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LEAK DETECTION

N. Hilleret
CERN, Geneva, Switzerland

Abstract

Various methods used for le&k detedion are described as well as the
instruments avail able for this purpose. Spedal emphasis is placal on the
techniques used for particle accéerators.

1 INTRODUCTION

Le&k detedionis avery important step in the production d vaauum. It is needed after the production
of a vaauum vessl to chedk that the tightness pedficaions are fulfilled, duing and after the
assembly of these ves=ls to locate the possble lesks creaed duing assembly, and finally during the
instalation d the vessel, to guaranteethat the processcan be caried ou under the required presaure
and gas compasition condtions. Hence methods of ever-increasing sensiti viti es have been developed
to follow the ever more stringent requirements of the induwstry. After a summary of the various
methods used to locate led&ks, the most widely used leak detedor will be presented with its diff erent
types. Some pradicd cases will then be reviewed in the context of acceerator operation.

2. METHODS

Depending ontheir size, ledks can have various effeds, which can be used for their locaion. All
methods are based onthe variation d a physicd property measured on ore side of the vaauum vessl
wall whil e the presaure or the nature of the gas is changed onthe other side. Big le&ks, invalving large
gas flow can generate mechanicd effeds, smaller le&ks require finer methods. These rely on the
change of the residual gas physicd properties when the nature of the gas le&ing into the system
(trace gas) is changed. Both categories will be reviewed heredter. A list of the posdble ledk
detedion methods with their sensitivities can be foundin Ref. [1]. A comprehensive review of the
methods and apparatus for le&k detedion can be foundin Refs. [2, 3.

2.1 Mechanical effects

As explained abowve the production d measurable mechanicd eff eds requires a sufficient energy and
hencethese methods are limited to relatively large less. The amisson d sound o the defledion o a
flame can occur in the case of lesks (10° to 10° Pam’.s”), usualy limiti ng the presaure in the rough
vaauum domain. Ultra-sound detedors can also be used to monitor the oscill ations produced by the
gasin the vicinity of le&ks. A more sensitive methodis the formation d bubdes when water is gpread
onthe le&, the vaauum vessl being presaurised to several bars of over presaure. The detedion limit
in that case can reah 10° Pam’.s®if a wetting agent is added to water and it is good padice to
presaurise the vessl before immersing it in the liquid as the moleaules might be unable, despite the
gas presaure, to flow through the surfacefilm becaise of the surfacetension d the liquid. These
methods have the adlvantages to be simple, very quick to carry out, and able to locate le&ks. Their
sensitivity and time constant are independent of the volume of the vessal. They apply mainly to the
high-presaure region.

2.2 Tracer gas

In the cae of small le&ks, the energy o the gas flow is insufficient to generate measurable
medanicd effeds. In that case agreaer sensitivity is obtained byrelying onthe variation d physicd
properties of the residual gas for which acarate and sensitive measurement methods are available.
When the composition d the residual gas is modified by the injedion in the vicinity of the le&, of a
gas (the trace gas) changing locdly the dr composition, these properties are dtered and this
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ateration can be measured for determining the size and the paosition d a le&k. The trace gas must
have the foll owing properties[4], for the cae of helium le&k detedion:

Be unique in the mass @edrum of the residual gasin the system and pradicdly nonexistent in
the normal surroundng atmosphere.

Be redaily removabl e from the system by pumping and shodd na contaminate the systems

Have alow viscosity.

Many properties of the residual gas can be used to monitor its composition changes. The most
widely used are the hea condctivity, the ionisation cross ®dion, the pumping speal and the
conduwtance The variation d heda conductivity is traced using a Pirani gauge and wsing alcohd,
helium or cabon doxide. The presare variation onthe gauge will be positive for helium and
negative for alcohd or cabon doxide. The variation in ionisation cross dion can be used by
monitoring the signal of an ionisation gauge and this method, \ery useful in acceerators, will be
described in the Sedion 4.3.Lastly, the massof the moleaules can aso be used to tracele&ks and this
very sensitive and widespread methodis described in the next sedion.

