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The drive towards dry vacuum pumping has occurred across the spectrum of vacuum applications 
from semiconductor manufacture to industrial processing. This brings with it a need to 
systematically evaluate and quantify the degree of cleanliness characteristic of any particular pump; 
currently, there is no universally accepted method to perform this function. A methodology 
developed for repeatable measurements of pump cleanliness will be discussed. It utilizes residual 
gas analysis with carefully controlled pump conditions. This facilitates direct comparisons of the 
degree of cleanliness between pumps of the same and those of different design. Additionally, it 
allows for the assessment of methods (either in pump design or use) introduced to improve 
cleanliness. © 2000 American Vacuum Society. [S0734-2101(00)11304-1] 

I. INTRODUCTION 

The drive towards contamination-free, dry vacuum envi
ronments in many manufacturing applications has led to the 
development of "dry pumping systems." These pumps con
tain no sealing or lubricating fluids in the swept volume. 
However, they do maintain a supply of oil and low vapor 
pressure grease for lubricating mechanical components such 
as gears and bearings (fluorocarbon oils and greases are com
monly used lubricants in dry pumps due to their low vapor 
pressure). Although the gearing mechanism of a dry pump 
can be separated from the vacuum space by either static or 
dynamic shaft seals, lubricant exposure to the vacuum space 
may still be a possibility. In addition, some pumps will have 
bearings, lubricated with low vapor pressure grease, directly 
exposed to the vacuum space. At extremely low pressure it 
may be possible for some of the lubricant, in the vapor 
phase, to find a route via backrnigration through the pump 
and appear as a contaminant in the residual atmosphere at the 
pump inlet. 

Pump applications requiring a high degree of cleanliness 
may employ several techniques to counteract oil vapor back
migration. For vapor pumps and rotary vane pumps these can 
include installing liquid nitrogen traps, molecular sieves, or 
controlled gas bleeds to restrict the vapor progressing along 
the foreline. Conventional dry pumps employ high
performance dynamic shaft seals to reduce lubricant transfer 
and gas ballast to provide a barrier between the pumped 
gases and the gearbox to restrict backrnigration at source. 
Previous work has also shown that a small flow of gas at 
either the pump inlet or ballast ports is sufficient to reduce 
backmigration and suppress fluorocarbon oil contamination 
of the residual atmosphere to below measurable limits. 1

- 3 

In order to gain a qualitative measurement of the degree 
of dry (or the level of contamination) a technique has been 
previously developed (at a preliminary level) to quantify the 
relative amount of fluorocarbon contamination, associated 
with dry pump lubricants, in the residual atmosphere at a 

•l Author to whom all correspondence should be addressed; electronic mail: 
patrick.davis@edwards.boc.com 

dry-pump inlet under controlled conditions.4 In this article 
we report on a recently developed extension to this method 
that now allows for direct comparisons of (residual atmo
sphere) contamination at the inlet of pumps of the same and 
different design. The application of this method to qualify 
the effectiveness of design modifications and other methods 
employed will be discussed and exemplified using results 
obtained from the analysis of the residual atmosphere at the 
inlet of a number of commercial pumps. 

II. METHOD 

A schematic of the experimental apparatus is given in Fig. 
1. The analysis chamber is pumped by a BOC Edwards 
EXT70 turbomolecular pump backed by an alumina trapped 
two-stage rotary pump. Residual gas analysis is performed 
using a Hiden analytical HAL2/511 quadropole mass spec
trometer with a range of up to 510 atomic mass units (amu). 
A hot cathode ionization gauge monitors the pressure in the 
analysis chamber, the ultimate pressure of which was consis
tently of the order of 10-9 Torr following a 24 h bakeout. 
The analysis chamber is connected to the pump under test 
via a 1-meter DN25NW flexible foreline. A fine leak valve is 
manually regulated to draw a sample from the foreline at a 
rate of approximately 7.0 X w- 5 Torr 1 s -I thus maintaining 
a sampling pressure in the analysis chamber of 1.0 
X 10- 6 Torr. A capacitance manometer and a pirani gauge 
measure the pressure at the pump inlet. All vacuum system 
components are "as new" or vapor degreased prior to use. 
The vacuum gauges are cleaned prior to each use in order to 
remove possible traces of condensed oil vapor. 

