
research papers

J. Synchrotron Rad. (2010). 17, 243–249 doi:10.1107/S0909049509052571 243

Journal of

Synchrotron
Radiation

ISSN 0909-0495

Received 21 July 2009

Accepted 7 December 2009

Development of a differential pumping system for
soft X-ray beamlines for windowless experiments
under normal atmospheric conditions

Y. Tamenori

Japan Synchrotron Radiation Research Institute/SPring-8, 1-1-1 Kouto, Sayo, Hyogo 679-5198,

Japan. E-mail: tamenori@spring8.or.jp

A novel design for a differential pumping system has been investigated. This

system allows windowless experiments in a soft X-ray beamline under normal

atmospheric conditions. The new design consists of an aperture-based four-stage

differential pumping system, based on a simple model calculation. A prototype

system with a total length of 600 mm was constructed to confirm the validity of

the design concept. Relatively short conductance-limiting components allow

easy installation and alignment of the system on a synchrotron beamline. The

fabricated system was installed on a beamline to test the transmission of soft

X-rays through atmospheric helium.
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1. Introduction

In synchrotron radiation facilities, thin metal and polymer

films are usually used as a vacuum window to separate the

ultra-high vacuum of the storage ring or the optics chamber

from the high-pressure environment of the experimental

apparatus. A beryllium window is often used as a standard

front-end component owing to its high optical transmission of

the X-ray beam. However, Be windows absorb lower-energy

photons, and cannot be used for soft X-ray beamlines. Instead,

the standard procedure in a soft X-ray beamline is to install all

equipment necessary for experiments inside the high-vacuum

chamber. Recently, demands to study samples under higher

pressure (1–760 mbar) have increased in the soft X-ray region,

which are in some cases quite different from those in a high-

vacuum condition (Pantförder et al., 2005).

Recently, several groups have attempted to obtain photo-

emission data at pressures of up to 100 mbar by separating the

sample region from the beamline using a vacuum window

(Ogletree et al., 2002; Pantförder et al., 2005). The vacuum

windows used in the soft X-ray regions need to be ultra-thin in

order to transmit the photons to the sample region. However,

thin metal films are fragile, and have difficulty withstanding a

high pressure difference. Furthermore, organic contamination

on the vacuum window reduces the photon intensity in the

absorption edges of light elements. In order to overcome these

complications, the development of a windowless method must

be investigated. The development of a windowless connection

between a high-vacuum beamline and a high-pressure sample

chamber would provide an opportunity to open new scientific

possibilities in soft X-ray sciences.

Hard X-ray experiments could also benefit from a

windowless connection, though Be windows are usually used

in the hard X-ray region. Since they are not always optically

flat on the X-ray wavelength scale, the windows cause a

degradation of the beam quality, which would be an especially

serious problem when using coherent X-ray beams (Gog et al.,

2007). New developments in X-ray sources have provided

X-ray beams of higher coherency, which has lead to new X-ray

analytical techniques that were not feasible just a decade ago.

Elimination of vacuum windows from the beamline also

creates the possibility to improve the X-ray quality in the hard

X-ray region.

Recently, increased effort has been expended in the

development of optically high-quality vacuum windows (Goto

et al., 2004; Blumer et al., 2006). Another approach to over-

coming the window problem, which might be a simpler solu-

tion, is to use a differential pumping system (Warburton &

Piantetta, 1990). In a differential pump, the conductance

between two vacuum chambers is limited by an open aperture

or pipes. It allows photons of all energy ranges to pass freely

along a line of the light path between the two different pres-

sure regions. The differential pumping system is widely used

in ultra-high-vacuum experiments using a molecular beam

(Haberland, 1994; Pollard et al., 1981; Ran et al., 2007) and a

helium discharge lamp (Rowe et al., 1973, 1985). Furthermore,

the differential pump has already been installed on beamlines

in many synchrotron radiation facilities, e.g. in place of the Be

window (Renier & Draperi, 1997), as a gas filter (Lee et al.,

2001; Mercier et al., 2000) and in CVD reaction chambers

(Ohashi et al., 2001a). Advances in vacuum technology and the

brilliant photon beam produced by a modern synchrotron
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light source enable us to eliminate vacuum windows from the

beamline. Recently, a windowless connection was achieved

between a high-vacuum chamber and an atmospheric pressure

environment using a differential pump with millimeter-sized

beam passes (Gog et al., 2007).

