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Vacuum-Ultraviolet (VUV) radiation is responsible for the photo-processing of simple and com-

plex molecules in several terrestrial and extraterrestrial environments. In the laboratory such radia-

tion is commonly simulated by inexpensive and easy-to-use microwave-powered hydrogen

discharge lamps. However, VUV flux measurements are not trivial and the methods/devices typi-

cally used for this purpose, mainly actinometry and calibrated VUV silicon photodiodes, are not

very accurate or expensive and lack of general suitability to experimental setups. Here, we present

a straightforward method for measuring the VUV photon flux based on the photoelectric effect and

using a gold photodetector. This method is easily applicable to most experimental setups, bypasses

the major problems of the other methods, and provides reliable flux measurements. As a case study,

the method is applied to a microwave-powered hydrogen discharge lamp. In addition, the compari-

son of these flux measurements to those obtained by O2 actinometry experiments allow us to esti-

mate the quantum yield (QY) values QY122¼ 0.44 6 0.16 and QY160¼ 0.87 6 0.30 for solid-phase

O2 actinometry. VC 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4887067]

Vacuum-Ultraviolet (VUV) radiation plays a key role in

the photo-processing of gas- and solid-phase molecules in

many different terrestrial and extraterrestrial environments,

from inter- and circumstellar regions to the atmosphere and

the surface of planets, asteroids, and comets.1–6 For this rea-

son, various chemistry, astronomy, and biology laboratories

over the world carry out experimental programs devoted to

the study of VUV photoinduced processes on simple and

complex molecules.

Lyman-a photons at 122 nm (10.2 eV) constitute a major

component of the VUV radiation field in many of these envi-

ronments,3,7 explaining why in the last decades there has

been a growing interest in simulating the VUV field using

microwave-powered hydrogen discharge lamps.8 The objec-

tive of experiments carried out with these lamps is to pro-

duce reliable laboratory data allowing the comparison with

models and observations. To this purpose, the irradiation

source needs to be well characterized in terms of its VUV

flux and spectral emission pattern.

Two common ways of carrying out absolute VUV flux

measurements are: (1) actinometry and (2) calibrated VUV

silicon photodiodes. Actinometry is based on the monitoring

of a well characterized chemical reaction as a function of the

VUV fluence. A common actinometer for estimating the

Lyman-a flux produced by hydrogen discharge lamps is

solid-phase O2:9–11 upon VUV photon absorption O3 is

formed from O2, a process well documented in the gas-

phase.8 Due to the lack of data for solid-phase O2 experi-

ments, gas-phase quantum yield (QY) values are commonly

used. However, a discrepancy of about a factor of 3 was

observed between the flux measurements as determined by

solid-phase O2 actinometry and by a calibrated VUV photo-

diode.11 This may be due to the inaccurate assumption that

gas-phase QY values are suitable for solid-phase experi-

ments. Additional limitations of solid-phase actinometry

come from technical requirements. For instance, spectros-

copy is typically needed to monitor molecular abundances

and a cryostat is required to condense O2 (T� 30 K).

Calibrated VUV photodiodes measure the current

induced by VUV irradiation. Although they are considered

to be more precise and accurate than actinometry (as their

quantum efficiency in the VUV domain is very well docu-

mented) their use is much less common. The reason of the

prevalent spread of actinometry has to be found in the high

cost of calibrated photodiodes and the change in the photoca-

thode surface efficiency (difficult to characterize and moni-

tor) due to atmospheric exposure. In some photodiodes, a

passivating oxide layer is used as surface coating in order to

protect the photosensitive layer from oxidation and other

potential contaminations. However, the passivating layer

contributes to the spectral photosensitivity of the diode and

is subject to degradation as a result of VUV exposure. The

degradation rate depends on the accumulated VUV fluence

over time.

In the following, we present an alternative method for

VUV flux measurements based on the photoelectric effect.

We show how by using this simple method it is possible to

obtain reproducible and reliable measurements. As a case

study, the method is applied to a microwave-powered hydro-

gen discharge lamp. In addition, we show how the methoda)Electronic addresses: daniele.fulvio@uni-jena.de and dfu@oact.inaf.it
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can be applied to estimate the quantum yields for solid-phase

actinometry. As an example, we discuss the case for solid-

phase O2.