The fluorocarbon oil and grease employed for lubrication 
purposes in most vacuum pumps are the perfluoropolyether 
(PFPE) variety which are reported5

-
7 to have the general 

structure as shown in Fig. 2. The mass spectra cracking pat
tern for these lubricants was found to have a main peak at 
mass 69(CF3) and secondary mass peaks at 97(C2F30) and 
119(C2F5), which is consistent with data published 
elsewhere.5

•
7 This technique provides a relative measurement 

of pump contamination by measuring the partial pressure 
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FIG. I. Schematic of the experimental apparatus. 

corresponding to the main fluorocarbon mass spectral peak at 
molecular weight ( M I e) 69 and that of a reference peak; this 
is selected as the hydrogen peak (H2) at Mle 2. This is 
discussed in further detail below. 

Hydrogen is a permanent gas in vacuum systems and is 
always present in finite quantities. The PFPE contains no 
hydrogen species and hence does not contribute to measure
ments of the hydrogen partial pressure. Furthermore, when 
inlet and ballast purges are disabled the hydrogen content in 
the residual atmosphere at the inlet of pumps, of similar con
struction and with comparable ultimate pressures, has been 
found to be relatively consistent. Therefore, the partial pres
sure measured at M I e 2 makes an ideal reference level with 
which to relate the partial pressure measured at M I e 69. 

Previous work has shown that the quantity of contaminat
ing gas species appearing in the residual atmosphere at the 
pump inlet is a function of the particular pump, and will 
gradually increase over time until an equilibrium level is 
eventually achieved.4 The length of time required to reach 
the equilibrium level has been found to be dependent on the 
temperature and dimensions of the foreline connecting the 
analysis chamber to the pump. It has been found however, 
that the final equilibrium contamination level attained for a 
given pump is consistent regardless of the foreline tempera
ture and dimensions (these effectively develop a system time 
constant). Hence, to improve on our previously reported 
method4 the diameter of the foreline has been reduced and 
heating the foreline (previously to temperatures in excess of 
80 oc) is no longer required. The residual atmosphere in the 
foreline is now sampled with the foreline at room tempera
ture. 

When the contamination levels in the residual atmosphere 
at a given pump inlet reaches an equilibrium state the ratio 
calculated from the partial pressure at M I e 69 to that at M I e 
2 is used to give an indication of pump contamination. Cal
culating a contamination value in this manner compensates 

FIG. 2. General structure of PFPE oils typically used in vacuum applica
tions. 
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TABLE I. Capacitance manometer measurements of ultimate pressure and 
construction details for each of the scroll pumps evaluated for the degree of 
contamination in the residual atmosphere at the pump inlet. 

Pump Ultimate pressure (Torr) ::':20% 

A 
B 
c 

D 

E 

3.9X 10 2 

s.6x w- 2 

2.1 X 10- 2 

I.4x w- 2 

4.1XI0- 3 

Details 

Single stage 
Parallel stages 
Two stage with bearing purge and 
intrinsic ballast 
Two stage with bearing purge and 
no intrinsic ballast 
Parallel stages 

for any signal drift that may occur during the sampling pro
cess. The resulting value is a useful indicator to the relative 
contamination of the residual atmosphere and can therefore 
be used to quantify production modifications or for cleanli
ness comparison with other pumps of similar construction. 

The modified technique described above is exemplified in 
the next section by the analysis of the residual atmosphere at 
the inlet to scroll type vacuum pumps. In addition to bearing 
lubrication scroll pumps use polytetraftuoroehtylene (PTFE) 
based materials for the tip seal. PTFE has the structure 
[CzF4]n and under mass spectral analysis show cracking pat
terns similar to that of the PFPE oil/grease. However, if 
PTFE components are present in the residual atmosphere 
there would be additional peaks characteristic of the matrix 
additive also identifiable (e.g., Mle= 100, 148, or 170). 

