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a b s t r a c t

The photon W-value of dry air in the energy range of 2.2–3.9 keV has been measured with relative

expanded uncertainty of 0.84% (coverage factor k¼ 2). Monochromatized synchrotron radiation was

used for both measurements of the radiant power by means of a cryogenic radiometer and of photoion

currents for ion-pair production by means of a multi-electrode ion chamber technique. The evaluated

dependence of the photon W-value for dry air is consistent with the previously reported data for

electrons and seems to show a small change at the Ar 1s ionization threshold. These findings were well

reproduced with a model calculation using atomic photoionization data. Mass attenuation coefficients

for air have been observed in the present soft X-ray region with a small energy step, which are close to

data previously reported.

& 2009 Elsevier Ltd. All rights reserved.

1. Introduction

The photon W-value of gases is a very important quantity in
fields of interaction of ionizing radiation with material. The W-value
is defined as the mean energy expended in a gas per ion pair formed
(ICRU, 1979, 1998). The W-value of air is necessary for the
determination of absolute air kerma through transformation from
the quantity of exposure observed using an ion chamber. This air
kerma is usually utilized to estimate the quantity of dose-equivalent
in radiological protection. Until now, a variety of methods have been
examined in order to obtain W-values of various gases (Krajcar
Bronić et al., 1988; Krajcar Bronić, 1998; Combecher, 1980; Dias
et al., 1997; ICRU, 1979; Inokuti, 1975; Niatel et al., 1985; Pansky
et al., 1996; Saito and Suzuki, 2001a, 2001b; Samson and Haddad,
1976; Suzuki and Saito, 2001; Tsunemi et al., 1993; Waibel and
Grosswendt, 1978, 1983). In those studies, it has been recognized
that the W-values in low energy regions vary significantly with a
change of incident radiation energy, although this quantity was
presumed to be nearly independent of energy and type for several
kinds of radiation at high energy.

Niatel et al. (1985) investigated the dry air W-value for high
energy electrons using two different methods. One was based on
calorimetric and ionometric measurements of absorbed dose in
graphite. The other one was based on activity and exposure
measurements. Derivation of the W-value in both methods

requires estimates of some physical constants like a mass
energy-absorption coefficient and a stopping power ratio between
air and graphite. Combecher (1980) systematically measured
electron W-values for 20 gases using low energy electrons up to
1 keV. The results have shown that the electron W-values increase
as the decrease in electron energy. Krajcar Bronicć et al. (1988,
1998) studied photon W-values of several polyatomic gases and
rare gases by varying the photon energy from 0.1 to 6 keV. They
found that photon W-values became higher as photon energy
decreases for all gases they used. Waibel and Grosswendt (1978,
1983) investigated the electron W-values of air and others by
changing electron energy from 30 eV to 5 keV. Their results were
enumerated in the tables as a function of electron energy.
Büermann et al. (2006) have estimated effective W-values for
soft X-rays using an ion chamber and atomic data on photo-
ionization. These results are consistent with the W-values for
electrons reported by Grosswendt and colleagues. Dias et al.
(1997) carried out a computer simulation in Xe gas detectors with
a Monte Carlo technique and evaluated photon W-values for Xe.
The results showed good agreement with values obtained from
measurements using a gas-proportional scintillation counter,
which indicated variation in the L-edges and the K-edge of Xe.
Saito and Suzuki (2001a, 2001b) and Suzuki and Saito (2001)
measured photon W-values of rare gases in the sub-keV energy
region using a multi-electrode ion chamber. The obtained
W-values exhibited changes at the inner-shell ionization thresh-
olds, and this finding has been explained as an atomic shell-effect
by calculation using measured data in initial interaction
of photoionization processes. However, the photon W-value of
dry air in the soft X-ray region has not been investigated yet.
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In particular, as far as we have surveyed published reports, the
photon W-values from 2 to 4 keV have not been precisely
measured, although this quantity is important for evaluation of
the dose-equivalent and for characterization of gas detectors.

