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X-UAY IMFACT INDUCED DESORPTION OF GASES FROM STAINLESS STEEL SURFACES1

S. Brumbach and H. Kamlnsky
Argonne National Laboratory, Argonne, Illinois 60439

During the operation of plasma devices the inter-
action of energetic photons with surfaces can cause
gas release by photodesorption, and thereby contribute
to plasma contamination. Measurements of gases re-
leased from stainless steel surfaces have been made In
an ultrahlgh vacuum environment usinr. x-rays charac-
teristic for a tungsten target bremsstrahlung spectrum
for electron energies varying fron 15 to 50 keV. The
predominant gas species observed mass spectrometically
are C02 (m/e - 44), CO (ra/e * 28), and O 2 (m/e - 32).

Mean quantum yields for the release of these species
from stainless steel have been determined. For ex-
ample, for fresh stainless steel surfaces irradiated
by x-rays produced by 50 keV electrons, a mean quantum
yield for molecular CO2 release of 3 x 10~

4 molecules

per photons in a bremsstrahlung spectrum at 50 keV
electron energy was observed. Based on such a quantum
yield an outgassing rate has been determined.

Introduction

The irradiation of solid surfaces by high energy
photons can lead to the release of gases through such
processes as photodesorption, photodecomposition and
photocatalysis. For plasma containment experiments
and the operation of controlled thermonuclear devices
the release of gaseous Impurities from irradiated com-
ponents can lead to serious plasma contamination.
This in turn can lead to an enhanced plasma resistivity;
a decrease in the plasma confinement time,and to plasma
power losses via bremsstrahlung, line, and recombina-
tion radiation1. In both present plasma containment
devices and proposed future fusion reactors the sur-
faces of such major components as container walls, beam
limiters and diverton walls will be exposed to photons
with a broad energy spectrum. Such photons will appear
as synchrotron radiation, line and recombination radi-
ation, bremsstrahlung, x-rays and y-raya. The problem
of photon induced degassing as a contribution to vacuum
system contamination has been Investigated for electron
storage rings ' and for aluminum and stainless steel
vacuum chambers exposed to fission reactor irradi-

ation4'5

For low-energy photons in the 2-7 ev energy range
(visible and ultraviolet radiation) the release of
gases from surfaces of such solids as ZnO*>, Fé, Ni,
Zr7,8,9,10 8 t a l n l e s s Bteel11.12> C d s13 t T 1 O z14

been reported. For high energy photons in the x-ray
region the authors are not aware of any studies of gas
release from surfaces under ultrahlgh vacuum conditions.
Therefore the present experiments were started to study
mass spectrometrically under ultrahigh vacuum con-
ditions the type of gas species and the amount of gas
released from stainless steel surfaces under photon
impact in the 10-50 keV range.

Experimental Apparatus and Procedures

The x-rays were produced by a General Electric
XRD-6 X-ray generator with a tungsten target x-ray
tube. The electron energy was variable fro« 15 to SO
keV and the current from 1.5 to 100 ma. A maximum

power o_ 2 kw could be reached. The x-rny spectrum Is
a tungsten bremsstrahlung spectrum filtered by two
Beryllium windows [one a 0.76 on thick window of the
x-ray tube and one a 0.89 mm thick window of the
chamber]. Photon flux values were obtained by first
measuring dose rate per unit area at the target po-
sition using an air filled lonlzatlon chamber (Vlctor-
t-en Model 621). This Instrument allows measurements
of the total dose rate Integrated over the energy
spectrum studied in unies of Roentgen per unit time and
unit area. For example, for a tube voltage of 50 keV
and an electron current of 40 ma, the dose rate ob-

ft —i —?
tained was 6 x 10 Roentgen hour cm , with the x-ray
beam passing through 1.65 mm of beryllium and t< 6.8 cm
of air at ambient pressure and temperature. For the
x-ray spectral distributions of tungsten targets for
the 20-50 keV electron energy range, the values pub-
lished by Storm and Lier1' for a Picker instrument were
used. In order to obtain the photon flux for a given
tube voltage, the tungsten bremsstrahlung spectrum was
divided into 5 keV energy intervals. The fraction of
tlie photon flux per energy interval was obtained from
the dose rate for this energy interval and from the
conversion of the dose rate (Roentgen cm~2 hr~-) into
a photon flux (number of photons cm~2 sec~l). The
following expression16 was used in the conversion:

J = 6.57 x 10"5 • E (Ï)

-2 1
Where J is the dose rate in Roentgen cm hr , * is
the flux In photons cm"2 sec"1, E is the photon energy
in MeV, p is the density of air (1.2 x 10~3 g* cm"3)
and u is the photon absorption coefficient of air in
cm gm"1. The fact that the absorption coefficient is
a function of photon energy has been taken into account
in the conversion using the NBS tabulated values . In
the conversion it was assumed that for each 5 keV
energy interval the photons had an average energy equal
to the energy at the midpoint of that interval. The
photon fluxes determined this way for different energy
intervals at various electron energies arc shown in
Table 1. The total photon flux Is obtained by summing
over the contribution* for each energy interval. Total
flux values for each electron energy are also shown in
Table 1. In all cases shown, the photon flux was deter-
mined for an electron current of 40 aa. These photon
flux values are estimated to be accurate within a
factor of two. The table does not include values for
photons at energies less than 10 keV. Some photons at
lower energy will certainly be present, but their num-
ber will decrease sharply with decreasing energy as
absorption by beryllium becomes large at photon ener-
gies below 10 keV.

The irradiation experiments were carried out in
a stainless steel ultrahigh vacuum chamber shown sche-
matically in Figure 1. The system was pumped by a com-
bination of sorption, titanium sublimation, and ion
pumps. Following a 150°C bakeout, the normal back-
ground pressure during an experiment was 1 x 10~9 torr.
The gas inlet system, consisting of stainless steel
tubing and ultrahigh vacuum valves, was pumped by a
sorption pump, and gas was admitted to the chamber
through a Granville - Phillips leak valve. The x-rays
enter the chamber through a 0.89 mm thick beryllium
window sealed to a confiât flange with Ultek Vac-Seal
epoxy. The x-ray beam is collimated with a copper disc



Table 1

Photon Flux for various energy Intervals, tungsten brerasstrahlung spectrum, 40 ma electron current

Electron Energy, keV

-2 -1Photon Flux, Photon* cm sec

40 JO 20

Photon
Energy Interval

(KeV)

45

40 •

35 •

30 •

25 •

20 •

15 -

10 -

- 50

- 45

- 40

- 35

- 30

• 25

• 20

• 15

Total Photon Flux

Wavelength

(Â:
0.28 -

0.31 -

0.35 -

0.41 -

0.49 -

0.62 -

0.83 -

1.24 -

Interval

1

0.25

0.28

0.31

0.35

0.41

0.49

0.62

0.83

0.08 x 1012

0.21

0.56

0.58

0.81

1.04

1.52

1.94

7 x 10 1 2

0

0

0.07 x 10 I Z

0.23

0.45

0.57

0.92

1.39

4 x 10 1 2

0

0

0

0

0.04 x 1012

0.22

0.46

0.77

1.5 x 10 1 2

0

0

0

0

0

0

0.08 x 10 1 2

0.29

0.4 x 10 1 2

Bt wwoow

Cu COLLMATOR

GAS W U T
MANIFOLD

GATE
VALVE

Figure 1. Schematic diagran of photon Induced desorptlon apparatus.



with a 0.23 inch aperture just outside the beryllium
window. A piece of 0.01 inch thick gold foil in front
of the gate valve acts as a beam stop inside the
vacuum chamber. The colliraator and beam stop minimize
the irradiation of the chamber surface area by x-rays.

