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Infrared Imaging Video Bolometers (IRVBs) are successfully being used to study the three dimensional
impurity radiation distribution from the LHD plasma. IRVBs can serve as a promising diagnostic for studying
the radiation structures of detached plasmas in LHD and hence a comparison can be established with theoretical
models. A new IRVB system is being designed for the LHD bottom port for better access to the magnetic x-points
and to study the 3D radiation structures. The design overview of this new IRVB system is discussed in this paper.
The design includes spatial resolution, field of view of the IRVB, sensitivity and signal to noise estimates. Two
optical configurations for an infrared periscope are discussed in brief and selection of a catadioptic configuration
with a cassegrain telescope is justified. The sensitivity of the existing IRVBs is expected to increase 5 fold by the
addition of this IR periscope.
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1. Introduction
The pursuit for pushing the machine parameters to-

wards high power operation tends to approach the design
limits of the plasma facing components (PFCs). This en-
dangers the integrity and hence the lifecycle of the PFCs
to an extent that can lead to a sudden failure. Measures
to keep the power loads on the PFCs within the engineer-
ing design limits need to be practiced to enhance the lifes-
pan and proper functionality of the PFCs. Among several
schemes under consideration, detachment of plasma from
the PFCs is a promising candidate. Plasma detachment will
reduce the power load on the PFCs by enhancing the radi-
ation from the plasma. It is a well known fact that the radi-
ation emitted by the plasmas in a broad wavelength spec-
trum can be very well studied by bolometers. The infrared
imaging video bolometer (IRVB) has an advantage of mea-
suring the plasma radiation in two dimensions. The radia-
tion structures emerging during the detachment of plasmas
can be studied by the IRVB. This paper describes various
design parameters for one such IRVB module planned to
be installed on the bottom port for viewing radiative struc-
tures during detachment experiments on LHD. Section 2
describes the detachment process and localization of radi-
ation structures. Section 3 gives an explanation about the
IRVB and discussion on various design parameters. IRVB
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sensitivity and its dependence on camera performance are
discussed in Section 4. In Section 5 a brief discussion is
given about the optics being planned for the new IRVB.
Conclusions are given in Section 6.

2. Magnetic Islands & Plasma De-
tachment
Plasma detachment is an important operational regime

for future diverted magnetic fusion devices. Detachment
in a tokamak is achieved by raising the plasma density
to the density threshold. But LHD plasma terminates
due to radiative collapse even before the density thresh-
old is reached [1]. Hence, plasma detachment in LHD is
aided by the external addition of an m/n= 1/1 magnetic is-
land (MI) perturbation [2]. The MI is introduced in the
stochastic region with the help of saddle perturbation field
coils. Addition of the MI lowers the density threshold and
helps in achieving sustained detachment [2]. The radia-
tion structures are found to be localized near the magnetic
islands x-points (MIXs) with detachment and near the he-
lical diverter x-points (HDXs) without detachment [2,3] in
the presence of the MI. This radiative localization is also
shown by EMC3-EIRENE edge transport models [4, 5]. A
synthetic diagnostic code is used to integrate the 3D ra-
diation intensity distribution given by the EMC3-EIRENE
code, through the field of view (FOV) of each detector of
the IRVB. This exercise will generate a two-dimensional
image of the radiation structures which can easily be com-

c© 2012 The Japan Society of Plasma
Science and Nuclear Fusion Research

2402095-1



Plasma and Fusion Research: Regular Articles Volume 7, 2402095 (2012)

Fig. 1 CAD of the bottom view of the imaging bolometer. The
grid shows the subdivision of the IRVB field of view into
individual channels. The brown line indicates the mag-
netic axis and the pink line indicates the location of heli-
cal divertor x-point.

pared with the experimental data obtained from the IRVB
[6]. Adding IRVB FOVs provides more information on
the radiation patterns from plasmas. Hence it is decided
to add an IRVB at the bottom port of LHD for having bet-
ter access to the radiation structures. This will also help
in establishing a comparison with other IRVB views. The
design of this IRVB is discussed in the succeeding section.

3. Infrared Imaging Video Bolometer
IRVBs have been successfully employed on LHD

since a decade for estimation of radiated power from the
plasmas. The estimation of total radiated power in toka-
maks can be made by measuring the power emitted from
one poloidal cross-section using a linear detector array,
assuming toroidal symmetry. Since LHD has a three-
dimensional geometry it is helpful to measure the radi-
ated power in two dimensions. The IRVB gives the ca-
pability for such measurements in two dimensions, along
with other flexibilities over conventional bolometer sys-
tems. The IRVB module consists of an aperture plate, a
light shielding tube, a thin metal foil sandwiched between
two copper masks, an IR vacuum window and an IR cam-
era [7]. The foil will work as an absorber for the radiation
emitted by the plasma and on the other side the IR cam-
era will measure the radiation emitted by the heated foil.
The IR camera is placed inside a soft iron magnetic shield
so that it is not affected by the high field produced by the
LHD magnets. Figure 1 shows the IRVB FOV from the
bottom port.