In the present study, the photon W-value, Wp, is defined for
low energy photons as follows. The photon W-value is the mean
energy expended in a gas per ion pair formed when a photon
particle is completely dissipated in the gas medium.

Wp ¼
Ep

N
; ð1Þ

where Ep is the photon energy, and N the mean number of ion
pairs formed. This definition is useful for soft X-rays and vacuum
ultra-violet radiation, although the W-value is defined only for
charged particles in the literature ICRU (1998). Occasionally
effective W-values are utilized for X-rays and g�rays (Büermann
et al., 2006), but the photon W-value is slightly different from the
effective W-value. In their paper, Weff ðEÞ is defined as follows:

Weff ðEÞ ¼

R Ê
0

df
dT

� �
T dT

R Ê
0

df
dT

� �
T

WðTÞ
dT

: ð2Þ

In Eq. (2), df=dT is the spectral fluence of the electrons
liberated by photon interactions in air, Ê is the maximum energy
transferable to electrons by a photoelectric absorption. If df=dT is
used for the definition of Wp, Wp can be shown in the following
equation:

Wp ¼
Ep

N
¼

R Ê
0

df
dT

� �
T dT

� �
þE1

R Ê
0

df
dT

� �
T

WðTÞ
dT

� �
þN1

: ð3Þ

E1 is a mean value of the energy that does not transfer to the
kinetic energy of the electron among the energy absorbed to the
molecule at the initial interaction, for example, internal energy of
molecules. N1 is the average number of electrons emitted by a
single atom or molecule having absorbed a photon.

On the other hand, we have newly developed a cryogenic
radiometer for the absolute intensity measurement of soft X-rays
(Kato et al., 2007; Morishita et al., 2005), which is similar to that
developed by Rabus et al. (1997). The uncertainty of the measured
radiant power was estimated to be about 0.2%. A direct evaluation
of the photon W-value becomes possible if we use both
techniques, i.e. a multi-electrode ion chamber for detection of
induced ions and a radiometer for the measurement of an absolute
radiant power (Kato et al., 2007; Morishita et al., 2005). It is more
favorable that such measurements in dry air are performed using
monochromatic photons with a narrow energy step, because
precise information is expected on energy dependence of the
photon W-value. In the present article, we report results of the
direct evaluation of the photon W-value of dry air in the region of
2.2–3.9 keV using the novel technique of the cryogenic radiometer
combined with the multi-electrode ion chamber.

2. Experiment

We performed four kinds of measurements in this experiment:
(1) silicon photodiodes were calibrated against the cryogenic
radiometer; (2) absolute values of photon intensities were measured
with the calibrated silicon photodiodes; (3) mass attenuation
coefficients were measured with the multi-electrode ion chamber;
and (4) photocurrents were measured by the multi-electrode ion
chamber. A value of the photon W-value was derived from the mass

attenuation coefficient, photocurrent detected by the ion chamber
and an absolute value of the photon intensity (see Section 3).

The experiment was carried out at the beam line 11B of the
Photon Factory (PF) in High Energy Accelerator Research Organi-
zation (KEK). Synchrotron radiation from a 2.5 GeV storage ring
was monochromatized by a double crystal monochromator
(Kitajima, 1996). The monochromatized synchrotron radiation
with an energy width of about 2 eV was used in the energy region
from 2.2 to 3.9 keV. The photon beam intensity was typically an
order of 1010 photons/s with the spot size of about 2 mm� 2 mm.
The photon intensity was monitored with a detection of
photocurrents from a thin graphite film just after the mono-
chromator because the photon intensity changes with the decay
of the storage ring current. The Ar 1s -4p transition energy of
3203.54 eV reported by Breinig et al. (1980) was used as the
reference for the absolute scale of the incident photon energy. The
beam line arrangement has been made such that higher order
components and stray light are mixed in the incident soft X-ray
beam with sufficiently low yields (Kitajima, 1996), providing
essentially no effect on the determination of the photon W-value.
The experimental set-up is schematically drawn in Fig. 1. The
specification and performance of the multi-electrode ion chamber
and the cryogenic radiometer were described in detail elsewhere
(Kato et al., 2007; Morishita et al., 2005; Saito and Suzuki, 2001a).
The cryogenic radiometer, the multi-electrode ion chamber, and
the photodiodes were set up to the beam line at the same time as
shown in Fig. 1. The valve 1 shown in Fig. 1 was used for start and
stop of the photon injection into the detectors and the valve 2 was
used for the vacuum isolation from the photodiodes and
radiometer when the ion chamber was filled with dry air.

