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Collisional merging experiments of field-reversed configurations (FRCs) have been conducted in the FRC
Amplification via Translation-Collisional Merging device at Nihon University. Self-organized FRCs have been
observed after the dynamic process with destructive disturbance of the collision/merging of plasmoids at super-
Alfvénic speeds. A compact and component-based tomography camera (T-cam) has been developed to obtain the
internal structure of plasmoids during and after the collisional merging process using a computed tomography
technique. The plasmoids radially expand by a factor of 2 within a few microseconds in the collision and merging
phases. Because the viewing angle of the T-cam was limited by the inner diameter of the observation port, the
field of view was insufficient for the accurate reconstruction of the internal structure. In this study, the incident
optical component of the T-cam is improved to provide a sufficient viewing angle to observe the whole process
of collision and merging of plasmoids. The newly-built component, comprising a doublet lens with two plano-
convex cylindrical lenses at different focal lengths, expands the viewing angle from 60◦ - 100◦. Simulation results
with dummy data indicate that the internal structure of plasmoids during the dynamic process can be reconstructed
with the developed system.
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1. Introduction
Field-reversed configuration (FRC) plasma, a type of

magnetic confinement plasma, ideally possesses a purely
poloidal magnetic flux and maintains its magnetic config-
uration using toroidal plasma current [1].

At Nihon University, collisional merging experiments
of FRC have been conducted on the FRC Amplification
via Translation-Collisional Merging (FAT-CM) device [2].
The FAT-CM is a linear device consisting of two conical
theta-pinch formation sections and a confinement section
in the middle. Initial plasmoids are formed via a field-
reversal theta-pinch method using deuterium gas and trans-
lated to the confinement section along the magnetic pres-
sure gradient of an external guide magnetic field [3]. The
relative velocity of the initial plasmoids reaches 200 - 400
km/s during the translation.

In the experiment, several interesting phenomena
are observed, such as self-organized FRC formation and
shockwave generation [4]. A compact and component-
based tomography camera (T-cam) has been developed as
one of the non-invasive diagnostics of those events [5, 6].

The viewing angle of the T-cam was designed to cover
the cross-section of FRCs with a typical diameter esti-
mated via the excluded flux method [7]. However, exper-
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imental results show considerable radiation in the scrape-
off layer during and after the collisional merging. There-
fore, the reconstruction of internal structures was difficult
during those phases. In this study, improved incident op-
tical components have been developed and installed on
the T-cam to capture the entire cross-section of the FRC
plasma.

2. Arrangement of T-Cams on the
FAT-CM
The collisional merging of plasmoids occurs in the

middle of the confinement vacuum chamber with an inner
diameter of ∼0.8 m and total length of ∼2 m. The collision
of translated plasmoids occurs 20 - 30 µs after the forma-
tion, followed by a reformation of a FRC-like magnetic
structure at ∼70 µs [4]. The tomographic imaging system
has been developed to observe these dynamic events on the
order of microseconds. The system is arranged in the two
cross sections of the confinement chamber (z = ±0.3 m), as
shown in Fig 1. A set of two cameras and an anti-reflection
plate are mounted on each cross-section.

The maximum viewing area is limited by the 6 in in-
ner diameter of the ConFlat® viewing ports. In the previ-
ous setup, T-cams with a single cylindrical lens observed
plasma from a flat quartz window [6]. Figure 2 shows the
typical profiles observed using the previous design of T-
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Fig. 1 Arrangement of T-cams on the confinement chamber.
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Fig. 2 Radiation profiles of (a) single FRC translation and (b)
collisional merging cases captured using the previous T-
cam design. The horizontal axis represents channels of
multi-anode PMT mounted on T-cam. The gray and red
shaded areas indicate FRC size. The edges correspond to
the separatrix.

cams during the translation process and after merging.
In the case of single FRC translation (Fig. 2 (a)), the

tail of the profile was clearly visible. The inflection point
of the profile corresponds to the separatrix. On the other
hand, considerable radiation was observed in the colli-
sional merging case, as shown in Fig. 2 (b). This radiation
was comparable to that in the core region outside of the
separatrix (i.e., the scrape-off layer). Fig. 2 (b) captures the
radiation profile in the post-collision equilibrium phase.

The viewing angle of each camera was designed to be
approximately 60◦ to be able to observe the cross-section
of FRCs with a typical plasma radius of 0.25 m at the colli-
sion. However, significant radiation outside the separatrix
made it difficult to reconstruct the internal structure.