Ill. RESULTS 

The method outlined above was used to assess the degree 
of contamination in the residual atmosphere at the inlet of 
several production scroll pumps. The pumps were drawn 
from a selection of different manufacturers. Details of the 
pumps evaluated and the ultimate pressures attained after 24 
h pumping are outlined in Table I. Pumps A, B, D and E 
were run without gas ballast. Pump C is the same pump as D, 
and was run with intrinsic gas ballast activated. Bearing 
purges, if present, were unmodified and run under manufac
turers recommended standard settings. 

The residual atmosphere at the inlet of each of the five 
pumps was analyzed continuously over a 12-h period and the 
partial pressure measurements at M I e 69 and M I e 2 logged. 
Figure 3 shows the partial pressure measurement at M I e 69 
against time for each of the pumps. At the commencement of 
each run the background partial pressure at M I e 69 was 
typically of the order of 10- 11 Torr. After 12 h a background 
pressure was observed with pump A whereas pump B 
showed an increase in the partial pressure measured at M I e 
69 to 1.2X 10-Io Torr. In contrast, pumps C, D, and E show 
a significant increase in the partial pressure measured at M I e 
69 over the same time period. The partial pressure at M I e 69 
rises to 6.3X 10-9 Torr for pump C, 8.1 X 10-9 Torr for 
pump D, and 2.6X 10- 8 Torr for pump E. 

Figure 4 shows the relative contamination value calcu
lated from the ratio of the partial pressure measured at M I e 
69 to that measured at M I e 2 over the same 12-h period. In 
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this analysis pump A exhibits improved cleanliness over 
pump B. Pump A has a value of less than 0.01 compared to 
0.03 for pump B (the value for pump A is attributed to the 
background signal which is discussed below). The relative 
contamination values calculated for pumps C, D, and E are 
significantly larger in magnitude than those of pumps A and 
B. Pump C has a relative contamination value of approxi
mately 1.2 compared to a value of 3.0 for pump D. The 
results show that the intrinsic gas ballast on pump C provides 
a slight improvement in its cleanliness characteristic (com
pared to the same pump without the intrinsic ballast, i.e., 
pump D). Although the magnitude of partial pressure mea
sured at M I e 69 in the residual atmosphere of pump E was 
the largest of all the pumps, the calculated contamination 
value for pump E is only 0.36. This is because a larger mag
nitude partial pressure measured at 2 M I e causes the relative 
contamination value to be significantly lower than the values 
calculated for pumps C and D. The increased partial pressure 

Pump E 

12:00 
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FIG. 3. Trend measurement of the partial pressure at 
M I e = 69 mass peak in the residual atmosphere at the 
inlet of scroll pumps with a 1.0 m DN25NW foreline at 
room temperature . 

measured at M I e 2 may be attributed to a number of factors 
and will be discussed in more detail below. 

It is evident from the plots in Fig. 4 that the relative 
contamination values are continuing to increase slightly after 
the 12-h period. Hence, to ensure a stable equilibrium is 
attained the pumps are left to run at ultimate for a total of 24 
h. Figures 5-9 show mass spectrographs of the residual at
mosphere for each pump measured after 24 h running at 
ultimate. Pump A shows no measurable signal present at 
Mle 69, see Fig. 5. In the residual atmosphere of pump B a 
partial pressure of l.OX w- 10 Torr at Mle 69 is measured, 
see Fig. 6. In comparison, the partial pressures measured at 
M I e 69 for Pumps C, D, and E are significantly larger at 
3.7Xl0-9 and 8.5Xl0- 9 Torr, and 6.5XI0- 8 Torr, re
spectively, see Figs. 7, 8, and 9. 