In the present study, a differential pumping system was

designed for use with windowless soft X-ray experiments

under normal atmospheric conditions. The assembly proto-

type was fabricated to confirm the feasibility of the design

concept, and was installed on the soft X-ray beamline at

SPring-8 (BL27SU). This differential pumping system creates

a windowless connection between the high-vacuum chamber

and a sample region with an atmospheric pressure environ-

ment. It was a challenge to create a windowless connection

between an experimental chamber filled by 1 atm helium and

the high-vacuum beamline. Since soft X-rays at around

1.0 keV are fairly absorbed in atmospheric air, a He path was

used instead of an air path (Roper et al., 1992; Yagi et al.,

2004). While He gas has a higher transmission than air in the

soft X-ray region owing to its smaller atomic number, it is

more difficult to evacuate He using vacuum pumps. The

performance of the differential pump was evaluated by

connecting it to both atmospheric air and helium environ-

ments. The transmission of soft X-rays was measured under

the condition of atmospheric helium to demonstrate the

viability of the apparatus.

2. Considerations for the system design

The performance of the differential pump strongly depends on

the aperture size and the length of the conductance-limiting

components. When the size of the aperture is reduced, or the

length of the pipe is elongated, the gas flow is decreased.

However, the photon beam has to pass through the conduc-

tance-limiting components. Narrower and longer pipes are

inconvenient for these experiments, even though recent

synchrotron radiation light sources produce a very narrow

photon beam. When designing a new differential pump, it is

important to consider both the pump’s performance and the

convenience of apparatus. From this point of view, an aper-

ture-based differential pump is more attractive when

attempting to construct a compact system, although the

performance of a differential pump is less effective than that

of a system constructed using a long pipe.

Gas flow in a vacuum system has been extensively investi-

gated. The vacuum theory has been described in detail in

literature on vacuum technology (Rozanov & Hablanian,

2002; O’Hanlon, 2003). In the present report, we do not go

into the details of vacuum theory and technology, but only

present the formula used for our simulation. Fig. 1 illustrates

the model system of a proposed differential pump. P0 and P1

denote the pressure of the higher and lower pressure regions

(P0 > P1), respectively. The P1 region is evacuated by a vacuum

pump with a pumping speed of S1 (L s�1). The two regions are

connected by a cylindrical conductance-limiting component of

diameter D (cm) and length L (cm). The gas flow Q through

the conductance-limiting component is given by the following

equation,

Q ¼ C P0 � P1ð Þ ðPa L s�1Þ; ð1Þ

where C is the conductance of the system. In an actual

differential pumping system, an ideal thin aperture cannot be

used because it would not withstand the pressure difference.

Therefore, the formulation of a thick aperture, i.e. short tube,

is significant for our purpose. In the present study, the models

proposed by Santeler were used in the optimization of the

system (Santeler, 1986a,b, 1994). Santeler formulated the

treatment of a short round tube in all gas-flow regions

(molecular, viscous and intermediate). Santeler’s model treats

the tube as an aperture in a series with a tube of length L. This

treatment allows us to separate the exit conductance from the

tube conductance, and the exit effect, when the pressure drops

at the tube exit, can be accounted for in the estimation.

In the present system, the gas flow is treated as a choked

flow. The limit of choked flow can be determined by the

following equation,

P1

P0

�
2

� þ 1

� �1=ð��1Þ

; ð2Þ

where � is the specific heat ratio. For air and helium, � is 1.40

and 1.67, respectively. Hence, the P1/P0 ratio is �0.5. The

present differential pumping system easily satisfies this

condition, because it only requires the downstream pressure to

be below one-half of the upstream pressure.

