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An approach to bolometry has been developed. It is based on the measurements of optical 
reflectivity change of a thin metal layer deposited on a transparent substrate. The reflectivity change 
results from the temperature rise due to absorption of energetic particles or x rays. The sensor of the 
bolometer has no ohmic contact with the measuring unit, making this method well suited for an 
environment with strong electromagnetic noise interference. The technique was applied to 
characterize a method for the generation of intense electron beams in a dense gas. Very high 
efficiency for the e-beam generation (up to 95%) was measured. © 2005 American Institute of 
Physics. [DOI: 10.1063/1.1823655]

I. INTRODUCTION

There exist three groups of bolometers, which differ by 
the temperature transducer types. The best known and most 
widely used are the so-called “resistive” bolometers origi-
nally developed by Langley1 in 1881, and the “pyroelectric” 
bolometers. These, correspondingly, make use of a tempera-
ture driven change in the electric resistivity or in the dielec-
tric constant of the sensor material.2 The infrared bolometry 
utilizes the infrared radiation of the sensing element to mea-
sure its temperature.3

All these techniques have some drawbacks. The resistive 
and pyroelectric bolometries rely on contact measurements 
of the electric resistance or the dielectric constant, thus re-
quiring two electric circuits: one to drive the bolometer and 
another one for readout. The presence of two cables acting as 
a ground/pickup loop results in additional electromagnetic 
interference.4 Moreover, the measurements of intense fluxes 
of charged particles are complicated with these techniques, 
as an electric current associated with the particle flux would 
result in false readings. The infrared bolometry suffers from 
its poor sensitivity, as it is necessary to measure the radiation 
flux produced by a minor (in the order of 10 °C) temperature 
change of the sensor with a small area s,1 cm2d located at 
substantial distance s.50 cmd from an infrared detector.

A thermo reflectance bolometry proposed by us does not 
have these drawbacks. In the suggested approach a change in 
the optical reflectance coefficient of a sensor element result-
ing from its temperature change is measured. Thus, it com-
bines the attractive features of resistive bolometry such as 
high sensitivity with noncontact sensing specific of infrared 
bolometry. The sensitivity increase is achieved due to higher 
intensity of the incident light. The effect is somewhat similar 
to the impact of higher magnitude of a reference current or a 
voltage in resistive bolometry.

The physical property of materials to change their reflec-
tance with temperature is well known5 and has a wide range

of applications such as studies of the band structures of 
semiconductors6 or the measurements of thermo physical 
constants of thin surface films.7 The only application of this 
property in the gas discharge physics was done for the esti-
mation of electrode temperature evolution during starting up 
of high-pressure arc lamps.8 However, as far as we know it 
has never been used for bolometry.

The main purpose of the present work is to develop a 
bolometer capable of measurements of electron beam and 
soft x ray energy directly in a gas environment. Powerful 
electron beams are generated in an open barrier discharge 
electron gun9 and other devices based on an open discharge 
principle,10,11 but the efficiency of these devices is still un-
known, mainly due to the absence of an appropriate mea-
surement technique.

II. BOLOMETER ELEMENT SELECTION 
AND FABRICATION

A proper bolometer design assumes a compromise be-
tween its sensitivity on the one hand and its opacity for the 
radiation to be measured on the other. For several reasons we 
have chosen thin chromium films as sensor material for our 
bolometers. The thermo reflectance spectrum of chromium 
has a wide peak at the wavelength of ,1 mm.12 This wave-
length region ideally coincides with a maximal response of 
most Si photodiodes. Also, an incandescent halogen lamp is 
a convenient illumination source in this spectral range. Chro-
mium is sufficiently a dense material, thus the electrons with 
the energy of ,20 keV can be stopped in the films of sub-
micron thicknesses. Meanwhile, the backscattering energy 
coefficient of chromium does not exceed ,0.2 thus the cor-
rections due to electron backscattering are small compared to 
heavier materials like Ni, Cu, Au, etc. The technology of 
chromium coating deposition is very well developed as it is 
often used as an adhesion layer for other metal coatings. 
Thus if one wants to increase the opacity of the bolometer in 
order to measure the radiation of higher energy, it can be 
easily done by depositing an extra layer of the material that 
is denser than chromium on top of the original layer.
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In our design a sensing element of the bolometer con-
sists of a thin (up to 1 mm) chromium film, which is 3 cm 
wide and 3 cm long. To ensure a rugged design, the film is 
deposited onto a thick transparent substrate with low thermal 
conductivity such as Pyrex or Quartz. An electron beam 
evaporator (model Balzers BAK 600) is used in the deposi-
tion process. Fairly reproducible properties of the evaporated 
films as concerned with the thermo reflectance coefficient 
and the mass thickness were obtained with the residual gas 
pressure of 10−7 mbar and the deposition speed of 5 A s−1. 
The specific electric resistivity of the film was measured to 
be about ten times the bulk material resistivity.