It is noted from the spectrographs of Figs. 5, 6, 7, and 8 
that the hydrogen partial pressure at M I e 2 in the residual 
atmosphere at the inlet of pumps A, B, C, and D is relatively 

10.--------------------------------------------------. 

., 
..:! .. 
> 
c: 
.2 
iii 

0.1 .!: 
E 
.!!! 
c: 
0 
() ., 

0.01 ~ 
.!!! ., 
0:: 

1E-3 

00:00 02:00 04:00 06:00 08:00 

Time Elapsed (hours) 

J. Vac. Sci. Techno!. A, Vol. 18, No.4, Jui/Aug 2000 

Pump D 

Pump C 

10:00 12:00 

FIG. 4. Calculated relative contamination value in the 
residual atmosphere at the inlet of scroll pumps over a 
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FIG. 5. Mass spectrograph of the residual atmosphere of 
pump A after 24 h continuous operation at ultimate. 
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consistent. It is at least an order of magnitude greater for 
pump E, see Fig_ 9_ The partial pressures measured at M I e 
69 and M I e 2 after 12 and 24 h continuous pumping at 
ultimate are used to calculate relative contamination values 
for each pump, see Table II. After 24 h the relative contami
nation value for pumps A and B are 0.01 (i.e., background) 
and 0.02, respectively. The value for pump C has increased 
slightly from 1.12 after 12 h to 1.61 after 24 h. Similarly 
pump E shows an increase in the relative contamination 
value from 0.36 after 12 h to 0.68 after 24 h. The value 
calculated for pump D after 12 h is 3.04 and decreases to 
2.66 after 24 h. 

IV. DISCUSSION 

From the plots in Fig. 3 it is noted that the contamination 
measured in the residual atmosphere of pumps C, D, and E 
rises from an initial background level, of the order of 
1 o-Il Torr, to equilibrium over a period of approximately 
6-12 h. A complex process exists whereby oil vapor back-
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migrates through the pump to appear as a contaminant in the 
residual atmosphere. The degree of contamination present at 
equilibrium is thought to be a function of two competing 
pump parameters. These are the ability to pump the fluoro
carbon vapor against the rate of vapor backrnigration from 
the pump. The quantity of contamination in the residual at
mosphere is considered to be a measure of these competing 
processes and hence gives an indication of the pump clean
liness characteristic. 

Table II contains the partial pressures measured at M I e 2 
and M I e 69 and includes the calculated relative contamina
tion value (i.e., ratio M I e) 69/2 after 12 and 24 h pumping at 
ultimate. Pump A shows the lowest level of contamination in 
the residual atmosphere. The absolute partial pressure mea
sured at Mle 69 is 8.8X 10- 11 Torr. The relative contamina
tion value below 0.01 that is calculated for pump A is also 
the lowest value of all the pumps under test. It is to be noted 
that these numbers for pump A are equal to the background 
noise. This is consistent with the design of this pump 

120 130 140 

FIG. 6. Mass spectrograph of the residual atmosphere of 
pump B after 24 h continuous operation at ultimate. 
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FIG. 7. Mass spectrograph of the residual atmosphere of 
pump C after 24 h continuous operation at ultimate. 
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whereby the lubricated bearings are (uniquely) held outside 
the vacuum space. The level of contamination at the inlet to 
pump A is expected to be zero above background which was 
indeed the case measured. The quantity of contaminating 
species in the residual atmosphere of pump B is comparable 
to that of pump A. However, the bearings on pump B were 
found to have run dry and a higher level of contamination 
would be expected from properly greased bearings. The ab
solute partial pressure measured at mass 69 is 1.0 
X 10- 10 Torr and a relative contamination value of 0.02 is 
calculated. 

