
 
 

  
     Image reconstruction by solving an underdetermined 
linear equation can be improved by using prior information 
on objects.  In a plasma imaging experiment, one has some 
prior knowledge on the objective plasma structure; for 
example, one predicts the position and broadening of the 
strong emissivity region.  Particularly, in 3D tomography 
using 4 IRVB’s (InfraRed imaging Video Bolo-meters) [1], 
the projection data are acquired in the form of 2D image in 
each pinhole camera frame.  Also, in today’s nuclear 
fusion experiments, theoretical calculation by computer is 
well developed and gives plasma profiles that can be 
referred to.  
     In the linear regularization of Tikhonov-Phillips, a 
reference image can be adopted easily in its formulation.  
In a full algebra expression Hf=g with the projection matrix 
H, the image vector f and the data vector g, it is possible to 
use a reference image fref.  Provided that the sum of 
squared residuals ||Hf−g||2 is equal to a constant, we require 
that the object image f should maximally approach the 
reference fref.  Then, we take a Lagrange function 

         Λ(f) = αd(f, fref) + ||Hf−g||2        (1) 

to be minimized for a solution f.  Here, d(f, fref) is a 
quantity that represents a distance between f and fref.  The 
Lagrange multiplier α  (>0) is a parameter for adjusting the 
balance between d(f, fref) and ||Hf−g||2. 
     For d(f, fref), one may take the Kullback-Leibler 
distance to get a positive value assurance of the image by 
nonlinear optimization.  When one takes the squared 
Euclid distance ||f−fref||2, it is possible to stay in the linear 
framework of Tikhonov.  Actually, we have a slightly 
modified solution of the finite series expansion: 
 
 

 
Here, {um}, {vm} and {σm} are two orthonormal systems and 
the singular values, respectively, that are obtained by the 
singular value decomposition of the matrix H. The 
coefficients wm(α) =1/(1+ασm

−2) are the weights for tapering 
noisy terms in an ill-conditioned solution.  M is the number 
of the observed projection values. 
     Eq. (2) means that, to get a reconstruction, we 
previously subtract the projection of fref from the data g. 
Then, we calculate the Tikhonov solution from the 
remaining parts of the data.  Finally, we add the reference 
image fref to accomplish the reconstruction.  Only a slight 
modification of computing code is enough for this 
calculation.  The GCV of the original form is available for 
α-optimization.  Differential operators for profile smooth-
ing can also be adopted if necessary. 

 	    The Tikhonov method so modified has been applied 
to the 3D tomography.  The reference image fref is 
synthesized with a parametric function model of the 3D 
helical object.  The function has 8 parameters to be 
estimated and can give a rough approximation to the 
emissivity profile that changes temporarily during the 
radiation collapse.  The parameter estimation is achieved 
by least squares fitting the model, in its projection, to the 
observed image of a single IRVB.  Fig. 1 shows two 
typical references, fref, before and after a radiation collapse.  
Compared to the EMC3-EIRENE phantoms [1], their 
profiles are reduced in spatial resolution in order to avoid an 
excessive fidelity to the theoretical prediction.  Results of 
the reconstruction are shown in Fig. 2.  The effect is 
apparent.  Noisy artifacts diminish and the profiles of edge 
and core radiations become clearer.  The criterion of 
minimum GCV worked well.  At the right edge of the 
φ=17.5° section, the bulk artifact that appears due to a lack 
of crossing sightlines still remains.  More improvement of 
the image reconstruction method is desired. 