The opacity of the bolometer for the incident electron 
beam or x rays is determined by its mass thickness. The mass 
thickness of the evaporated films was measured by direct 
weighing of the substrate plate before and after the evapora-
tion. Sartorius ME215P balance with an accuracy of 2% was 
used for these measurements The measurements of the film 
thickness with the surface profilometer (model Veeco Dektak 
8) confirmed that the mass density of the evaporated film is 
equal to the mass density of the bulk material with an accu-
racy better than 5% for the film thicknesses between 0.5 and 
1 mm.

A schematic diagram of thermo reflectance bolometer is 
sketched in Fig. 1. X rays or energetic electrons reach the 
metal film through an opening in a protecting ring. This ring 
serves both as a holder for the sensor and as its ground con-
nector. The energetic particles or radiation are absorbed in 
the bolometer film. As their energy is transferred into heat 
the film temperature rises. The rate of this process is deter-
mined by the specific heat of the material and the heat dif-
fusion into the substrate. The metal/substrate interface is il-
luminated with an external light source. The temperature 
change alters optical reflectance at the interface thus modu-
lating the intensity of the reflected light. An appropriate fast 
photodetector measures the intensity of reflected light. The 
interface temperature as well as the incident power and/or 
energy are determined in this way.

III. BOLOMETER RESPONSE TO X RAYS 
AND ELECTRON BEAMS

The high spectrally flat opacity for the incident radiation 
is the real concern for reliable measurements of incoming

energy flux with any bolometer. The fractional absorption of 
x rays in a 1-mm-thick chromium film is shown in Fig. 2. 
The data tabulated in Ref. 13 were used in these calculations. 
It is seen that the spectral response of the element is nearly 
flat up to 1.2 keV. In this sense our bolometer design could 
be seen as an alternative to resistive bolometers extensively 
used to measure x rays generated by high power Z pinches 
and Z accelerators.5 The main advantage, however, will be a 
substantial reduction of electromagnetic interference.

In order to determine the opacity of the bolometer for x 
rays it is sufficient to know the mass absorption coefficient. 
To the contrary, the estimation of the bolometer opacity in 
the case of electrons is more complex. The energy of an 
incident electron beam dissipates in several ways. Part of the 
electrons is reflected from the target in a backscattering pro-
cess, so their energy will not be measured. Another part of 
initial beam energy is transferred by electrons that pass 
through the metal film. This part is proportional to the trans-
mittance coefficient multiplied by the average energy of 
transmitted electrons. The rest of the incident beam energy is 
absorbed in the metal film thus defining its opacity. The ab-
sorbed fraction of the electron beam energy for chromium 
films with thicknesses of 0.5 and 1 mm is shown in Fig. 3. 
The experimental data14–16 for copper were recalculated for

FIG. 1. (Color online) Sketch of thermo reflectance bolometer. 
FIG. 2. Absorbed fraction of x rays as a function of photon energy.

FIG. 3. (Color online) Absorbed energy fraction as a function of electron 
energy. 1-chromium film, thickness 0.5 mm; 2-chromium film, thickness 
1 mm.
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chromium thin films using semiempirical equations.17–19

Here a small energy fraction reflected from the supporting 
glass substrate back into the metal film was neglected as it 
constitutes ,5% of the total transmitted energy.7

It is seen in Fig. 3 that the response of the bolometer is 
flat in the range of low electron energies defined by the 
thickness of the metal film. As the energy increases further 
the electrons start to penetrate the film and the fraction of 
absorbed energy drops abruptly. The maximum fraction of 
the energy absorbed in the film is less than unity due to the 
backscattered electrons.

The power absorption in the metal film results in the rise 
of the temperature at metal/substrate interface. There exists 
an analytical relationship between the temperature change 
and the absorbed power. This relation holds true even in the 
case when the cooling of the metal film due to heat absorp-
tion in the substrate plays a dominant role in the overall 
energy balance. The absorbed power Pstd depends on the 
change of the metal/substrate interface temperature as fol-
lows (see the Appendix for details):

Pstd = cmrmh 
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dt
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Here cm, rm, cg, rg are the specific heat capacity and the 
density of the metal film and of the substrate, respectively, h 
is the thickness of the film and lg is the thermal conductivity 
of the substrate. One can clearly see that it is preferable to 
use substrates with a small lg. In the opposite case power 
loss due to the heat diffusion into the substrate, expressed by 
the second term on the right side of Eq. (1), should be taken 
into account. Thus, it is sufficient to know the interface tem-
perature alone in order to determine the absorbed power.