In contrast, the partial pressure measured at M I e 69 in the 
residual atmosphere of pump C is an order of magnitude 
greater than that of pumps A and B. The relative contamina
tion value calculated for pump C with intrinsic ballast is 1.61 
and pump D (i.e., pump C without interstage ballast but with 
bearing purge) is 2.66. The presence of the interstage ballast 
serves to reduce the level of contamination appearing in the 
residual atmosphere at the inlet to this pump. It is believed 
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that the additional flow of gas serves to restrict the backrni
gration of the fluorocarbon vapor and may enhance the abil
ity to pump the fluorocarbon vapor. 

Pump E achieved the best ultimate of all the pumps under 
test, i.e., 4.1X 10-3 Torr. In order to maintain a consistent 
sampling rate of 7.0X 10-5 Torr 1 s- 1 and an analysis cham
ber pressure of LOX 10-6 Torr it was necessary to further 
open the fine leak valve connecting the analysis chamber to 
the foreline. The partial pressure measured at the main con
tamination peak at Mle 69 is 6.5X 10- 8 Torr and the partial 
pressure at mass 2 is 9.6X 10- 8 Torr, see Fig. 9. The relative 
contamination value is calculated to be 0.68. 

The partial pressure at M I e 69 measured at the inlet to 
pump E of 6.5X 10- 8 Torr is significantly larger in magni
tude than the partial pressures measured for pump C, 3.7 
X 10-9 Torr, and pump D, 8.5X 10-9 Torr. This value in iso
lation from a reference point indicates that the cleanliness 
characteristic of pump E is inferior to that of pumps C and D. 
However, relating the measurement to the partial pressure 

FIG. 8. Mass spectrograph of the residual atmosphere of 
pump D after 24 h continuous operation at ultimate. 
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FIG. 9. Mass spectrograph of the residual atmosphere of 
pump E after 24 h continuous operation at ultimate. 
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measured at the reference peak of M I e 2 gives a calculated 
contamination value for pump E of 0.68. This represents a 
significant improvement over values of 1.61 for pump C and 
2.66 for pump D. The improved relative contamination value 
can be attributed to the partial pressure of 9.6X 10- 8 Torr 
measured at M I e 2 in the residual atmosphere of pump E 
compared to 2.3X 10-9 and 3.2X 10-9 Torr for pumps C and 
D, respectively. The increased hydrogen partial pressure at 
the inlet of pump E may be due in part to the improved 
ultimate vacuum attained coupled with the requirement to 
maintain a consistent pressure in the analysis chamber. Ad
justments to the fine leak valve are required to maintain a 
consistent pressure of LOX 10-6 Torr in the analysis cham
ber. These adjustments will differentially improve the con
ductance of H2 through the valve that will lead to an increase 
in the magnitude of the M I e 2 signal. As discussed earlier, 
pump E attains the best ultimate with a coincident relative 
reduction in atmospheric 0 2 /N2. In contrast, the partial pres
sures of many other residual gases increase with respect to 
the overall residual atmosphere, see Fig. 9. Hence. the in
crease in the partial pressure measured at M I e 2 in the re
sidual atmosphere of pump E is indicative of the low base 
pressure attainable by the test pump and improved H2 con
ductance through the fine leak valve while maintaining con
sistent conditions within the analysis chamber (i.e., opening 

the fine-leak valve). Subsequent chemical analysis of the lu
bricating oil from pump E has shown that it contains a small 
quantity of hydrocarbon components. The spectrum of Fig. 9 
clearly shows the presence of these hydrocarbon components 
manifested by the presence of the characteristic CH2 peak 
groupings (i.e.. at intervals of M I e 14 ). The presence of 
hydrocarbon components can affect the M I e 2 measurement 
and lead to spurious calculations for the relative contamina
tion value. The improved relative contamination level of 
pump E over pumps C and D as shown in Fig. 4 when com
pared with the M I e 69 measurements plotted in Fig. 3 may 
be due in part to the presence of the hydrocarbon compo
nents. 