The radiometer was cooled with liquid helium. The cavity
absorber, which was made of copper, is able to absorb the soft
X-ray completely in the present energy range. The stabilized
temperature of the background at the cavity was about 5.915 K
with a fluctuation 0:05% for a typical measurement period of
10 min. The monochromatized x-ray beam passed through the ion
chamber and focused onto the cavity (8 mm in diameter) of the
radiometer when the gate valves 1, 2 and 3 were open. Fig. 2
indicates a typical example of the cavity temperature as a function
of time lapse at the photon energy of 3.0 keV. The temperature of
the cavity rose by the amount of 41.56 mK in about 1 min and then
became steady, exhibiting a fluctuation smaller than 0.1 mK. This
temperature rise corresponds to the radiant power of 7:57mW.
When valve 1 was closed, the temperature decreased to the
background level. The temperature rise measured was required to
be converted to the absolute photon radiant power (P). In order to
obtain the relation between the temperature rise ðDTÞ and the
radiant power, we have observed the sensitivity of the cryogenic
radiometer as a function of the input power. The sensitivity is
defined as the temperature rise divided by the input heater power
supplied by an electric circuit, ðDT=PÞ. The obtained result is drawn
in Fig. 3. The sensitivity of the radiometer was determined with the
uncertainty of 0.1% ðk¼ 2Þ. The sensitivity slightly decreases with
the increase of the input power. This calibration measurement was
often carried out for reducing the uncertainty in the conversion
procedure resulting from the cavity instability against
environmental condition after the photon intensity measurement.

Silicon photodiodes (AXUV100G, IRD Co.) were mounted on
the apparatus as shown in Fig. 1. The responsivity of the
photodiodes was determined by the direct comparison to the
output of the radiometer. The responsivity is defined as
the current of the photodiode divided by the radiant power
measured by the cryogenic radiometer. Difference between the
responsivity of the two photodiodes is o0:1%. Fig. 4 shows the
responsivity of one of the photodiodes. The currents measured
with the photodiodes were normalized by using the current from
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the graphite thin film which works as an incident photon monitor
(see Fig. 1), when the responsivity was determined.

The monochromatized soft x-ray beam entered the multi-
electrode ion chamber through a thin polyimide filter of 450 nm
thickness (LUXEL Co.). The set of these electrodes consists of six

cylinders of 5 mm diameter. The first and sixth electrodes play a
role of guard rings. The charges produced inside the ion chamber
were collected with individual electrodes: nos. 2–5. The length of
the second and third electrode is 10.0 cm and that of the fourth
and fifth is 50.1 cm. The ion current at each electrode was led to a
calibrated picoamperemeter (KEITHLEY 6517 or KEITHLEY 6512).
The currents from electrodes of nos. 4 and 5 were used in the
present study. The ion chamber was evacuated with a turbo-
molecular pump just before the measurements, and supplied with
dry air (N2 (78% (volume percent)), O2 (21%), and Ar (0.93%) and
impurities 0:001%) at about 2700–8000 Pa in obtaining the ion
currents. The pressure of dry air inside the ion chamber was
monitored by two calibrated manometers (full scale¼ 10 Torr;
Baratron 222BA and 1000 Torr; Baratron 122 AA), while an
ionization gauge was used during evacuation before measure-
ments. Applied voltages to the electrodes were optimized,
depending on the pressure of the dry air in the ion chamber.

3. Method for determination of the photon W-value

3.1. Photon W-value

The photon W-value measured with an ion chamber is given
by

Wp

e
¼
ðIin�IoutÞEp

j
; ð4Þ

where Iin and Iout denote the intensities of the incident photons
and outgoing photons in the region of interest, in other words, the
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Fig. 1. A schematic drawing of the experimental set up of the ion chamber and the radiometer. Soft X-rays come from the left side.
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numbers of photons absorbed in the region of interest in a unit
time. j is the ion current measured.