3. Improvement of the Field of View
The components of the newly designed T-cam consists

of a 16-channel multi-anode photomultiplier tube (PMT),

T-cam body Doublet lens unit

PMT Bandpass filter

Incident light

Fig. 3 3D schematic image of the newly-built T-cam.
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Fig. 4 Arrangement of the T-cam with newly-designed incident
optical component.
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Fig. 5 Ray tracing diagram with lens configuration.

an optical bandpass filter, a slit, and a lens unit. These com-
ponents are assembled within an electromagnetic/magnetic
shield case made of ferritic stainless steel (SUS 430).
Each component has a cartridge-type shape (Fig. 3). The
component-based structure enables the modification of the
wavelength band and field of view.

In the presented system, an optical bandpass filter
with a center wavelength of 550 nm is installed to detect
bremsstrahlung radiation in the visible light range. Instan-
taneous time response and a high sensitivity are required
for the detectors. Therefore, a multi-anode PMT (R5900U-
01-L16, Hamamatsu Photonics K.K.) is adopted as a de-
tector [5,6]. The response time of the PMT is about 0.6 ns,
which is fast enough to respond to and observe the sub-
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Fig. 6 Comparison of the field of view of newly built T-cam and
the T-cam before upgrade. The pink circle indicates the
typical cross-section of Merged-FRC.

microsecond behavior of the plasmoids.
Figure 4 illustrates the arrangement of the optical

components including the newly-built incident optical unit
with a doublet lens and a specially-designed concave win-
dow. The lens shape and arrangement were determined by
ray tracing, as shown in Fig. 5. The concave window en-
ables the installation of the doublet lens unit, which has
been installed on the camera head. This unit includes
two cylindrical lenses of different sizes (LK1836L2 and
LK1037L1, Thorlabs, Inc), which approximately doubled
the field of view. Figure 6 shows the field of view of the
T-cams. The viewing angle is expanded from 60◦ - 100◦.
The observable range of the newly-developed T-cams cov-
ers most of the area inside the confinement chamber.

4. Performance Evaluation
The performance of the newly-built T-cam was evalu-

ated via reconstruction with dummy data. The intensity
of the bremsstrahlung radiation roughly depends on the
electron density ne and temperature Te [8]. Assuming the
uniform profile of Te within the separatrix [9], the radia-
tion coefficient of the bremsstrahlung radiation is propor-
tional to n2

e [8, 10]. Thus, the dummy data was generated
assuming the rigid rotor model (RRM), which is one of
the equilibrium models for FRCs (Fig.7 (a)) [11]. Assum-

Fig. 7 Dummy profile (a) and comparison of a reconstructed image in the x-y plane with newly built T-cam (b) and before the improve-
ment (c).

ing charge neutrality, RRM determines the electron density
profile inside the separatrix. The radial profile of electron
density is written as:

ne(r) = nm sech2K

(
r2

R2
− 1

)
, (1)

K ≡ tanh−1

(
Bs

Be

)
, (2)

where nm, Bs, and Be are the maximum densities at the
magnetic axis, magnetic field on separatrix, and exter-
nal magnetic field, respectively. The radius of the mag-
netic axis R is determined by the separatrix radius rs as
R ≡ rs/

√
2 under the assumption of RRM. The dummy

projection data was made by integrating ne(r)2 along the
line of sight. Random noise of ±10% was superimposed
onto the integrated data to simulate the actual measure-
ment. The separatrix radius was set to 30 cm to evaluate
the effect of widening the field of view.

Figure 7 shows a comparison of reconstructed images
in the x-y plane: (a) the dummy radiation coefficient pro-
file, (b) a reconstructed profile of the newly-built system,
and (c) before improvement. The 1D graphs on the top and
side of Figs. 7 (b) and (c) are radiation profiles on the x and
y-axes. Each curve shows input projection data and the re-
construction. The reconstruction has been performed by
the iterative calculation methods under the RRM [6]. Be-
fore the improvement, the reconstructed image is grossly
distorted. On the other hand, the newly-developed system
reproduced the dummy profile of the radiation coefficient.

5. Discussion and Summary
The T-cam with a newly designed doublet lens unit has

provided a wide field of view, which is sufficient to observe
the rapid expansion of FRCs during the collisional merging
process. The performance evaluation was conducted with
dummy data without the radial shift of the FRC axis. When
a large deformation (toroidal mode number n = 0) and/or
displacement (n = 1) occurs beyond the measurement area,
the ordinary T-cam was unable to properly reconstruct the
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internal radiation profile. Additionally, the axis of the re-
constructed image is shifted by the value that is compa-
rable to the separatrix radius. If an FRC shifts by this
amount, it hits a chamber wall. This result indicates that
the T-cams before improvement cannot be applied as posi-
tion monitors for an FRC. Therefore, the expanded field of
view allows for a more accurate reconstruction of internal
structures.

The newly-developed compact and component-based
T-cam with fast response and expanded field of view en-
ables observation of dynamic global motion during and af-
ter collision/merging, such as radial expansion (n = 0),
wobble motion (n = 1), and growth of rotational instabil-
ity (n = 2) occurring on the order of microseconds.
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