Microwave-powered hydrogen discharge lamps consist

of a glass tube with a constant flow of H2 at pressure typically

between 0.3 and 1 mbar. The hydrogen is excited by micro-

wave radiation using a McCarroll12 or Evenson13 cavity and

the microwave generator power is usually kept between 50

and 100 W. The discharge in the lamp is initiated by a Tesla

coil. The typical VUV spectrum of hydrogen discharge lamps

is dominated by the Lyman-a emission at 122 nm (10.2 eV)

and the molecular H2 emission feature around 160 nm

(7.7 eV). The relative ratio between these two features

depends on the specific experimental conditions, such as the

pressure inside the discharge tube, extra components in the

gas flow (for instance, He added to H2), and the relative pro-

portion of these components.3,14–17 In a typical laboratory

setup, the lamp faces the experimental chamber (where the

species under study is located) through a VUV-transparent

window. The proper choice of the window material is impor-

tant, as its VUV transmittance can strongly affect the spec-

trum and photon flux reaching the target. Special care needs

to be taken as the VUV radiation can cause degradation of

the VUV transmittance of the window over time. For

instance, LiF windows, although having high transmittance in

the VUV range, degrade significantly within hours of VUV

exposure.11 For experiments with hydrogen discharge lamps,

MgF2 windows are the common choice to guarantee high

VUV transmission down to the Lyman-a wavelength while

ensuring a high level of resistance against VUV degradation.

The method presented in this Letter to easily determine

VUV flux values is based on the photoelectric effect: photo-

electrons are emitted from the conduction band of a material

once the acquired energy exceeds the work function of the

material. Increasing the photon flux increases the number of

emitted photoelectrons and the energy of the photoelectrons

depends on the energy of the incident photons.

We describe now the experimental procedure, along

with a few technical suggestions, before discussing the

results. We choose gold as material for the photodetector

(the work function of gold is between 4.2 and 5.2 eV, the

spread in the value being due to the sensitivity of the work

function to the surface contamination status)18,19 and in prac-

tice we use a commercial gold-coated quartz crystal micro-

balance (QCM)20,21 as photodetector to carry out the

measurements. Although the work function of most metals

falls in the 4–5 eV range, gold is a convenient choice as it is

inert (therefore does not oxidise in air) and does not degrade

upon VUV irradiation. Besides, gold is a material commonly

available in laboratory as it is used for a number of purposes

(such as IR reflectance standard or coating in QCMs). We

propose QCMs because of their small size, compatibility

with most systems, and low price.

Figure 1 shows a schematic of the experimental setup

and the gold QCM used. The gold photodetector is placed

inside an high-vacuum chamber (base P< 5� 10�6 mbar) at

the sample position, connected by means of a feedthrough to

a voltage controlled power supply in a circuit closed by the

vacuum chamber itself (grounded). The distance from the

source to the detector in our system is about 16 cm. A

microvoltmeter is used to measure the current passing

through the circuit. The VUV lamp faces the photodetector

through a MgF2 window as shown in the figure. Unless oth-

erwise specified, the experiments are conducted under con-

stant VUV photon flux and at normal incidence of the VUV

light onto the detector. The lamp is always operated with a

constant flow of H2 and a pressure of 0.6 mbar, 100 W are

applied by the microwave generator to the Evenson cavity

and the reflected power was below 5 W (in most cases equal

to 2–3 W) in all experiments.

Ideally, under VUV irradiation, the photoelectrons emit-

ted from the gold surface are collected by the chamber and

return to the gold through the circuit represented in Fig. 1.

However, there are two additional effects which contribute

to the current readings. First, VUV stray light may reach

other spots (different than the gold photodetector) inside the

chamber, with consequent photoelectron emission, and some

of these photoelectrons can be collected by the detector.

Second, some of the low energy electrons emitted by the

gold detector may return back to it. The “spurious” photo-

electrons generated by these two effects contribute antitheti-

cally to the current produced by the photoelectrons emitted

by the gold surface and collected by the chamber. The contri-

bution of the spurious electrons to the overall current

depends on the bias voltage Vbias applied to the gold photo-

detector, as shown in Fig. 2. When positive or no bias volt-

age is applied, the spurious photoelectrons counteract the

current due to the electrons photoemitted by the gold detec-

tor and collected by the chamber. The higher the positive

bias voltage applied, the stronger is the electric field which

steers the spurious photoelectrons towards the gold surface.