3. HELIUM LEAK DETECTORS

3.1 History and principle

At the origin dof the helium le&k detedion methodwas the "Manhattan Projed” and the unprecedented

le&k-tightnessrequirements needed by the uranium enrichment plants. The required sensitivity needed

for the le&k chedking led to the dhoice of amass pedrometer designed by Dr. A.O.C. Nier [5] tuned

on the helium mass (seethe trace gas definition above). Because of its industrial use, the material

choice (originaly glasg turned ou to be unbeaably fragile and after many complaints by the users, a
new metalli c version was developed and constructed. The sensitivity of the gparatus was in 1946
~10" Pa. m’.s” and it increased to ~10"° Pa. m’.s* by 1970. Nowadays the quated sensitivity of the
most sensitive detedors is ~10"° Pa.m®.s*, afador 10° gain within 50 yeas.

The central pieceof the helium le& detedor is the cdl in which the residual gasisionised and
the resultingions accéerated andfiltered in amass gedrometer. Most of the arrent detedors use, as
in the original design, a magnetic sedor to separate the helium ions from the other gases. Permanent
magnets are generally used to generate the magnetic field. The adjustment needed for the seledion o
the helium pe&k is made by varying the ion energy. A schematic layout of a helium legk detedion cell
isgiveninFig. 1.
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To deted small le&ks, the aurrents to be measured are very small: At the highest sensitivity (in
the 10" Pa .m’.s* range), currents as low as femtoamperes have to be measured. This is achieved
thanks to the use of an eledron multiplier in the most modern detedors. If the cdl of ale& detedor is
nat much dfferent from the origina design, the pumping system has considerably changed, the
original diffusion pumps now being replaced byturbomoleaular pumps or dry moleaular-drag pumps.

The sensitivity of the helium les& detedor is given by the ratio between the helium flow
throughthe le& and the partial presaure increase in the cdl. In order to increase the sensitivity, the
pumping speed o the trace gas has to be reduced. This must be dore withou diminishing the
pumping spedd for the other gases (mainly water as le&k detedion wually takes placein unkaked
systems) in order to keep the gpropriate operating presaure for the filament emitting the ionising
eledrons. Seledive pumping is therefore needed to provide ahigh pumping speed for water and alow
pumping speal for helium. The various ways to achieve thiswill be presented in the next Sedion.

3.2 Thedirect-flow method

In dred-flow le& detedors, the vaauum system is conneded acordingto Fig. 2to the le& detedion
cdl andto its pump.

To provide seledivity, aliquid-nitrogen trap isinstalled between the legk detedion cdl and the
inpu flange of the detedor. The high pumping speed o the trap for water allows the presaure in the
cdl to be lowered and, Fence, le&k detedion to be started ealier withou losing helium sensitivity.
This arrangement has been very successul and such detedors were &le, onsmall systems, to deted
lecks as low as 10 Pam’s’. They used dffusion punps and were sensitive to misuse such as
inadequate venting leading to the oxidation d the diffusion-pump al. Furthermore when the detecor
was operating, the nitrogen trap needed to be refilled periodicdly: an easily accessble source of
liquid nitrogen was required. This trap aso impeded the diffusion-pump ail-vapor to badkstream to
the cdl. This is very important to avoid the deposition in the cdl container of insulating coatings
formed duingthe interadion d the ionising eledron bean with the oil vapors. Lastly, becaise of the
warming uptime of the diffusion pump, their start-up required approximately 15 minutes and the
sequenceto operate them was compli caed. On the other hand, the tested vaauum system was exposed
to the residual gas of atrapped diffusion punp, which in these time was the most common pumping
system to produce high vacuum. These detedors were used for most of the le&k chedks in high
vaauum systems until the mid 80 s. Nowadays they are being replacead by courter-flow detedors

3.3 Thecounter-flow method

The possbility of using this method for lesk detedion was mentioned by W. Bedker in 1968[6] and
later described elsewhere [7, 8. Since then this method hes become widely adopted in the field of
helium le& detedion.