For a molecular flow region, when the mean free path of the

gaseous molecule is longer than the diameter of the aperture,

the pioneering work to formulate the gas flow in a short tube

was carried out by Clausing (1932). He proposed an equation

of conductance for the general case where any component

serves as a connection between two large volumes,

CM ¼ �CM orifice ðL s�1
Þ; ð3Þ

where � is the Clausing factor, which is a translation prob-

ability that a particle entering the pipe at one end will escape

at the other end after making diffuse collisions with the wall of

the pipe. Clausing also developed integral equations for the

exact solution of � for circular tubes of any length-to-radius

ratio. Later, Santeler further developed the Clausing model,
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Figure 1
Schematic diagram of the model system of the differential pump. P0 and
P1 denote the pressure of higher and lower pressure regions, respectively.
S1 is the pumping speed, Q is the gas flow, C is the conductance and D and
L are the diameter and length of the conductance-limiting component,
respectively.



and proposed a simple formula for calculating the Clausing

factor, taking into account the exit effect in a short tube

(Santeler, 1986a,b),

� ¼
1

1þ 3L0=4D
; ð4Þ

where

L0 ¼ L 1þ
1

3þ 3L=3:5D

� �
:

CM_orifice is the conductance for thin circular orifices, which is

given by the following equation,

CM orifice ¼ ð�=16Þ ���D2 ¼ 0:09ðT=MÞ1=2D2 ðL s�1Þ; ð5Þ

where T is the Kelvin temperature and M is the mass of gas.

The gas flow QM can be estimated using following equation,

QM ¼ 0:09ðT=MÞ1=2D2� P0 � P1ð Þ ðPa L s�1Þ: ð6Þ

The gas flow QM depends on the mass of the gas travelling

through. For example, in the present system, air at T =

293.15 K and M = 0.029 kg mol�1 has the following values,

CM Air ¼ 9:1�D2
ðL s�1

Þ: ð30Þ

On the other hand, helium at T = 293.15 K and M =

0.004 kg mol�1 has the following values,

CM He ¼ 24:5�D2 ðL s�1Þ: ð300Þ

When helium is evacuated, the gas flow increases by a factor of

about 2.6.

In order to design this differential pumping system, it is

necessary to estimate the gas flow in the viscous flow region,

where the mean free path of the gaseous molecule is shorter

than the diameter of the aperture. The viscous flow for the

short pipe QV is given by the following equation (Santeler,

1986b),

QV ¼ C2=2K
� �

1þ 2KP0=Cð Þ
2

� �1=2
�1

n o
ðPa L s�1

Þ; ð7Þ

with

C ¼ 24:06D2 �ðT=MÞ 2=ð� þ 1Þ½ �
�þ1=��1

� 	1=2

and

K ¼ �D4=192�L;

where � is the coefficient of viscosity. The gas flow predicted

by (6) and (7) is plotted in Fig. 2. In the transition region, i.e.

the intermediate region between the viscous and the mole-

cular region, the gas flow curves obtained from (6) and (7) are

discontinuous. The treatment of gas flow in the transition

region for a short tube was proposed by Santeler (1994),

QT ¼ �QV þ ð1� �ÞQM ðPa L s�1Þ; ð8Þ

with

� ¼ R=ð �PPþ RÞ;

where R is the midpoint pressure of the transition region and
�PP is the average pressure. In the present system, R was fixed as

65 Pa (air) and 192 Pa (helium), thus the Knudsen number

becomes 0.1. Fig. 2 indicates that (8) smoothly connects two

flow regions. Equations (6), (7) and (8) were used in the

simulations discussed in a later section, as gas flow for the

molecular, viscous and transition flow regions, respectively.

3. Fabrication of a prototype differential pumping
system

A four-stage differential pumping system was fabricated to

verify the design concept discussed in the present report. A

schematic drawing of the proposed system is shown in Fig. 3.

The sizes of apertures and the pumping speeds of the vacuum

pumps were optimized using the simulation of a model system.

The system consists of two vacuum chambers. The first

chamber contains the first two conductance-limiting apertures

(D1 and D2), and serves as the first and the second stages of

the differential pump. The second chamber contains the third

and fourth apertures (D3 and D4), and serves as the second,

third and fourth stages of the differential pump. Both cham-
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Figure 2
Estimated pressure dependency of gas flow in the molecular, viscous and
transition regions.