Fig. 5 schematically shows how the radiant power, P,
attenuates in the multi-electrode ion chamber. The vertical axis
indicates the radiant power, and the horizontal axis indicates the
distance from the entrance window along the electrodes (see also
Fig. 1). The term P0 refers to the radiant power just after the
entrance window. P4 denotes the radiant power at the entrance of
no. 4 electrode. In the same way, P5 denotes the radiant power at
the entrance of no. 5 electrode. The values of j4 and j5 indicate the
photoion currents detected with the nos. 4 and 5 electrodes,
respectively. In consideration of this scheme, the following
relations are derived:

P4 ¼ P0exp �
m
rdrair

� �
; ð5Þ

P5 ¼ P0exp �
m
r ðdþLÞrair

� �
; ð6Þ

where d is the distance from the window to the entrance of no. 4
electrode (25.68 cm), L the length of nos. 4 and 5 electrodes
(50.1 cm), rair the density of the dry air in the ion chamber, ðm=rÞ
the mass attenuation coefficient of dry air. According to Eq. (4) the
Wp=e measured with the n-th electrode of a multi-electrode ion
chamber is given by

Wp

e
¼ ð1�kflÞ

ðIn�Inþ1ÞEp

jn
; ð7Þ

where In ¼ Pn=Ep is the photon flux at the entrance of n-th
electrode, and kfl is a correction factor which corrects the energy
loss escaping as some fluorescences. Introducing Eqs. (5) and (6)
into Eq. (7) yields

Wp

e
¼

P0

j4
exp �

m
rdrair

� �
�exp �

m
r ðdþLÞrair

� �� �
� ð1�kflÞ: ð8Þ

Mass attenuation coefficient of dry air is necessary to obtain
the photon W-value according to Eq. (8). The mass attenuation
coefficient m=r, which is related to the photoabsorption cross
section s by m=r¼ sNA=M, is given for a certain air pressure by
the following formula (Samson and Stolte, 2002):

m
r
¼�

1

Lrair

ln
j5

j4

� �
¼�

1

L

d

drair

ln
j5

j4

� �� �
: ð9Þ

NA refers to the Avogadro constant, and M the average molecular
mass for dry air. The energy loss due to the fluorescence does not
influence m=r because the kfl around electrodes nos. 4 and 5 has
the same value within their uncertainties.

As described in Section 2, the photon intensity decreases with
the lifetime of the storage ring current. Then both the current j4

and the absolute radiant power P0 measured by the photodiodes
were normalized by the monitor signal from the graphite foil.

There is a possibility that fluorescent X-ray from the sample
gas is not absorbed in the ion chamber and does not produce ions.
The correction factor kfl is the fraction of the energy of the
photons that escape to the outside of the ion chamber as
fluorescence. The fluorescence from Arþ ð1sÞ ion, Ka and Kb,
should be considered in the present experimental condition. The
correction factor kfl is given as follows;