Therefore, more of them are collected from increasing dis-

tance inside the chamber. On the other hand, when increas-

ing the negative bias voltage applied to the gold surface, the

current reaches a maximum value (hereafter referred to as

“saturation” current) which remains constant for higher neg-

ative values of the potential (Fig. 2). Saturation happens

when every photoelectron emitted by the gold is collected by

the chamber and, simultaneously, no spurious electrons can

reach the gold surface since the electric potential between

gold and chamber is greater than their kinetic energy.

The basic concept of our method is that the saturation

current is the appropriate parameter to determine the VUV

flux at the position of the gold photodetector. If so, the

FIG. 1. (a) Schematic of the experimental setup and circuit used in this

study. (b) Gold photodetector (diameter¼ 12.7 mm) mounted on a semicir-

cular support for easy fit at the sample position. The connection detector-

circuit is realized by a simple wire touching the gold surface or, when

needed, a small metallic grid to facilitate the contact with the gold surface.

014105-2 Fulvio et al. Appl. Phys. Lett. 105, 014105 (2014)
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saturation current has to depend linearly on (i) the surface

area of the gold detector and (ii) the power applied by the

microwave generator, as the VUV flux scales linearly with

the surface area and the power applied.22 We have verified

these two points experimentally. Figure 3 presents the results

of (i), for the whole range of Vbias (Fig. 3(a)) and the value

of the saturation current vs. the surface area of the gold de-

tector (Fig. 3(b)). The area of the photodetector was cut into

smaller areas between consecutive experiments. The result-

ing data points in Fig. 3(b) can be fitted by a straight line

passing through the origin as expected for a current which

depends only on the flux absorbed. The results of (ii) (not

shown for the sake of brevity) confirm the linear correlation

between the saturation current and the power applied by the

microwave generator in the range of 65–120 W. These two

control experiments prove that saturation depends on the

VUV flux rather than the limited surface of the gold detector

or any other undesirable effect in the circuit.

We now describe the procedure to determine the VUV

flux. The total flux Ftot can be divided into the contribution

of the spectral components centered at different k: Fk.

Knowing the photoelectric yield PYk of gold for photons of

given wavelength k and the current Isat
k produced by these

photons, the VUV photon flux Fk is

Fk ¼
Isat
k

e� PYk � A
; (1)

where e is the elementary charge and A is the irradiated area.

VUV spectra of hydrogen discharge lamps are dominated by

two spectral features: the Lyman-a emission centered at

122 nm and the molecular H2 emission around 160 nm. This

means that we need to estimate the flux due to each spectral

feature: F122 and F160. To this purpose, two measurements of

the saturation current have to be performed: the first one as

described above, Isat1ð¼ Isat1
122 þ Isat1

160 ), and the second one

adding an extra window with known transmittance (T122 and

T160) at the wavelength of each emission feature,

Isat2ð¼ Isat2
122 þ Isat2

160 ). From expression (1), we get a system of

two linear equations in two unknowns

Isat1 ¼ AeðPY122F122 þ PY160F160Þ;
Isat2 ¼ AeðPY122T122F122 þ PY160T160F160Þ:

�
(2)

The solution of the system provides the flux for each spec-

tral component. For measuring Isat2, we use a sapphire win-

dow, opaque to the 122-nm component while partially

transmitting the 160-nm one. The transmittance T160 of this

sapphire window is measured to be 0.5. Solving (2) we find,

for the lamp settings discussed before, the following flux val-

ues at the detector position (Table I, column 1): F122

¼ 1.8 6 0.6� 1014 ph cm�2 s�1 and F160¼ 3.16 1.1� 1014 ph

cm�2 s�1. We point out that the broadness of the emission

band is one of the main error sources, mainly because of the

FIG. 3. (a) Same as in Fig. 2 for different surface areas of the gold photo-

detector. The lowest curve (pink star) shows the current only due to the

metallic grid and wire used for the circuit contact with the gold surface. (b)

Saturation current for different gold surface areas (from (a)) and best fit to

the data points. Saturation current values are plotted after removing the con-

tribution of the grid and wire (pink star curve).

TABLE I. VUV flux (ph cm�2 s�1) as measured by the method discussed in

this Letter (column 1) and by O2 ! O3 actinometry using the gas-phase

value QY¼ 1.92 (column 2). The last column gives the quantum yield QY
values for solid-phase O2 actinometry, as estimated from the flux measure-

ments presented in column 1. Values of QY are in O3 molecules formed per

absorbed photon.