The power emitted from the LHD plasma can be esti-
mated by solving the 2D heat diffusion equation given by
Eq. (1) in terms of the radiated power Prad [8].

−Ωrad + Ωbb +
1
κ
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∂2T
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Where tf , k and κ are thickness, thermal conductiv-
ity and thermal diffusivity of the foil respectively. T is
the temperature, x and y are the spatial coordinates of the
IRVB pixel of area l2 and t is the time. σS-B is the Stephen-
Boltzmann constant and ε is the emissivity. Calibration
for the IRVB foil [9] has to be done in order to determine
the unknown parameters ktf , ε and κ where ε is the emis-
sivity of the graphite spray used to increase the radiation
from the thin metal foil on the IR camera side. These pa-
rameters need to be estimated for each pixel of the IRVB
foil. The selection of the foil material plays an important
role in the performance of the IRVB. The upper and lower
threshold of the absorbed photon energy by the material
determines the wavelength bandwidth of the IRVB. The
material should have a wide absorption bandwidth.

The noise equivalent power and hence the sensitivity
of the IRVB significantly depend on the selection of the
foil material. The noise equivalent power for an IRVB [9]
is given by Eq. (2)
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Assuming the first and third term under the square root
to be negligible for temperatures less than 1000◦C Eq. (2)
can be rewritten as follows.

ηIB �

√
2ktfσIRl2

ΔtIRκ
√

m3N
∝ ktf/κ ∝ 1/Bolometer Sensitivity (3)

From Eq. (3) it is clear that bolometer sensitivity is
proportional to κ/k, both of which are material proper-
ties. Although the κ/k ratio for Platinum (Pt) is lower than
Gold (Au), it is experimentally confirmed that the Pt foil
is 9 times more sensitive than Au foil [10]. The neutron
cross-sections should also be considered for the selection
of foil material since neutrons are expected from D-D ex-
periments on LHD in the near future. The best candidate
with the lowest neutron cross-section is Pt [11]. Hence
platinum seems to be an appropriate candidate for the foil
material with the smallest neutron cross section, broader
energy absorption bandwidth and better sensitivity.

The typical foil dimension will be 13 cm × 10 cm (hor-
izontal × vertical) and the foil thickness will be 2.5µm
which can absorb photon energies upto 8.2 keV [11]. The
resulting IRVB configuration will have 24× 18 channels
(horizontal × vertical) considering an aperture 8 mm×
8 mm in size. The spatial resolution at the plasma mid-
plane is expected to be 5.2 cm with a 432 channel IRVB
module. FOV of the IRVB will be 32◦ × 24◦ so as to have
full coverage of the plasma mid-plane.
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Table 1 Performance parameters of IR cameras and the resulting
S IRVB for a platinum IRVB foil with Nbol = 432, Af =

130 cm2, tf = 2.5 µm, fbol = 30 Hz (S - Sterling, µbolo -
microbolometer).

4. Camera Performances and Sensi-
tivity
The noise equivalent power density (NEPD) is the fig-

ure of merit for an IRVB and can be written by dividing the
noise equivalent power given by Eq. (1) by the bolometer
pixel area [9] as given by Eq. (4).

S IRVB =
ηIRVBNbol

Af
=

√
10ktfσIR√

fIRNIR

√
N3

bol fbol

A2
f

+
Nbol f 3

bol

5κ2

(4)

Eq. (4) is derived in terms of the sensitivity of the IR
camera σIR, operating at a frame rate of fIR and having NIR

pixels. Frame rate, fbol, and number of channels, Nbol, are
the IRVB parameters and Af is the area of the foil. Table 1
shows the variation in IRVB NEPD with the performance
parameters of the IR cameras. Figure 2 plots the IRVB
NEPD versus the number of bolometer pixels. It is clear
from Table 1 and Fig. 2 that the sensitivity of the IRVB
can be improved by using a high performance IR camera.
NEPD calculations in Table 1 and Fig. 2 are done consider-
ing a 2.5µm platinum foil. Considering a tradeoff between
the IRVB sensitivity and the cost effectiveness of the IR
camera it has been decided to select an FLIR SC655 cam-
era for the new IRVB at the bottom port.