The method is based on the fad that the compresson ratio of turbomoleaular pumps and
diffuson pumps increases very quickly with the mass of the pumped gas. Hence it is possble by
injeding the gas from the tested vessl at the echaust of the pump to oltain at its inlet a
badkstreaming flux largely enriched in lighter gases. For example, for aturbomoleaular pump running
at full speed the ratio between the compresson ratio for helium and water vapor is 10°. A scheme of
such ale&k detedor is given in Fig. 3. Althoughthe scheme was initially proposed bah for diffusion
pumps and turbomoleaular pumps, most of the existing courter-flow detedors use turbomoleaular
pumps.

A magjor drawbadk of this smple scheme is that the tested vessl is conneded dredly to the
forepump and can be mntaminated by al vapor. Furthermore, the stability of the pumping
charaderistics of the forepump are very important to ensure the stability needed for acarate le&k
detedion. Lastly the pumping spead o the forepumps used for such applicaionis snall and the time
constant for the le& detedionis hencegredly increased.
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To remedy these problems more sophisticated commercial ek detedors have been developed
using spedaly designed turbomoleaular pumps. The vaaiuum system is pumped by a first
turbomoleaular pump ensuring clean pumping with a high pumping speed and correspondngly short
time mnstant. A seocond integrated turbomoleaular pump, having a wmmon oulet flange, is
conreded to the le&k detedion cdl, Fig. 4. These alvantages are dso oltained by wsing a smple
courter-flow lesk detedor conreded to the outlet of the turbomoleaular pump in a rougling station
(seeFig. 5in the dhapter on medhanicd pumps in these procealings). A similar configuration can be
obtained by admitting the gas at various intermediate stages of a turbomoleaular pump. Depending on
the size of the le&k, or on the total gas flux to be evaauated, the gas can be injeded in the high-
presaure stages ("gross' les configuration) or closer to the low-presaure stages for an enhanced
sensiti vity.

S, =1/(S,*K.,) cELL
Phc

LEAK

combined
T.M.P.

VacUIM » DETECTION
SYSTEM > pr
HIGH VACUUM
A ] rowe K,
VACUUM m BACKING PUMP :
SYSTEM
I BACKING PUMP: S
Fig. 3 Counter-flow le& detedion method Fig. 4 Combined turbo-moleaular-pump le detecor

With the development of dry pumps, new courter-flow detedors have been built using dy
pumping systems to avoid contamination bythe oil vapor coming from the detedor pumps. Anather
interesting improvement is the introduction d moleaular-drag pumps in paceof the high-presaire
stages of the turbomoleaular pump. Because of the high presaure tolerable & the outlet of such pumps,
lek detedion is made possble with a much higher presaure in the system, thus providing the
posshility of an ealy detedion (i.e. ahigh pumped flow).

The alvantages of courter-flow detedors are numerous: they do nat need liquid nitrogen, they
can be eaily transported, they are more quickly put into operation, becaise of the inertia of the pump
rotor, the filament is more proteded in case of a sudden air inrush. In general they are more robust
and require less maintenance, their simple mode of operation also permits easier automation and
remote @ntrol. Most of the recent le&k detedors use the munter-flow method. Nevertheless the
direa-flow geometry offersfor the cae of very small | esks (< 1012 Pam3.s1) a better stability of the
signal and hence an up-to-now unsurpassed sensiti vity.

34 Thedetector probe method (sniffer)

This method is very similar to the two precaling ores as it uses the same gparatus. a helium lesk
detedor. In the cae of the "sniffing method', the vessl itself is presaurised with the trace gas
(usualy helium). Then the gas outside the vessel istested to deted the presence of the trace gas. This
testing is made by admitting, through a nealle valve or a caill ary tube, the gas in a @wnventional
helium le&k detedor (either dired or courter-flow) at its maximum admissble presaure. This method
isvery useful for locaing large leaks in vessls contaminated by, o containing, helium. The detedion
limit of the methodiscloseto 1x 101 Pam3.s1.

This method can also be used in the cae of very large le&ks impeding, kecaise of the
imposshility to lower sufficiently the presaure, the use of any classcd method d le& detedion. In
that case the "sniffer" is used to deted the presence of helium in the exhaust gas of aroughing pump
whil e spraying helium onthe le&ing system.