Flux Flux Quantum Yield

Gold detector Actinometry (QY¼ 1.92) Solid-phase estimate

122 nm 1.8 6 0.6� 1014 0.4 6 0.1� 1014 QY122¼ 0.44 6 0.16

160 nm 3.1 6 1.1� 1014 1.4 6 0.35� 1014 QY160¼ 0.87 6 0.30

FIG. 2. Total current vs. Vbias applied to the photodetector.

014105-3 Fulvio et al. Appl. Phys. Lett. 105, 014105 (2014)
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uncertainty on the PYk value used to estimate the flux from

expression (1). We have used PY122¼ 2� 10�2 and

PY160¼ 1� 10�3 (in units of photoelectrons per incident pho-

ton).19 We want also to point out that discerning between the

two spectral components is required, as recent solid-phase

experiments have shown that photoinduced processes can be

wavelength dependent.17,23

An application of the method discussed in this Letter is

the estimation of the quantum yields for solid-phase actinome-

try. As an example, we discuss the case of solid O2. First, we

have re-determined the VUV flux by O2 actinometry experi-

ments (under the same experimental conditions). Inside

the high-vacuum chamber, solid O2 is grown at 11–15 K

onto a KBr substrate placed in thermal contact with a closed-

cycle helium cryostat. The thickness of the O2 film is always

>1.8 lm (to ensure total absorption of the VUV photons) and

is determined by laser interferometry as described in Fulvio

et al.24 An FTIR spectrophotometer (Bruker Vertex 80v) is

used to record transmittance spectra (resolution: 1 cm�1) in

the range of 6000–400 cm�1. The flux is derived by meas-

uring the area of the �3 infrared band of O3 centered at

1040 cm�1 as a function of the irradiation time

Flux ¼
Area �3ð Þ

time� QY � A �3ð Þ
; (3)

where QY is the O3 quantum yield and A(�3) is the integrated

absorption strength for the �3 band. While the integrated

absorption strength value is known for solid O3

(A(�3)¼ 1.4� 10�17 cm molecule�1),25 there is a lack of

solid-phase data for the O3 quantum yields. To date, the gas-

phase-estimated value QY¼ 1.92 has been commonly used.

Employing QY¼ 1.92, we find the flux values reported in

column 2 of Table I. These values are about a factor of 3

smaller than the flux values obtained using the gold photode-

tector (column 1). This trend is similar to the one found

when comparing the flux measurements obtained by solid-

phase O2 actinometry and a calibrated VUV photodiode.11

We think that the discrepancy may be due to the use of gas-

phase QY values for solid-phase experiments. Knowing the

flux values from the measurements with the gold photodetec-

tor and using expression (3), we estimate the QY values for

solid-phase O2 actinometry as reported in column 3.

However, the precision of these estimates strongly depends

on the precision on the measurements of the photoelectric

yields of gold. In this view, our results suggest the need for

more precise photoelectric yield measurements.

Finally, we want to point out two additional advantages

of our method for VUV flux measurements: (1) the response

of the photodetector is “limited” to 5–11 eV; this is the spec-

tral range where the lamp emission simultaneously induces

photoelectric effect on gold and is transmitted by the MgF2

window; on the other hand, the spectral response of VUV sil-

icon photodiodes extends to the visible and IR range; this

last case may lead, if neglected, to an overestimated VUV

flux measurement; (2) our method can be used even in condi-

tions of “rough” vacuum: when slowly increasing the pres-

sure in the vacuum chamber, our measurements remain

unaffected up to 1� 10�2 mbar; this is another advantage

with respect to actinometry.

In summary, we present a straightforward method to

determine the VUV flux and discuss in detail the case of a

commonly used microwave-powered hydrogen discharge

lamp. Technical details and pragmatic suggestions are pro-

vided. The main advantages of the proposed method and de-

tector can be summarized as follows: no need for

spectroscopy; no need for cryogenic components; response

in the spectral region 5–11 eV, low cost, small size and easy

fitting in almost every system; suitable for chamber pressure

up to 1� 10�2 mbar. Finally, the method here presented can

be applied to estimate the quantum yields for solid-phase

actinometry. As an example, the case of solid-phase O2 acti-

nometry has been discussed.
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