The targets were held in stainless steel holders
attached to a push-pull feedthrough allowing different
targets to be irradiated. It was also possible to re-
move all the targets from the x-ray beam. The irradi-
ated target area had a diameter of 2.2 cm. The tar-
gets uc'-d for Irradiation were type 302 stainless steel
foils, .01 cm thick. The target preparation consisted
only of a degreasing procedure with successive ultra-
sonic bath cleanings in trichloroethylene, acetone, and
methanol. Before Irradiation, the targets were kept in
the chambers during the 2A hour bakeout at a tempera-
ture of lSO'C and then were held at 1 x 10"9 torr for
at least 24 hours prior to irradiation.

For the mass analysis of the gaseous species a
quadrupole mass spectrometer was used [Extranuclear
Laboratories]. The mass spectrometer response to the
particle fluxes of such gases as CO, 0i, and CO2
was determined by calibration experiments. The flux
sensitivity for the mass spectrometer was found to be

1.1 x 10 molecules cm sec amp"1 for CO, 3.4 x

10 molecules cm" sec

molecules cm sec" amp"

amp" for 0. and 2.1 x 10

for CO,
2*

The mass spectrometer signal change for a parti-
cular gas species released by x-ray irradiation was
determined for two cases: (1) the x-ray beam striking
the target and (2) the x-ray beam striking a beam stop
30 cm from the ionizer region of the mass spectrometer
(the target has been removed).

X-RAY ON X-RAY OFF

TIME

Figure 2. X-ray induced signal change for CO,,

7 x 1 0 1 2 photons cm sec~x. Peak width is
1.5 min.

In photodesorption experiments it is necessary to
Insure that the observed gas species Have not been re-
leased from the target by a thermal desorption process
due to the power deposition of the incident photon
beam in near-surface regions. McAllister and White ,
for example, have pointed out that a power deposition
as low as 7 mUcnr2 could lead to thermal desorption of
loosely bound CO molecules from thin Hi ribbons. We
have made an estimate of the power density deposited in

o

I he first 1000 A of the target thickness by a 15 keV
and a 50 keV x-ray beam of maxiaura beam intensity, and

find negligibly small values of 1 5 x 10" W cm and

1 x 10 W cm , respectively. We consider a thickness

of 1000 A to be much larger than the actual thickness
which can contribute to the observed gas release. In
fact for the two energies the total power density de-
posited in the entire target thickness of 0.01 cm is

only 2 x 10"3 W cm"2 and 6 x 10"3 W cm"2, respectively.
Such small power densities will not raise the target
temperature more than 1°C for the heat loss conditions
(target holders) applicable in our experiments. Ex-
perimental evidence that thermal effects can be neg-
lected was obtained from the rapid decrease in the mass
spectrometer signals for the gas species released from
surfaces after the x-ray beam was turned off (see
Figure 2).

Results and Discuasion

Full mass scans were taken for the case of x-ray
irradiation of a stainless steel target and for the
case of no x-ray irradiation. The two species which
show the greatest increase In signal are 32 (0^) and

44 (C02). Only small changes in the intensity of
the following major mass peaks were observed: 2 (H_X
16 (O and CH4), 18 (HjO), and 28 (CO and N 2). A sum-
mary of such relative signal increases for several mass
peaks and for two different stainless steel targets are
shown in Table 2. The results listed were confirmed by
several independent observations. The data were cor-
rected for background contributions to the x-ray
induced signal. It is of interest to note that when
stainless steel is heated, the dominant species re-
leased by thernal desotptlon ate H,, 1^0, and CO while

under photon irradiation only small amounts of these
species are released and O, and CO, become the dominant

species released.

Table 2

Signal intensity increase for different gas species re-
leased from stainless steel surfaces under x-ray ir-
radiation compared to the signal intensity without ir-
radiation (50 keV bremsstrahlung spectrum, 7 X 1012

-2 -1
photons cm sec )

Mass

2

Stainless Steel
Target 1 Target 2

< 1% 1.2%

Figure 2 shows as an example, the mass spectrometer
signal increase for CO2 released from the target sur-
face under irradiation by x-rays (50 keV, 40 ma
electron current). These signals were corrected for
the background signal contribution by the measurements
made without a target in position.