The relationship between the temperature change and the 
observed photodiode response is defined by the following 
equation:

t
d 

dt
Ustd + Ustd = jTstd. s2d

Here Ustd is the photodiode response, j=dR/RdT is the 
thermo reflectance coefficient, where R in turn is the reflec-
tivity of the interface and t is the response time of the pho-
todiode. The photodiode response is as follows:

Ustd = 
Vstd − V0 

V0 
. s3d

Here Vstd is the time dependent photodiode signal and V0 is
the reference signal.

A proper choice of the photodiode is of great importance 
for reliable operation of the thermo reflectance bolometer. 
The photodiode should have high quantum efficiency in the 
vicinity of 0.8 mm, the wavelength corresponding to the 
maximum thermo reflectance response of the chromium thin 
film. As the thermo reflectance coefficient j is very small 
s,4310−5d, a large level of the reference signal V0 is man-
datory in order to get a measurable quantity of the difference 
Vstd−V0. Photodiode response should be linear, even at high 
reference currents. Further, the photodiode output should not 
exhibit “long tails” associated with deep traps in a semicon-

ductor material. A complete survey of the photodiodes avail-
able on the market has lead us to choose an EG&G 
FND100Q Si photodiode. It features a large saturation cur-
rent s.10 mAd, an absence of the delayed secondary re-
sponse at times longer than 10 ns and a large aperture area of 
2 mm in diameter. According to recommendations20 the pho-
todiode was biased at −50 V.

IV. CALIBRA TION PROCEDURE AND THE PROOF 
OF PRINCIPLE EXPERIMENTS

In order to make an absolute calibration of the device the 
electrical pulse of known power and energy was absorbed by 
the bolometer and the resulting thermo reflectance signal was 
measured.21 This was done simply by discharging a capacitor 
charged up to a known potential through the bolometer film. 
Voltage drop as well as electric current were measured and 
the input power was calculated as their product. This way all 
the constants in Eqs. (1) and (2) could be determined. The 
result of this calibration procedure is shown in Fig. 4. Input 
power pulses Pinputstd produced by the capacitor discharge, 
photodiode thermo reflectance signal Ustd and power Pstd
derived with the use of Eqs. (1) and (2) are presented. The 
bolometer with a 0.5-mm-thick chromium film on Pyrex sub-
strate was used. The response time of the photodiode circuit 
used in this experiment was ,400 ns. One can clearly see 
that besides energy measurements this straightforward and 
robust technique allows for power measurements provided 
the photodiode circuitry has an adequate linearity and tem-
poral resolution.

The thermo reflectance bolometer was used to get quan-
titative data on the performance of a recently proposed elec-
tron beam generator, working in a dense gas. The electron 
beams with the current density of ,60 A /cm2 and the elec-
tron energy of ,10–20 keV were produced by an open di-
electric barrier discharge generator directly in a working gas 
at pressure up to ,100 mbar.9 The main problem in the 
evaluation of the energetic efficiency of the generator arises 
from the necessity to separate the power inputs from the 
electron beam itself and from the beam generating discharge. 
The detailed description of the working principle of the elec-
tron beam generator and experimental conditions is given in

FIG. 4. (Color online) Pulses of the thermo reflectance signal U, input 
power Pinput and calculated power P.
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Ref. 9. For the sake of completeness we reproduce here some 
essential features. The electron beam is generated when a 
barrier discharge between two electrodes occurs. One of the 
electrodes is made of a metal mesh while the other is covered 
by a high « dielectric. When the dielectric surface is charged 
negatively it acts as a cathode. The electrons are accelerated 
in a thin layer of cathode fall region and then expelled into 
the surrounding gas through the grid anode thus forming the 
electron beam. The peak beam current density as high as
60 A cm−2 was measured by the Faraday cup placed 3 cm 
apart from the grid anode at the charging voltage 20 kV. The 
discharge was produced in He gas at a pressure of 10 mbar in 
this experiment. To evaluate the energy efficacy of the elec-
tron beam production the Faraday cup was replaced by the 
bolometer while keeping other conditions similar. Typical 
traces of the bolometer response taken at the charging volt-
age of 17 kV are shown in Fig. 5. The upper trace corre-
sponds to the bolometer made of chromium thin film with a 
thickness of 1 mm and the lower trace is measured with gold 
film bolometer with the thickness of less than 0.1 mm. The 
negative sign of the latter is due to negative thermo reflec-
tance coefficient of gold in spectral range used for 
illumination.22 This example shows that the observed signals 
are indeed of thermal nature and are not the result of illumi-
nation from the electron beam excited plasma or the pressure 
shock wave produced by the discharge. The dependence of 
the energy efficiency of the electron beam production on the 
charging voltage extracted from the similar data is shown in 
Fig. 6. The extremely high efficiency of the dielectric barrier 
discharge based generator is clearly seen.

