique 

Leak-rate requirements at room temperature 
(Torr-litre/s) 

System Technique Tech demo MFTF MF17-B 

"o i l fom/covers Sniffer probe X X >: 

3 l3 f^ r Soi? bubble 
rate or rise 

x " Y 

Cass Spray X X X 

H e l m pipes Sniffer probe 1 x 10"5 1 x IC f 9 1 x I D " " 

3uani vaciun pipe; S-ti"er inbe 1 x 10"' 1 x 10 " 5 1 x 10" 1 ' 

Nitrogen l iners/ Spray L < i-H i x n-3 1 x 10-? 
pioes 
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TABLE II. Leak-rate requirements at room temperature. 

Tech demo HFTF MFTF-B Test results 
Test date Unit (Torr-litre/s) (Torr-litre/s) (Torr-litre/s) (Torr-litre/s) 

Nov. 1981 Magnet 1 x 10' 6 1 X io- 9 1 X i o - 1 0 1.3 x 1 0 " 1 0 a 

Guard vac. 1 x 10- 4 1 X io- 7 1 X io- 8 2 x 1 0 - 3 

Liners 1 x 10"2 1 X io- 6 1 X ID' 7 2 x 10 

Dec. 1931 Magnet 1 x 10 4 i 1 X ID"9 1 X i o - 1 0 1.3 x I D ' 1 0 

Guard vac. 1 x 10"4 1 X io- 7 1 X io- 8 5 x 1 0 ' 5 a 

Liners 1 x Kf 2 1 X io- 5 1 X io- 7 2 x 10"1 

Jan. 1982 Magnet 1 x 10"5 1 X io- 9 1 X i o - 1 0 1.3 x 10- 1 0 

Guard vac. 1 x 10' 4 1 X io- 7 1 X io- 8 5 x 10 - 5 

Liners 1 x 10' 2 1 X io- 6 1 X io- 7 4 x 10" 3 a 

a Passed technology demonstration requirements. 
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1. Completed HFTF yin-yang assembly. 

2. Cross-section of coil case configuration (reverse side of Fig. 1). 

3. Yin-yang magnet with l iquid nitrogen shields insta l led. 

4. Yin-yang raagnet installed in the MFTF vacuum vessel. 

5. HFTF-B axicel l configuration. 

6. Vessel/solenoid module assembly. 
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