5. Optics Design
The infrared camera is the heart of the IRVB system.

It is very sensitive to the high magnetic field produced by
the LHD superconducting coils and also vulnerable to the
high energetic neutrons produced during the future D-D
experiments on LHD. Hence designing infrared periscope
optics will have two clear advantages for this new IRVB at
a bottom port namely shielding the camera from the high
magnetic field and highly energetic neutrons and increased
sensitivity of the IRVB. Figure 3 shows the CAD schematic
for the IRVB module for the bottom port. Three possible

Fig. 2 S IRVB versus Nbol for a platinum IRVB foil with Af =

130 cm2, tf = 2.5µm, fbol = 30 Hz for 5 different IR cam-
eras.

locations L1, L2 and L3 at 2700, 4700 and 6700 mm from
the IRVB foil respectively are being considered for plac-
ing the camera. Location L1 is most susceptible to high
magnetic field and neutrons. Location L2 is far from the
LHD coil hence neutron bombardment is the only threat,
whereas location L3 is the safest location to place the cam-
era since it has a 2000 mm concrete slab which acts as a
neutron shield. For the upcoming experimental campaign
of LHD location L1 would be best for mounting the cam-
era since there are no D-D experiments for the time being
and hence no neutrons. Also SC655 is a micro-bolometer
camera which does not have a Sterling cooler and hence no
motorized parts which can be affected by a high magnetic
field. The SC655 is equipped with a 15◦ × 11◦ FOV lens.

It is a known fact that the spatial resolution deterio-
rates with increasing distance between the IRVB foil and
the camera since the FOV of the IR camera expands with
distance. The instantaneous FOV of a 15◦ × 11◦ lens at
2700 mm is 1.11 mm2 which corresponds to 117× 90 pix-
els of IR camera actually imaging the foil. But from Table
1 it is clear that the IRVB NEPD, S IRVB, decreases (im-
proves) with the number of IR camera pixels, NIR, imag-
ing the IRVB foil. This fact calls for the design of ap-
propriate infrared optics that can allow increasing the dis-
tance between the camera and the IRVB foil while main-
taining good spatial resolution. The S IRVB calculated for
the 15◦ × 11◦ lens would turn out to be 240µW/cm2 con-
sidering 117× 90 camera pixels imaging the foil. The
infrared optics being designed will image the foil with
640× 480 pixels such that S IRVB would approach the the-
oretical minimum (assuming the FOV matching the foil
size) of 44 µW/cm2 for the SC655 camera. The addition
of infrared optics would thus result in a 5.45 fold increase
in the sensitivity of the IRVB system.

The infrared optics being designed need to have good
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Fig. 3 CAD schematic for IRVB assembly at lower port on
LHD.

optical throughput and should be able to withstand the neu-
tron irradiation during future D-D experiments on LHD.
Two optical configurations are being compared for this op-
tics design. The first configuration is a refractive design
consisting of several lenses. The second is a catadiop-
tric configuration which can be designed by using a re-
flective cassegrain telescope [12] and a few lenses for fo-
cusing the image on the infrared camera detector. The re-
fractive optics are vulnerable to neutron irradiation which
may change their optical properties and hence transmis-
sion [13], whereas the reflective mirrors can withstand neu-
tron bombardment for a longer period. Refractive optics
can not be made bigger in size. This will increase the man-
ufacturing cost and also bigger refractive optical elements
are prone to deformation due to their own weight. On the
other hand the reflective mirrors can be made lighter and
bigger in size. The total throughput of the refractive as-
sembly made up of 6 to 7 lens each having a transmission
∼ 85% would turn out to be less than 35%. Since the tem-
perature rise of the foil is hardly a few degrees this trans-
mission loss can not be tolerated. The reflective cassegrain
configuration on the other hand can be designed with two
mirrors, each having a reflection > 95% and a few lens
elements having a transmission ∼ 85% would result in a
system having a throughput > 65%. The sensitivity of the
IRVB is directly proportional to the transmission through-
put of the optics [14]. The use of a reflective cassegrain
configuration would result in an 85% more sensitive IRVB
as compared to the refractive counterpart. Refractive op-

(a) (b)

Fig. 4 (a) the refractive optics configuration and (b) the cata-
dioptric cassegrain configuration for location L1.

tics have both spherical and chromatic aberrations, hence
more lens elements are needed to correct these aberrations
which in turn will reduce the throughput of the optics.
Whereas the reflective optics are free from both these aber-
rations. Considering the above mentioned aspects and mer-
its of a catadioptric configuration over the refractive con-
figuration, it seems evident to design reflective cassegrain
telescope based optics for the bottom port on LHD. Fig-
ure 4 (a) shows the refractive configuration and Fig. 4 (b)
shows the catadioptric configurations for location L1 of the
infrared camera.

6. Conclusion
The use of an IRVB is very well justified for 3D radi-

ation measurements on LHD and can be successfully used
to study the radiation localization in the presence of the
magnetic islands. Assuming the foil temperature rise of
5◦C and considering the noise equivalent temperature dif-
ference of the FLIR SC655 IR camera to be 50 m ◦C, the
signal to noise ratio for the IRVB turns out to be 100. The
S IRVB for the new IRVB would approach the theoretical
minimum of 44 µW/cm2 for the SC655 IR camera with the
addition of infrared optics which is 5.45 fold better than
the S IRVB obtained using a 15◦ × 11◦ telephoto lens. The
catadioptric cassegrain telescope configuration is chosen
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for optics design, considering its robustness against neu-
trons and high optical throughput.
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