While other known techniques failed in these harsh ex-
perimental conditions the thermo reflectance bolometer dem-
onstrated excellent performance, high robustness and dura-
bility.

To summarize, the advantages of thermoreflectance bo-
lometry are as follows: This is a broadband robust technique 
that measures absolute fluxes of energetic particles and/or 
electromagnetic radiation ranging from microwaves to soft x 
rays.

Noncontact remote sensing eliminates the problems of 
electromagnetic interference. The method is fast (response 
time up to ,10 ns could be easily achieved).

The signal to noise ratio is determined by the photodiode

shot noise. This ratio can be further improved by using a 
high-power illuminating source. An incandescent lamp is 
ideally suited for this purpose.
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APPENDIX

The temperature fields in a metal layer and a glass sub-
strate are described by the set of equations

cmrm
]Tmsx,td

]t 
= lm

]2Tmsx,td
]x2 + Qsx,td, 0 , x , h, sA1d

cgrg
]Tgsx,td

]t 
= lg

]2Tgsx,td
]x2 . − ̀ , x , 0. sA2d

The boundary conditions are as follows:

lm
]Tmsh,td

]x 
= Wssh,td, lm

]Tms0,td
]x

= lg
]Tgso,td

]x 
, Tms0,td = Tgs0,td. sA3d

Here the x axis is perpendicular to the surface of metal and 
cm,rm,lm,cg,rg,lg are the specific heat capacity, the mass 
density and the thermal conductivity of the metal and the 
glass, respectively. Two possible heat sources have been 
taken into account. The first one, Qsx,td, is due to the energy 
lost inside the metal layer of thickness h by energetic par-
ticles or x rays. The second source Wssh,td is due to the
possible energy exchange between the metal layer and the 
surrounding environment.

The correctness the one-dimensional analysis (A1)–(A3)
of the heat transfer process is justified by the fact that the 
distance L a thermal wave has to pass during typical electron 
beam generation process time is much smaller than the di-
ameter of the bolometer. One can estimate L at t=10 ms 
typical for our experimental conditions (see Fig. 4). Taking

FIG. 5. (Color online) Bolometer response under the impact of the electron 
beam. 

FIG. 6. Energy efficiency of the e-beam generator. Working gas He, pres-
sure 10 mbar.

013101-4 Mitko et al. Rev. Sci. Instrum. 76, 013101 (2005)



L = slmt/cmrmd1/2 sA4d

and substituting the data for chromium cm=0.452 Jg−1 K−1, 
lm=0.94 W cm−1 K−1, rm=7.2 g cm−3 into Eq. (A4) one gets 
L,17 mm. This length is much smaller that the diameter of 
the bolometer sensor (see Fig. 1.). This justifies our approxi-
mation.

Further analysis can be simplified by taking into account 
high value of thermal conductivity in metals lm as well as a 
small thickness of the metal film. Typical time t
=cmrmh2/lm,8 ns is needed for the temperature wave to 
pass through the metal. Thus the temperature difference 
across the metal film can be considered as a negligibly small 
for the time intervals longer than ,10 ns. The two basic 
equations (A1) and (A2) can be effectively reduced to one 
equation now. This is done by integrating the first Eq. (A1)
over x from 0 to h. Consequently, the temperature distribu-
tion over the metal film is averaged. Further, we assume that 
it is equal to the interface temperature. We introduce total 
power flux according to the following formula:

Pstd = Wsstd +E
0 

h

sx,tddx. sA5d

As a result a complex problem (A1)–(A3) is reduced to a 
simplified one

cgrg
]Tgsx,td

]t 
= lg

]2Tgsx,td
]x2 , − ̀ , x , 0. sA6d

The respective boundary condition is now as follows:

cmrm
]Tgs0,td

]t 
= − lg

]2Tgs0,td
]x2 + Pstd. sA7d

This problem is solved in a closed form by the method of 
Laplace transform.23 It leads to Eq. (1).
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