 
 
 
 
 
 
 

 
Fig. 1  3D reference image fref that is synthesized 
adaptively for the edge radiation before collapse 
(upper row) and for the core one after collapse (lower 
row).  Profile is shown in section at poloidal angles 
φ=0.5°, 9.5°, 17.5°; Shot No.121787; 6.0, 6.4 [s]. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  3D images reconstructed w/o the Euclid 
distance minimization. φ=0.5°, 9.5°, 17.5°; Shot No. 
121787; 6.0, 6.4 [s] 
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M
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The InfraRed imaging Video Bolometer (IRVB) is a 
useful diagnostics for the multi-dimensional measurement 
of plasma radiation profiles. The fundamental schematic of 
an IRVB is a combination of a pinhole camera and an IR 
camera. The profiles of the plasma radiation are collimated 
by an aperture (e.g. 8 mm 8 mm) in the pinhole camera 
and are projected onto a thin platinum foil (e.g. 130 mm 
100 mm, t = 2.5 m) as a two-dimensional temperature 
distribution. Here, the heat-diffusion effect of the foil must 
be considered to estimate the radiation profile from the IR 
image using the two-dimensional heat diffusion equation.
Therefore, the local thermal characteristics, emissivity, ,
thermal conductivity, k, foil thickness, tf, and thermal 
diffusivity, , should be calibrated over all the bolometer 
pixels (~1,000) on the foil. For the application of IRVB 
measurement to the neutron environment in fusion plasma 
devices such as the Large Helical Device (LHD), in-situ 
calibration of the thermal characteristics of the detector foil
is required.

The schematic of the in-situ calibration system has 
been designed as follows.1) A periscope system must be 
applied to protect the IR camera detector from damage by 
the direct irradiation of X-rays, neutrons, and gammas from 
the plasma. A He-Ne laser (JDS Uniphase/ 1145, 632.8 nm 

22.5 mW) as the known radiation power source is injected 
to the foil. Laser irradiation points can be scanned using a 
mirror with two motorized goniometers (SIGMAKOKI/ 
GOHTM-40A60/ GOHTM-40A75), which correspond to 
the center of the each bolometer pixel. The visible laser can 
be transmitted to the foil and the IR radiation from the foil 
can be reflected to the IR camera using a hot mirror 
(Edmund Optics/ #64-472 45 101 127) since it has a
transmittance of > 85% for visible light and a reflectance of 
> 95% for IR signal.

The plasma side of the foil detector is coated by 
carbon to increase the absorption of broadband plasma 
radiation. The opposite (camera) side is also coated to 
increase the IR signal radiated to the IR camera. The laser 
must be injected from the camera side of the plasma 
radiation in this in-situ calibration system. Then, 
reproducibility and uniformity are required for the carbon 
coating on both sides. However, the conventional coating 
method using carbon spray cannot obtain high 
reproducibility and uniformity. Therefore, a vacuum 
evaporation technique was introduced in this study.

Small samples of the foil detector were made using 
the ICF 34 gaskets ( = 16 mm) as the foil frame. The 
thickness of the platinum foil is 2.5 m, same as in the LHD 
plasma experiments. The samples were coated on both sides 

by the spray or evaporation method. The evaporation coated 
sample was annealed at 400 C for 30 minutes before coating.

A He-Ne laser (JDS Uniphase/ 1135, 632.8 nm 10.0
mW) was irradiated to the center of the foil samples in a test 
vacuum chamber. The IR images observed from opposite 
side of the laser are shown in Figure 5. Although a non-
uniform structure was observed in the case of the spray 
coating (Fig. 1. (a)), the concentric circular temperature 
profile was obtained in the case of the vacuum evaporation 
coating (Fig. 1. (b)). These results indicate that higher
reproducibility and uniformity of the coating can be 
obtained by the vacuum evaporation coating. Therefore, the 
vacuum evaporation coating technique can be applied for
the in-situ calibration system. Moreover, the emissivity was 
increased from 0.6 to 0.9 using the vacuum evaporation 
coating by the rough estimation of a radiation pyrometer just 
after annealing. This result indicates that the S/N ratio of the 
IRVB measurement will be improved. Then, a high 
resolution detector will be realized and a large number of 
bolometer pixels can be obtained which is required for the 
tomographic reconstruction using many IRVBs.

Fig. 1. IR images of (a) spray coated and (b) vacuum 
evaporation coated samples observed from opposite 
side of the laser irradiation. Color scale indicates the 
difference of IR intensity after and before the laser 
irradiation. Dashed lines show foil holder.
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