kfl ¼
pAr � sArðEpÞ

pair � sairðEpÞ

� �
EKa �oKa � ZKaþEKb �oKb � ZKb

Ep
; ð10Þ

where pAr is the partial pressure of the argon gas, pair the total
pressure of the dry air, sArðEpÞ and sairðEpÞ the photoabsorption
cross sections at the photon energy E for argon and dry air,
respectively, EKa and EKb the photon energies of corresponding
fluorescence, oKa and oKb the probabilities for the emission of the
corresponding fluorescence when an incident photon is absorbed
to an Ar atom, ZKa and ZKb the escape probabilities for the
corresponding fluorescence. Above the Ar 1s ionization threshold,
the possibility for the K-shell ionization for Ar atoms is estimated
to 90% based on the mass attenuation coefficients below and
above the energy of Ar 1s ionization threshold (Zheng et al., 2006).
The 1s hole created through photoabsorption yields fluorescent K
X-rays with an 11.8% probability (Krause, 1979). The decay ratio
between the emission of Ka fluorescence and Kb fluorescence is
90.2: 9.8 (Scofield, 1974). Therefore, oKa and oKb are obtained to
9.58% and 1.04%, respectively. We have estimated escape
probabilities of the fluorescent X-rays, ZKa and ZKb, based on the
geometry of the ionization chamber and mass attenuation
coefficients for dry air. Z were estimated as a function of the
position in which an incident photon had been absorbed, the
ejection angle of the fluorescent X-rays, and the incident photon
energy. We assumed that the fluorescent X-rays go straight to the
wall of the ionization chamber. Angular distributions of the X-
rays were assumed to be isotropic and mass attenuation
coefficients obtained in the present work (see Section 4.1) were
utilized in this estimation. The estimated values for ZKa and ZKb
are 89.8% and 91.6%, respectively. The correction factor kfl as a
function of incident photon energy for dry air with a pressure in
the range from 4 to 7 kPa are listed in Table 1. The relative
standard uncertainty of the correction factor is 0.03%.

3.2. Uncertainty

It is important to discuss uncertainties of the evaluated photon
W-value. As an example, the estimation procedure of the
expanded uncertainties is described here for the photon energy
of 3.0 keV. In this estimate, Type A uncertainty was obtained from
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Fig. 5. Radiant power P in the multi-electrode ion chamber. See the text in Section

3.1 for detail.

Table 1
Correction factor for energy loss due to the emission of the Ar Ka and Kb

fluorescence, ð1�kflÞ.

Photon energy (eV) ð1�kflÞ

3240 0.988

3300 0.989

3400 0.989

3500 0.990

3600 0.990

3700 0.990

3800 0.990

3900 0.991

Relative standard uncertainty of kfl listed in this table is 0.03%.
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repeated measurements of the same procedure. On the other
hand, Type B uncertainty was evaluated on the basis of the
accumulation of reliable data, e.g., authorized literatures, maker’s
certificates and so forth.

The uncertainty budget of a measurement at the photon
energy of 3.0 keV is listed in Table 2. The uncertainties of the mass
attenuation coefficient were estimated based on Eq. (9). In the
photon W-value measurements, uncertainties were estimated
based on Eq. (8). The mass attenuation coefficient has the largest
uncertainty of 0.29%. Consequently, a total expanded uncertainty
was estimated to be 0.42% with the coverage factor of k¼ 1.

4. Results and discussion

4.1. Mass attenuation coefficient

Table 3, Fig. 6 show the mass attenuation coefficients obtained
with the present measurements, together with related data
previously reported. The obtained values of m=r have been
utilized for evaluation of the photon W-value through Eq. (8) as
described in Section 3. At the Ar 1s threshold, the mass
attenuation coefficient increases about 13% due to the
photoabsorption by Ar. The feature of the mass attenuation
coefficient around the 3.2 keV is very similar to the mass
attenuation coefficient of Ar (Büermann et al., 2006; Zheng
et al., 2006). We see the following from the second and third
columns in Table 3. The mass attenuation coefficients at 2.0, 3.0

and 4.0 keV calculated by Hubbell and Seltzer (1995) have been
well reproduced by the present experimental values with
differences of 1%, 0.4% and 2%, respectively. The uncertainty of
the present the mass attenuation coefficients is about 0.6% ðk¼ 2Þ.
The present mass attenuation coefficients at 3.0 keV agrees with
the theoretical value within the uncertainty while those at 2.0 and
4.0 keV, which are estimated using interpolation of the measured
data, have larger discrepancy than the uncertainty. These
discrepancies seem to originate from the uncertainty due to the
interpolation and from that of the theoretical values. Büermann
et al. (2006) recently reported the mass energy absorption
coefficients with relative expanded uncertainties of 1.3–1.5%
ðk¼ 2Þ. It is difficult to compare our data to their data directly.
However, we have tried to make a comparison, in which the ratio
of the mass attenuation coefficient to the mass energy absorption
coefficients is taken into account in the present energy region.
Around 2–4 keV, the mass attenuation coefficient is slightly
higher than the mass energy absorption coefficient by 1–2% as
indicated in the literature (Hubbell, 1982; Hubbell and Seltzer,
1995) (see the seventh column in Table 3). Bearing this fact in
mind, the present values of the mass attenuation coefficients are
slightly higher than the energy absorption coefficients measured
by about 2% (see the sixth column in Table 3). The ratios between
the present mass attenuation coefficients and the mass energy
absorption coefficients by Büermann et al. (2006) agree with the
ratios by Hubbell and Seltzer (1995) within the uncertainty
originated from men=r of Büermann et al. (2006) and m=r of the
present values. This agreement suggests that the present data are
consistent with the result reported by Büermann et al. (2006).