3.5 Characteristics of leak detectors

To spedfy helium le&k detedorsit isimportant to define several charaderistics. The sensitivity of the
helium lesk detedor is often confused with the small est detedable le&k. The intrinsic sensitivity sis
defined as the ratio between the leskage flow Q and the helium partial pressure P, in the leek
detedtor cdl:

S:&
I:)He

Inthe case of adired-flow lesk detedor, with a cdl pumping speed S, the sensitivity Sis:

S= !
Ste

In the case of a wurter-flow le&k detedor, the sensitivity is:
1
Sb x KHe

with § the pumping speed o the badking pump for helium and K, the compresson d the
turbomoleaular pump for helium. This sensitivity is a tharaderistic given by the @nstruction d the
detedor, its pumping speead and compresson.

The smallest detedable le&k that is an important charaderistic from the operational point of
view is defined as the minimum detedable le&k signal. It is given by the intrinsic sensitivity of the
le&k detedor and the pe&-to-pek naise of the le& signal. This noise depends onthe total presaurein
the cdl and hence on the operating condtions. The minimum detedable le& is different when the
detedor is conreded to a small vessel or to a 100-m long accéerator sedor. To avoid any confusion
the exad operating condtions for the measurement of the minimum detedable lesk must be defined
in the spedficétion.

Anather charaderistic of interest is the longterm drift of the detedor. This charaderistic is
espedally important in the le&k detedion d large systems with long time mnstants and defines the
stability in percent of the signal over a given time period.

For various reasons, the le&k detedors ssmetimes receave large flows of helium. It isimportant
to measure the time needed by the le&k detedor after such an incident to recover alow helium signal.
Of course this measurement must be dore on an isolated detedor to eliminate the time cnstant
introduced by the vacuum system itself. Another passble reason for a high helium badkgroundsignal
is the presencein the amosphere surroundng the lesk detedor of a high helium concentration. This
can happen in halls where large quantities of liquid helium are handed with uravoidable losss. In
that case helium can penetrate the leak detedor circuits by permedion through elastomer gaskets or
throughsmall internal le&ks in the detedor. This also causes a high badkground signal and must be
spedfied and tested.

The highest operating presaure of the le&k detedor largely determines the speed of an
intervention in an accéerator. As a matter of fad, if le&k detedion can be caried ou with an
acceptable sensitivity at presauresin excessof 10 Pa, the waiti ng time before starting lesk detedionis
determined by the removal of the gas contained in the vessl. At a presaure lower than 10Pa, the
degassng d the walls plays an increasing part. In that case the presaure decegy in the le&k detedion
cdl i.e. the decy of thetotal flow, isinversely propationa to time and canna be influenced without
increasing the value of the minimum detedable le&k. On the ntrary, if the operating presaire is
greder than 10 Pa, larger auxiliary pumps can be used to deaease the time nealed to read the
detedion threshold and can be valved dff during the lesk detedion. For these reasons, the operating
presaire of the le&k detedor is of grea importancefor quick interventionsin an acceerator.

The procedures and equipment to cdibrate ahelium legk detedor are described in the Ref. [9].
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4, PRACTICAL CASES

4.1 Early detection of leaks

During the operation d a vaauum system much time can be saved by loggng al the relevant
information concerning the presaure decay dwing a roughing cycle. Any deviation from the usual
pump-down curve is the sign d a possble le&. If the system is pumped for the first time, the shape
of the pump down curve can aso indicate the posshility of aledk: in Fig. Sthe typicd presaure decay
of atight and a le&ky system are shown. For presaires lower than 1Pa, the normal water degassng
which constitutes the main constituent of an unkeked system is inversely propationa to time (-1
slope of the presare-versustime airve on a loglog scde). If ale& is present in the system, the
presaure will tend to a limiting presaure given by the ratio of the le&k flow to the pumping speed. A
similar observation can be made by isolating the vaauum system and measuring the presaure increase
as afunction d time. Figure 6 shows threetypicd curves of presare versustime onalinea scde: a
linea behaviour is an indicaion d a le&k. The initia part of the measurement shoud na be
considered as the normal degassng d the system is predominant in that part of the arve.
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Fig. 5 Various pump-down curves Fig. 6 Comparison d presaureincreasein the
presenceof ale& or of degassng

If agasanalyser is present in the system, valuable information can be drawn from the residual -
gas composition. On many occasions it has been observed that the presence of a pee&k at mass 14
(nitrogen) higher than the peeks at mass12 a 15 (carbon and CH,) after 24-hours pumping is, in an
al-metal unbaked system, an indicaion d the posdble presence of alea. In a baked system, the
mass 28 (nitrogen and cabon monoxde) is difficult to use & cabonmonoxde is an important peak
in baked systems. Argon (mass40) and oxygen (mass32) are more useful indicators of the presence
of ale& although oxygn is not always visible on the mass pedrum as the pumping speed of baked
stainless sed for thisgasis high.