Consequently. measuring the contamination peak at Mle 
69 in isolation from a suitable reference peak would be sub
ject to influences that could affect the proper evaluation of 
the pump cleanliness characteristic. The method employed 
here to calculate a relative contamination value from the ra
tio of the contamination peak at M I e 69 to the reference 
hydrogen peak at M I e 2 compensates for instrumentation 
variations such as drift and for the differing ultimate pressure 
attainable by each of the pumps. Howe\·er. the presence of 
hydrocarbon components that contribute to the Jf I e 2 signal 
will affect the calculation of the relative contamination value 
and possibly generate a misleading result. 

TABLE II. Partial pressures for the 69(CF3) and 2(H2) measured in the residual atmo<r~re J.: e.xh ;:-ump mkr 
after 12 hours and 24 hours, and the calculated relative contamination values. 

After 12 h at ultimate 

Mle=69 Mle=2 Mle Ratio Mle=69 _',[ c·=: .\! < Ratio 
Pump (Torr) (Torr) 6912 (Torr) ·L·:-r 69.'2 

A 8.1XI0- 11 9.4x 10-9 <0.01 8.8XI0- 11 6.-.lO-- <0.01 
(background) (background' 

B 1.2x 10-'o 4.ox 10-9 0.03 1.ox 10- ,.:. 4.-x 10-" 0.02 
c 6.3x 10-9 5.4X 10- 9 1.12 3.'Xl0-" 2.3x 10- 9 1.61 
D 8.1 x 10-9 2.1x 10- 9 3.04 8.5x 10-" 3.2X 10- 9 2.66 
E 2.6X 10-8 1.1 x 10-s 0.36 6.5xl0-' 9.6x 10-s 0.68 

JVST A - Vacuum, Surfaces, and Films 
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V. CONCLUSIONS 

In this work our previous technique has been further de
veloped to calculate a relative indicator to the level of con
tamination in the residual atmosphere at the inlet of dry 
pumps and applied to small commercial scroll pumps. The 
results show that this technique can be applied successfully 
to quantify pump performance in terms of the contamination 
content of the residual atmosphere at the pump inlet. The 
results presented in this article show that significant differ
ences can exist in the cleanliness performance of scroll 
pumps from different manufactures. 

Pump A showed contamination levels equal to the back
ground. The absolute partial pressure of the background at 
M I e 69 in the residual atmosphere was 8.8 X 10- 11 Torr and 
a background relative contamination value of <0.01 was cal
culated. This is to be expected since the internal construction 
and design of this pump is such that bearing lubricants are 
entirely isolated from the vacuum space making it impos
sible for contaminating species to find their way through the 
pump and into the residual atmosphere. The bearings of all 
the other pumps (i.e., pumps B, C, D, and E) are exposed to 
the vacuum space. The measured partial pressure at M I e 69 
for the residual atmosphere at the inlet to pump B was 1.0 
X 10- 10 Torr after 24 h. The relative contamination value 
was 0.02-noticeably above background. The bearings in 
pump B were found to have run dry, as discussed earlier, and 
hence the contamination level could be reasonably expected 
to be significantly higher with the bearings correctly greased. 

Pumps C, D, and E exhibit significantly larger partial 
pressure contamination signals at M I e 69 thereby indicating 

J. Vac. Sci. Technol. A, Vol. 18, No.4, JuVAug 2000 
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that the pumps are a contributing source of contamination to 
the residual atmosphere. The partial pressure measured at 
Mle 69 for pumps C, D, and E were 3.7X 10-9 , 8.53 
X 10-9 Torr, and 6.53X 10- 8 Torr, respectively after 24 h 
pumping at ultimate. The calculated relative contamination 
values are; pump C (1.61), pump D (2.66), and pump 
E(0.68); continuous gas ballast accounts for the improved 
cleanliness of pump C, over pump D though it is still rela
tively high. These results show the relative cleanliness of 
several scroll pumps under the same conditions and illustrate 
that this technique can be a useful tool in quantifying the 
degree of dry in the residual atmosphere at the inlet to com
mercial dry pumps. 
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