Figure 3
Schematic drawing of the prototype differential pumping system. Dx (x =
1–4) is the diameter of each conductance-limiting aperture, and Px (x =
0–4) is the pressure at each differential pumping stage. The arrows at the
upper side indicate the length of the system. SP stands for scroll pump
and TMP for turbomolecular pump.



bers were fabricated using a 96.0 mm-diameter SS304 stainless

steel pipe, and joined using ICF-152 vacuum flanges.

The gas pressure in the first stage is in a viscous flow region,

whereas that in the second stage is in a transition flow region.

The role of these two stages is to reduce the pressure of the

gas, so as to use a turbomolecular pump in the third stage.

The diameter of D1 is 1.0 mm. D1 is placed between the first

differential pumping stage and the sample region of the

atmospheric environment (P0). The first stage is 100.0 mm

long, evacuated using an oil-free scroll vacuum pump

(ANEST IWATA ISP-250) with a nominal pumping speed of

250 L min�1. The vacuum pump must constantly evacuate the

high-pressure chamber. If an oil-sealed vacuum pump were

used, serious oil contamination occurs inside the chambers.

Thus, we selected oil-free vacuum pumps. D2 also has a

diameter of 1.0 mm, and was installed inside the first chamber.

The second stage is 205.0 mm long and extends over the two

chambers, evacuated using a larger oil-free scroll vacuum

pump (ANEST IWATA ISP-1000) with a nominal pumping

speed of 1000 L min�1.

The diameters of D3 and D4 are 1.0 mm and 2.0 mm,

respectively. Both apertures are mounted in the second

chamber. The third stage is 100.0 mm long and is evacuated

using a hybrid turbomolecular pump (ADIXEN ATH31+)

with a nominal pumping speed of 30 L s�1. The fourth stage is

evacuated using a turbomolecular pump (EDWARDS iXP-

450) with a nominal pumping speed of 300 L s�1. Since the gas

pressure in the third and fourth stages is in a molecular flow

region, it was necessary to mount the vacuum pumps directly

on the vacuum chamber to obtain the maximum effective

pumping speed. Both turbomolecular pumps were directly

mounted on the top or side flanges of the chamber without

using the inlet mesh.

The maximum pumping speed of the turbomolecular pump

at the third stage is only 30 L s�1, which appears to be insuf-

ficient for the differential pump. However, in the molecular

flow region, the effective pumping speed strongly depends on

the conductance between the chamber and the vacuum pump.

We can obtain a sufficient pumping speed by mounting the

small turbomolecular pump directly on the vacuum chamber

even if the pumping speed of a pump is small. The validity of

this concept was confirmed by the simulation and the test

measurements using the prototype system.

The conductance-limiting apertures D1–D4 were installed

from both ends of the chamber and rigidly mounted on

aperture housing plates welded inside the chambers. For the

beam alignment, the plates were adjusted to be centered in the

chambers and coaxially aligned along the beam axis. This

method mechanically guarantees the precise alignment of the

four apertures with accuracy below 0.1 mm. The conductance-

limiting apertures were made of SS304 stainless steel plates

with a thickness of 5.0 mm for sufficient rigidity.

Three capacitance vacuum gauges, appropriate for the

different pressure regions (P1–P3), were used to measure

the pressures of the first three stages (CANON ANELVA;

M-340DG-13, M-340DG-11 and M-340DG-QA). A cold-

cathode gauge (PFIFFER vacuum; IKR050) was used for the

measurement of the vacuum at the fourth stage (P4). The

sensitivity of a cold-cathode gauge for helium gas is greatly

different from that for air. The sensitivity was corrected by

using the relationship between the actual pressure and the

reading from the pressure gauge, as described in the operation

manual provided by the manufacturer; PHe (actual) = 5.9PHe

(gauge reading).

The scale of the system is also indicated in Fig. 3. The total

length of the differential pumping system, including all of the

components, is less than 600 mm. This length is significantly

shorter than other similar systems that have been reported

(Gog et al., 2007). The 600 mm size is of essential importance

to SPring-8, since the size of the standard pumping unit

installed in SPring-8 is of a similar size (Ohashi et al., 2001b).

The proposed system can replace the standard pumping unit

currently installed on the beamlines of SPring-8.