4.2 Theuseof leak detectors

In an accéerator, leak detedion can be caried ou in various ways:. It is good padice to make an
individual le&k detedion d all comporents before installing them in an accéerator since ale& is
much easier to find and to repair in the laboratory than in the accéerator tunrel. This also has the
advantage of reducing le& testing in the tunnel and hence the radiation dose recdved by the
install ation personnel. The leek tests can be made d@ther by hdding bags fill ed with helium aroundthe
mourted joints, or by bowing helium around the paoints to be tested. Both procedure have their
advocaes, the first one being longer but more systematic, the second ore being faster and all owing
the le&ks to be located dredly. In bah cases, the time @nstant of the vaauum system must be
caefully evaluated in arder to spend, at ead locaion, the time necessary for the helium signal to
increase significantly. The evolution with time t of the helium signal P, for a system of volume V
pumped with a pumping spead Sand having aleg Q is given by (taking the initial presaure of trace

gas as zeo):
P:%x(l—e‘&’v)
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Sixty three per cent of the full le& signal is obtained after 100 seconds if a 100-litre volume is
evaauated with a 1-litre-per-second pump.

The helium le&k detedor isa mmplicaed and sometime deli cate instrument. 1t can loose partly
or totaly its nsitivity and hence it is of utmost importance to periodicdly chedk and readjust the
sensitivity of these instruments. This is achieved by wsing cdibrated helium legs delivering to the
instrument a known helium flow and adjusting the instrument settings (very often the ion acceerating
voltage) for the maximum signal. Then, tuning the emisson current sets the &solute value of the
sensitivity. In most of the modern instruments, this cdibration is made aitomaticdly at the start-up o
the detedor.

The presence of air movementsis very important as they can transport the trace gas and induce
awrong interpretation d the position d ale&k. For thisreasonit is necessry to ndice the diredion
of aposgble ar flow andto start the lesk detedion ugstream.

4.3 Leak detection using total pressure gauges

This methodis extremely useful in large accéerators, espedally in the cae of baked machines where
the conredion d a helium le&k detedor is alengthy procedure. It is described for the cae of the ISR
at CERN in Ref. [10]. The method is based on the variation d the pumping spedl, the gauge
sensitivity and the conductance of the gas entering the leak. Because of the change of these fadors,
the ion current colleded by an
ionisation gauge is modified when the GAUGE1:S, GAUGE 2: S,

nature of the gas le&ing in the system

changes. The sensitivity of this @
method dpends gredly on the LEAK Of

configuration o the vaauum system, 2 TUBE: C

the types of gauges and pumps. Inthe | 22— ]
forthcoming cdculation, two extreme
cases will be mnsidered depending on

the gauge locaion with resped to the

pumping station: either at the PUMP: Sp, S,, S,
pumping station a far from it. The )
geometry of the system studied for
this example is down in Fig. 7, the
case of Bayard Alpert gaugesis considered.

Fig. 7 Le& detedionwith presaure gauges

At the le&k andin the accéerator tube, the ratio of the flow (in the moleaular regime) for the
trace gas Q, andthe ar Q,, isequal to theratio of the condictance of the tube for these two gases:

Q _ |29 _Cq
Qair mg Cair

where the subscripts g and air refer respedively to the trace gas and the ar.

For the gauge 1, far from the pump, the pumping speed S, is equal to the mndtctance ¢ of the
pipe.
For the gauge 2, at the pump, the pumping speed S,

At the sensors the pressure P_ is

Q

g

p,=—2%
g
Sg

The arrespondng current onthe olledor gaugel, is:
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wherei_isthe emisson current of the gauge. When changing from air to the trace gas, the variation
in colledor current is (valid for the gauge 2):

%, 0,

x air — SQ
Sajr

air Sajr Qair Cg

When changing from air to the trace gas the ratio o the gauge readings is the ratio of the sensitivity
of the gauge for nitrogen and trace gas.