16

18

28

32

44

3.6%

2%

< IX

n%

10!S

1.6%

1%

1%

5O5S

10%



The release of CO. from surfaces under photon

Impact has been observed for distinctly different re-
gions of photon energy. CO, release was observed by

12
Fable, Cox and Lichtoan from stainless steel with
4-7 eV photons, by Shapira, Cox, and Lichtman" froa
2n 0 with 2-3.5 eV photons, and by Baidyaroy, Bottoms,

and Kark13 from CdS with 2-3.5 eV photons. Dobrozen-

sky observed CO. as the dominant species desorting

from his stainless steel chamber under fission reactor
radiations. The data shown in Table 2 are typical for
photons from a 50 keV electron energy bremsstrahlung
spectrum (i.e. photon energies fron 50 fceV to less
than 10 keV - see experimental section) and for a
given photon flux.

From the values for the incident photon flux and
the measured photon induced molecular flux it hes been
attempted to calculate some mean quantum yields for
the release of a gas species fur photons from a 50 keV
tungsten bremsstrahlung spectrum. These mean quantum
yields for gas release have units of total nuaber of
molecules of a particular gas species released per
total number of photons in a bremsstrah'.ung spectrum
at 50 keV electron energy. Such yield values were
determined for CO, CO2 and 02, and are shown in

Table 3. The values listed have been corrected for
the background x-ray induced signal change. The last
line gives the minimum gas release yield which could
have been detected. This value was calculated fron
the smallest photon induced signal change which could
be distinguished from the photon induced background
signal change. The quoted yield values are estimated
to be accurate only within a factor of five, in view
of the uncertainties in the determination of both
photon and molecular fluxes.

Table 3

Mean q-antura yields for gas release in molecules re-
leased per photons for a bremsstrahlung spectrum at

12 -2 -1
50 keV electron energy and 7 x 10 photons cm sec

CO CO,

9 x 10-4 10-4Stainless SC;el 2 x io"4

Target 1
Stainless Steel , x 1Q-5 2 x 1Q-4 3 x l()-4
Target 2

Detection Limit 6 x 10"5 3 x 10"5 3 x 10"5

These results give mean yields for C02 release

from stainless steel of 3 x 10~ and 4 x 10" mole-
cules per photons (in the bremsstrahlung spectrum at

50 keV electron energy), while a value of 5.5 x 10
molecules per photon was reported by Fable, Cox, and

Lichtman for CO, release from stainless steel under

^ 6.7 ev photon impact. No other yield values are
known to be in the literature for stainless steel.

Also of interest is the dependence of the mean
quantum yield for CO- release on the mean photon

energy. This is shown for C02 released from stainless

steel in Figure 3. The abscissa shows electron energy
on one scale and the Mean photon energy on another
scale. The mean photon energy for each electron
energy was obtained by taking the first moment of the
photon energy distribution corresponding to that
electron energy (Table 1). Experimentally, observa-

tions were made at different electron voltages, but at
constant electron current. The error bars shown In
Figure 3 represent the uncertainties with whirh each
yield value could be reproduced in independent runs.
They do not r-'present, however, the total error in the
determination of the absolute value of the mean quantum
yield. One notices in Ki, are 3 that Ehe ne.in quantum
yield values decrease with increasing mean

; (O'lC
X-RAY IRRADIATION
STAINLESS STEEL

I I l
18 20 24

MEAN PHOTON ENERGY, ktV
I | I
30 40 50
ELECTRON ENERGY, ktV

Figure 3. Dependence of mean quantum yield on mean

photon energy for C02 released from stain-

less steel.