4. Performance tests

4.1. Differential pumping tests

Fig. 4 shows the pressure distribution curves obtained from

the simulation and the test measurement of the prototype. The

pressure P0 in the sample region is 1 � 105 Pa (= 1 atm). The

conductance used in the simulation was obtained from equa-

tions (6)–(8). The pumping speeds used in the simulation were

pressure-dependent values, and they are indicated on the

right-hand side of Fig. 4. The pumping speed characteristics

for all vacuum pumps were supplied by their respective

manufacturers. The pumping speed of the scroll pumps for air

and helium is almost the same. The first chamber and the scroll

pumps were connected by a 1 m-long flexible tube. The

pumping speed curves shown in Fig. 4 are modified, consid-
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Figure 4
(Left) Performance measurement of the present differential pumping
system. The pressure distribution curves were measured for the
atmospheric pressure of air (filled circles) and helium (filled triangles)
conditions. The calculated pressure for the optimized design is also
indicated for air (empty circles) and helium (empty triangles). (Right)
Pumping speed curves of the vacuum pumps used in the present system.



ering the conductance of the piping length, which was esti-

mated for a 1 m straight pipe.

It was necessary to choose vacuum pumps that exhibit a

minimum pressure with the designed pumping speed for the

system. The most critical region is a pressure range from 10�1

to 102 Pa. This so-called ‘pumping speed gap’ is generated

between the lower pressure limit of the rough pump and the

higher pressure limit of the turbomolecular pump (Gog et al.,

2007). In the present system, the pumping speed curves do not

show the critical pumping speed gap, indicating that the

pressures at all operation points were those in the steady-state

operation.

When P0 is for atmospheric air, the pressure was reduced to

3.4 � 103 and 4.6 � 101 Pa at the first and the second stages,

respectively. The pressures at the third and the fourth stages

were 1.9 � 10�2 and 8.5 � 10�5 Pa, respectively. At each

section, the experimentally determined pressure is in agree-

ment with the estimated pressure. The prototype differential

pump achieved differential pressures of about nine orders of

magnitude less than the atmospheric pressure of air, and it

provides excellent isolation between the atmospheric pressure

of the sample environment and the high vacuum of the

beamline across the short distance.

It was a challenge to connect the experimental chamber

filled with 1 atm of helium gas to the high-vacuum beamline in

the windowless system. Fig. 4 shows the results of the

performance test and the simulation. The pressure of the P4

section increased by a factor of about 40 compared with the P4

value for air. The deterioration of the vacuum level for helium

is also expected by the simulation. Two possible reasons can be

considered. First, the gas flow is more enhanced for a lower-Z

gas. For example, as was discussed in x2, the gas flow Q for

helium is 2.6 times larger than that for air in the molecular flow

region. Second, turbomolecular pumps have a lower pumping

speed for helium compared with air. Although the perfor-

mance of the system degraded by about one order of magni-

tude when using helium, the observed P4 value (3.3� 10�3 Pa)

is sufficient to connect this system to the beamline.

Stable operation of the prototype differential pumping

system was confirmed using atmospheric air in a test that

lasted for one month. The stability test using helium lasted for

a little over four hours, whose period was limited by the

capacity of the helium gas cylinder (7 m3). The system was

stable throughout these tests.

The simulation predicts the observed pressures well. The

prototype differential pumping system provides excellent

isolation between the atmospheric pressure of the sample

environment and the high vacuum of the beamline. The

validity of the design concept was confirmed, and the system

is acceptable for installation on our beamline, even for use

with helium.

4.2. Soft X-ray transmission measurements under the
atmospheric helium condition

The transmission of soft X-ray photons was measured using

the soft X-ray photochemistry beamline (BL27SU) at the

SPring-8 facility (Ohashi et al., 2001a,c; Tamenori et al., 2002).

The transmission was determined by measuring I/I0 curves.

The I0 curve was measured under vacuum conditions, where a

four-way cross chamber was attached to the end of a fabri-

cated differential pumping system and the chamber was

evacuated by a scroll pump. Under these pressure conditions

the P0 pressure was 4.5 � 10�1 Pa and the decrease in photon

flux caused by the absorption and the scattering of residual gas

was less than 1% (Henke et al., 1995–2007). The I curve was

measured, where the P0 region was filled with atmospheric

helium. The photon intensity was measured by using a Si

photodiode detector (IRD: AXUV-100) that was installed in

the four-way cross chamber.