Let us consider the cae of two trace gases, helium and argon, and two types of pump, a sputter ion
pump and a combination d sputter-ion pump and sublimation pump. The relevant numericd values
are for the pumps and gaugesin use & CERN are given in Table 1. Applied to the &ove ejuations
these values give the ratios given in Table 2 for the variation d the gauge airrent when air is replaced
by the trace gas.

Tablel
Values of pumping speed and gauge sensitivity for different gases

Gas Gauge sensitivity Pumping speed of Pumping speed of
(relative to nitrogen) ion pump ion + sub. pump
Air 1.2 400 1400
Helium 0.15 100 100
Argon 1.4 100 100
Table 2
Variationratio of the gauge reading when air is replaced by helium or argon
Gas Gaugefar from pump | Gaugeat ion pump Gaugeat ion + sub.
pump
Helium 0.18 2.4 8.4
Argon 1.7 5.6 20

These numbers how that depending onthe pasition d the gauge with resped to the pump, and
of the type of pumping, \ariations can be expeded onthe gauge airrent when air is replacal by a
nole gas. The dfed is espedaly large when the pumping relies on the chemisorption since nolde
gases are not pumped by this mecdhanism. Gauges located at the pump also show a greder effed.
Argon gves an amplification d the signal under all circumstances and for this reasonis preferable to
helium. In the cae of accéerators pumped by getter pumps, this methodis espedally well suited. A
readivation d the getter, or a sublimation just before detedion, can grealy increase the sensitivity of
the method.

4.4 Virtual leaks

This type of le& appeas, onthe pumping curve, as ared lea&k but canna be locaed from outside. It
is due to internal defeds causing the retention d gas in a poaly-pumped packet. Usual causes for
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such le&s are poa design and/or poa manufaduring d the vacuum vessl. They are of course
invisible by a le&k detedor but can be reveded by conreding a residual-gas analyser and cheding
the composition kefore and after venting with argon. After such a venting, the agon replaces the
nitrogen in the virtual legk and an abnamally high argon content is present in the residual gas after
the second evaauation.

45 Theaccumulation method

For the detedion d very small | e&s, an important gain can be made by leaving the unpumped system
exposed to the trace gas. This gas acaumulates in the system and its concentration can be measured
periodicdly either with a residual-gas analyser or with a helium le& detedor if helium is used. Led&
rates lower than 1 x 10 Pam’.s* are measurable with this method on g vdumes. For example a
1 x 10° Pa partial presaure variation ower a period o 48 housin avessl of 10 m’ is produwced by a
leak of 8 x 10 Pam’s’. It is possble to apply this method wsing air as trace gas by cheding the
argon e increase in the vessel provided that the agon degassng bywelds can be negleded.

5.  CONCLUSION

The various methods that can be used for the le&k detedion o acceerator systems cover the large
range of passble les from the broken feadthroughto the tiny le&ks appeaing after bakeout. The
vaauum spedalist now has at his disposal efficient tods allying robustnesswith sensitivity and ease
of use. Thanks to the development of moleaular-drag pumps, the avail ability of le&k detedors able to
deted leeks at presaures in excess of 10 Pa is a grea advantage in reducing the down-time of
acceerators during emergency interventions. Despite the quality of the egquipment now commercially
available, le&k detedion remains an exercise, which, generally, is gill difficult and requires well-
trained tedhnicians with agood knavledge of the vaauum system on which they intervene. Even with
the best technicians using the most sophisticated equipment, emergency leek testing is dways a time
consuming and very expensive adivity. For these reasons careful mechanicd design and construction
acording to the rules of good \acuum pradice must be gplied. Preliminary tests of comporents
must be made before installation: they are dways much easier to carry out and avoid the stly
installation and demourting d faulty equipment. Lastly these somewhat theoreticd considerations on
lek detedion are aminute part of all the knowledge required to become “a subtle le&k hurter” and
which isonly accessble “the hard way” by pradice
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