photon energy. This trend is opposite to the one ob-

served by Fable et al. for quantum yields for nearly

monochromatic light for C02 release from stainless

steel under irradiation by photons with energies which
are more than three orders of magnitude saaller.
Figure 4 illustrates this difference in the energy de-
pendence of the quantum yields at low energies (5 -
7 eV) and the mean quantum yields at high energies
(18-24 keV). In this comparison one should keep in
mind that the observed dependence of the man quantum
yield on the mean photon energy is useful only in
indicating the general trend of the actual quantum
yield energy dependence. The observed difference in
the energy dependence of the yields for the two dif-
ferent energy regions appears reasonable if one cor-
relates this dependence with the corresponding one for
the photon absorption coefficient. The photon absorp-
tion coefficients for both »étais and metal oxides
decrease with Increasing photon energy in the x-ray re-
gion studied here1'»20. In addition, for metal oxides
the photon absorption coefficients increase with in-
creasing energy in the visible and ultraviolet radi-
ation range21 (3-10 eV). Based on this apparent
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THIS WORK
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Figure it. Dependence of quantum yield on photon energy
In the ultraviolet and x-ray regions
for release of COg fron atalnUas s tee l .

correlation between the energy dependence of both the
yield values and the photon absorption coefficients we
predict that higher aean quantua yield values for gas
release than those reported in this paper have to be
expected for the 1 - 1 0 keV photon energy range.
Since the bremsstrahlung spectrum) to be expected in
plasma devices and future fusion reactors22'23 will
cover this energy range, gas release studies for this
range should be conducted.

An effort was made to determine if the observed
mean quantum yields for C0 2 release were a strong

function of the photon irradiation time. No signifi-
cant decrease in the CO., - yield was observed for ir-
radiation times of about 500 mlnuten lor SO kuV ir-
radiation mid a total done of t, 2 x 10 1 7 photon« c»~2.
If one chooses the mean quantum yield value of CO, re-
lease from stainless steel for a aean photon energy of

18 keV,(7.5 x 10~ molecules per photons in bremsstra-
hlung spectrum - see Figure 3), and the relevant para-
meters of UWMAJCI design24 (bremsstrahlung power load-
ing of 28.2 W cm"2) a relatively high COj gas release
rate of about -. 1 x 10 1 3 molecules cm"2 sec"1 from
stainless steel surfaces will result. We have assumed
In this estimate that the bremsstrahlung spectrum is
typical for a tungsten bremsstrahlung at 30 keV
electron energy, while in actuality the spectrum may be
shifted to lower energies and lead even to an inevase
in the above mentioned gas release yields.

Conclusion

Till» paper describes the first mass spurtriimetric
study of KOS release from stainless steel nurf;ices
under photon Impact in the 10-50 keV range under ultru-
liigh vacuum conditions. The results reveal:

(a) That the dominant gas species released are
l>2 and CO, and not Hj, HjO, or CO, wliirh

are typically observed in tlianuil <l<-s<irp-
tlon.

(b) Mean quantum yields for 0, and C0_ .ire in

the range 10~ to 10" molecules per photons
in the bremsstrahlung spectrun.

(c) The energy dependence of the mean quantum
yield for COj release reveals an increase

in the yield with decreasing photon energy.

(d) The observed quantua yields for CO, release
from stainless steel at low photon ener-
gies as well as the »san quantum yields
at high mean photon energy reported here
can be correlated with the energy dependence
of the photon absorption coefficient. The
energy dependence observed in our experi-
ments suggests that the mean quantum yield
values will be even higher in the 1 - 1 0 keV
photon enargy range than those reported here
for the 18-24 keV range.

(e) CO2 gas release rates have been estimated

for a aean photon energy of 18 keV (tungsten
bremsstrahlung spectrum) and for the re-
valent UUMMCI parameters and values .is high

1 x 10 molecules cm"2 sec"1 have been ob-
tained. Such high values need to be con-
sidered in the operation of large size
fusion devices.

(f) No significant decrease in the CO, gas re-
lease yield was observed for prolonged
photon irradiations (50 keV electron energy,

17 —2
10 photons cm total dose).
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