Fig. 5 shows the transmission curves of soft X-rays under

atmospheric helium. The distance between the first aperture

and the photodiode detector could be changed from 10 mm

to 50 mm. The pressures used in the simulations were the

experimentally determined values for the fabricated system.

The experimentally determined transmission curves are

almost identical to the simulated ones. The transmission at

550 eV (the oxygen K-edge region) measured at 10 mm

downstream of the first aperture is about 85%. When the

photon flight path in the atmospheric pressure region is

expanded to 50 mm, more than 70% of the incident photons

are transmitted to the detector. The soft X-ray photons

decrease by about 15% while passing through the extra 40 mm

of the atmospheric-pressure region. The transmission

decreased in the lower photon energy region and the trans-

mission was reduced to 60% at 350 eV. The prototype differ-

ential pump was a success: low-energy soft X-ray photons

passed through the atmospheric pressure environment.

The red curve in Fig. 6 indicates the simulated transmission

of the prototype windowless differential pumping system with

the helium path, that is, the transmission in the sample region

was omitted from the simulated transmission curve shown in
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Figure 5
Experimental and calculated transmission curves of soft X-ray photons
in the 350 eV to 1000 eV range. The transmission curves were obtained
under helium-path conditions. The experimental transmission curves
were measured at the helium-path length of 10 mm (filled circles) and
50 mm (empty circles). The solid (10 mm) and dashed (50 mm) lines are
the simulated transmission curves of the fabricated differential pumping
system (Henke et al., 1995–2007).



Fig. 5. Fig. 6 indicates that the significant reduction of photon

intensity does not occur in the differential pumping sections

but in the sample chamber filled by the atmospheric helium.

The reduction of the photons in the differential pump section

is less than 10% for soft X-rays above 500 eV and 30% at

300 eV. For comparison, the transmission curves of several

vacuum windows used in the soft X-ray region are also indi-

cated in Fig. 6 (Henke et al., 1995–2007). The transmission

levels of the prototype differential pump are higher than those

using vacuum windows. Additionally, with the windowless

differential pump, there are no edge structures resulting from

the absorption by the elements contained in the window. The

present study demonstrates that the windowless pump allows

soft X-rays in a wider energy range at very high efficiencies,

compared with conventional vacuum windows.

5. Conclusion

A differential pumping system for the application of

windowless soft X-ray experiments has been developed. The

goal of the design concept was to construct a compact system

with no degradation in the performance of the differential

pump. The steady-state pressures of the differential pump

were simulated by use of simple formulas for vacuum. The

prototype system was assembled to confirm the validity of the

design concept. The assembled system was an aperture-based

compact design, and the total length of the system was less

than 600 mm. The simulated pressures were compared with

the experimentally measured values. The prototype differ-

ential pump achieved differential pressures of about nine

orders of magnitude less than the atmospheric pressure of air,

and the pressure at the upstream stage was 8.5 � 10�5 Pa. For

atmospheric helium, a differential pressure of eight orders of

magnitude was achieved, and the pressure at the upstream

stage was 3.3 � 10�3 Pa. The simulation used simple formulas

to calculate vacuum and predicted the observed pressures

well. The prototype differential pumping system provides

excellent isolation between the atmospheric pressure of the

sample environment and the high vacuum of the beamline.

The differential pumping system was installed on the

beamline BL27SU of SPring-8, and the transmission of soft

X-rays through the atmospheric helium was measured as a

demonstration. The transmission level of the photons in the

differential pump section was more than 90% for soft X-rays

above 500 eV and 70% at 300 eV. The observed transmission

qualitatively agreed with the simulated results. Transmission

of the prototype differential pump was confirmed to be higher

than that of various vacuum windows currently used with

soft X-rays.
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Figure 6
Calculated transmission curves of soft X-ray photons through the
windowless differential pump using the helium path compared with
various vacuum windows used in the soft X-ray region.
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