4.2. Photon W-value

The evaluated results of the photon W-value for dry air are
plotted in Fig. 7 as a function of photon energy. The photon W-
value determined in the present experiment is shown by solid
circles. The data for electron W-values are also plotted with an
open square (Waibel and Grosswendt, 1978) and open triangles
(Büermann et al., 2006). The open circle symbols refer to the
values without correction for the fluorescence escape, kfl. This
correction functions very well in the present result. The present
photon W-values, which distribute from 34:4070:30 to
34:6570:30 eV in the present energy range, are 0.2–0.5 eV
higher than the electron W-values previously reported by
Waibel and Grosswendt (1978) and by Büermann et al. (2006).
The effective W-values for X-rays obtained by Büermann et al.
(2006) shown in Fig. 7 agree with the photon W-values within the
uncertainty, but about 0.2 eV lower than the present values of Wp.
The contribution of E1 and N1 to Wp seems to be very small in this
case (see Eq. (3)). The W-values of dry air reported in some
literatures are listed in Table 4. W-values for g�ray from 60Co
measured by Niatel et al. (1985) are about 0.5 eV lower than the
present values. This discrepancy is probably attributed to the
difference in the photon energy. Combecher (1980) measured the
electron W-value, WðTÞ, for dry air in the energy region below
1 keV. They found that WðTÞ increase with decreasing electron
energy. The WðTÞ at 1 keV is higher than the present value by 3.3%.

A sudden change in the photon W-value is expected to occur at
3.206 keV (Ar 1s ionization threshold), on the basis of the atomic
shell effect found for rare gases at other energies (Dias et al.,
1997; Pansky et al., 1996; Saito and Suzuki, 2001a, 2001b;
Samson and Haddad, 1976; Suzuki and Saito, 2001; Tsunemi et al.,
1993). Looking into precisely feature of the present data near the
Ar K-edge, a tiny peak seems to exist at 3.204 keV, although the
size of the peak is smaller than the uncertainties. The energy of
3.204 keV corresponds to the excitation of the 1s electron into

Table 2
Uncertainty budget of the measurement of photon W-value at the energy of

3.0 keV ðk¼ 1Þ.

Value Uncertainty (%)

(1) Calibration of photodiode

Sensitivity 5:490 mK=mW 0.1

Photodiode current 2:046� 10�6 A 0.1

Temperature rise 41.56 mK 0.15

Responsivity 0.2706 A/W 0.2

(2) Radiant power measured with the calibrated photodiodes

Responsivity 0.2706 A/W 0.2

Photodiode current 2:211� 10�6 A 0.1

P0 8:171� 10�6 W 0.22

(3) Mass attenuation coefficients measured with the ion chamber

j4 8:549� 10�8 A 0.15

j5 4:024� 10�8 A 0.15

rair 9:318� 10�5 g=cm3 0.05

L 50.1 cm 0.06

m=r 161:7 cm2=g 0.29

(4) Photocurrent measurement

j4 8:549� 10�8 A 0.15

P0 8:171� 10�6 W 0.22

m=r 161:7 cm2=g 0.29

rair 9:318� 10�5 g=cm3 0.05

L 50.1 cm 0.06

d 25.68 cm 0.06

kfl � 0a –

Photon W-value 34.40 eV 0.42

a kfl is zero because 3000 eV is lower than the energy of Ar K-edge.
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the 4p orbital (Breinig et al., 1980). The effective W-values by
Büermann et al. (2006), however, did not show a change near the
Ar K-ionization threshold. The effective W-values do not take into
account the initial charge state and its required energy of the
atom having absorbed the photon. Then the change in the initial
effect on photoionization does not show up in the photon energy
dependence of the effective W-value. The tiny peak seems to
originate from the atomic shell effect and from the change in
photoabsorption efficiency of Ar, although the fraction of Ar is
very small in the air. The mass attenuation coefficient of air

increases at the energy of Ar K-edge (Hubbell and Seltzer, 1995)
corresponding to an increase in the photoionization cross section
for Ar (Zheng et al., 2006). In the present curve of the mass
attenuation coefficient shown in Fig. 6, a jump of about 20% at the
resonant excitation of 3.204 keV and a difference of about 13%

Table 3
Photon mass attenuation coefficients of air, m=r, in the energy range of 1800–3900 eV.

Energy (eV) m= ðcm=g2Þ men= ðcm=g2Þ Ratio of m=r to men=r

This work Hubbell and

Seltzer (1995)

Büermann et al.

(2006)

Hubbell and

Seltzer (1995)

This work and

Büermann et al.

Hubbell and

Seltzer (1995)

1814 708.8

2000 (533.5)a 527.9 526.2 1.003

2012 523.8

2200 400.6

2300 352.9

2400 312.1

2500 276.6

2600 247.2

2700 221.0

2800 198.2

2900 178.9

3000 161.9 162.5 158.23 161.4 1.023 1.007

3100 146.6 143.55 1.021

3190 134.8

3200 133.6 131.95 1.013

3203.7 160.0

3240 145.9

3300 137.8 133.65 1.031

3400 125.2 121.93 1.027

3500 114.6 111.95 1.024

3600 105.9 103.28 1.025

3700 97.5 95.11 1.025

3800 90.0 87.85 1.024

3900 82.9 81.35 1.019

4000 (76.4)a 77.88 75.44 76.36 (1.013) 1.020

Photon mass energy-absorption coefficients of air men=r, reported by Hubbell and Seltzer (1995) and Büermann et al. (2006) are also listed.

a The values are estimated by interpolation of the measured data.
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Fig. 6. Mass attenuation coefficient of air. The vertical scale is logarithm. The inset

shows the detail of mass attenuation coefficient around Ar 1s ionization region and

the vertical scale is linear.
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Fig. 7. Photon W-values of dry air as a function of photon energy. The solid circles

show the present results, and the open circles show those without correction on

fluorescence escape. The solid curve represents the photon W-values calculated

using the present model, and the dashed curve represents those under the

assumption that the fluorescence from Ar 1s hole does not contribute to the ion

formation in ambient air. The W-values for electrons are plotted; open triangles

from Büermann et al. (2006) and an open square from Waibel and Grosswendt

(1978). The effective W-value is shown by a dash-dotted curve (Büermann et al.,

2006). The error bars refer to the uncertainties represented with 2s. The bar with

hatching denotes the Ar 1s ionization threshold.
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between the value below the ionization threshold and the one
above it are found.

The values of Wp in the present energy region have been
calculated using the model which reproduced the change in
photon W-values for some gases due to the atomic shell effect in
the previous studies (Saito and Suzuki, 2001a, 2001b; Suzuki and
Saito, 2001). In this calculation, the measured data on multiple
photoionization of Ar are used, and the following assumptions are
made: (1) below the Ar K-edge, Ar L-shell ionization happens
dominantly; (2) above the K-edge, Ar L-shell ionization happens
with a probability of 10% and K-shell ionization takes place with a
probability of 90% from the measurement of Ar absorption cross
section data (Zheng et al., 2006). The created K-shell hole is filled
with the fluorescence, 11.8% and with the KLL Auger decays,
88.2%, and the produced L-shell holes are filled with cascade
Auger processes (Asplund et al., 1977; Krause, 1979; Ueda et al.,
1991); (3) ionization and deexcitation of N2 N 1s, O2 O 1s, and Ar
2p are refer to the data by Saito and Suzuki (1986, 1987, 1989),
Moddeman et al. (1971), Sambe and Ramaker (1986), Hayaishi
et al. (1984), Henke et al. (1993); and (4) the formation of the
electron–ion pair through collisions with ambient gases is
assumed in a similar manner to the previous work (Saito and
Suzuki, 2001a, 2001b; Suzuki and Saito, 2001) using the electron
W-values for air (Büermann et al., 2006; Combecher, 1980;
Waibel and Grosswendt, 1978). The calculated electron distribu-
tions at the photon energies of just below (3200 eV) and above
(3210 eV) the Ar 1s threshold are illustrated in Fig. 8. Above the Ar
1s threshold, the electrons with lower energies are ejected due to
cascade Auger decay from Ar 1s ionization.

The calculated photon W-values are illustrated with the solid
and dotted curves in Fig. 7. The dashed curve is derived under the
assumption that the fluorescence from Ar 1s hole does not
contribute to ion-electron pair formation in ambient air. The solid
curve is calculated under the assumption that the fluorescence
from Ar 1s hole is absorbed in ambient air completely. These two
curves have reproduced well the present photon W-values and
the raw experimental data without the correction, respectively.

According to the model calculation, the atomic shell effect may
be understood as follows (Dias et al., 1997; Pansky et al., 1996;
Saito and Suzuki, 2001a, 2001b; Samson and Haddad, 1976;
Suzuki and Saito, 2001; Tsunemi et al., 1993). Below the inner-
shell ionization threshold, photoabsorption induces dominantly
emission of outer-shell electrons which produce a number of
electrons and ions through collisions with ambient gases. Above
the threshold, photon effects yield emission of many inner-shell
electrons and that of outer-shell electrons at small ratios. The
inner-shell holes created produce mostly Auger electrons, which
have lower energies than the outer-shell photoelectrons. There-
fore the total available energy of emitted electrons in the energy
range above the inner-shell threshold is lower than that below the
threshold. Moreover, core ionization produces highly charged ion,
which is not effective to eject electrons. In particular, the atomic
shell effect strongly happens at the resonant excitation of the

inner-orbital electron into the vacant orbital (Saito and Suzuki,
2001a). The inner-hole one-particle state produced through this
excitation usually emits a resonant Auger electron holding
slightly higher energy than the corresponding Auger electron.
However, the charge state of this atom for the resonant excitation
is lower by one than that for ionization, and then the quantity of
totally produced ions in the gas media is smaller than the case for
ionization. The tiny peak at 3.204 keV seen in Fig. 7 has stood for
this phenomenon.

5. Summary

We have reported precise results on the direct evaluation of
the photon W-value for dry air, for the first time, using a cryogenic
radiometer combined with the multi-electrode ion chamber at the
photon energies from 2.2 to 3.9 keV. The evaluated results by the
present method are consistent with the previously reported
values for electrons. It has been necessary to correct the influence
of fluorescence from the Ar ion in our measurement condition.
The experimental photon W-values have been reproduced using
the model which considers multiple photoionization effects

Table 4

W-value of air. Uncertainties are shown by k¼ 1.

Source W-value (eV) Uncertainty (%)

This work SR, 3000 eV 34.40 0.51

Niatel et al. (1985) 60Co 33.81a 0.42

33.96b 0.23

Combecher (1980) Electron, 1000 eV 35.54 Smaller than 2

Waibel and Grosswendt (1978) Electron, 2985.1 eV 33.94 0.83

Büermann et al. (2006) Electron, 3002 eV 34.22 0.44

a Calorimetric and ionometric measurements.
b Activity and exposure measurements.
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related to inner-shell ionization. The present method is useful for
determination of more reliable photon W-values than the
conventional methods. In the near future, it is desirable to
perform systematic investigation on photon W-values for various
gases in a wide energy range and to clarify the addition rule of
photon W-values for mixed media like air. We also reported the
mass attenuation coefficient of air measured with the multi-
electrode ion chamber at the photon energies from 2.2 to 3.9 keV.
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