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We propose a combined use of a Pockels electro-optic sensor with a pickup loop coil (Bdot probe) for the measurement
of magnetic fluctuations in plasmas. In this method, induced fluctuating voltage on the coil loop is converted into
an optical signal by a compact electro-optic sensor in the vicinity of the measurement point and is transferred across
optical fiber that is unaffected by electric noise or capacitive load issues. Compared with conventional Bdot probes,
the electro-optic Bdot probe is (1) electrically isolated and free from noise pickup caused by the metallic transmission
line and can be (2) operated at a higher-frequency range because of the smaller capacitance of the operation circuit,
both of which are suitable for many plasma experiments. Conversely, the sensitivity of the current electro-optic Bdot
probe arrangement is still significantly lower than that of conventional Bdot probes. A preliminary measurement result
with the electro-optic Bdot probe showed the detection of a magnetic fluctuation signal around the cyclotron frequency

range in the RT-1 magnetospheric plasma experiment.

I. INTRODUCTION

The measurement of magnetic fluctuations is important
in numerous plasma experiments'®. Magnetic fluctuation
probes (Bdot probes)’ have been extensively used as a stan-
dard diagnostic tool for this purpose. The fundamental prin-
ciple of the Bdot probe is to measure the induced voltage on
a pickup coil loop placed in a temporary changing magnetic
field according to Faraday’s law. A typical Bdot probe con-
sists of a pickup coil loop, a metallic signal transmission line
with electric shielding, and a data recording instrument. One
of the key issues in the measurement with a Bdot probe is
to accurately transfer the induction signal to the final mea-
suring instrument through the transmission line. Despite the
relatively simple measurement principle, this is not always
straightforward especially in plasma experiments that are fre-
quently conducted in a severe noise environment caused by,
for example, high-power RF waves, pulsed operation of high
current sources, and radiation emitted from plasmas them-
selves. Fluctuations caused by these effects may be picked
up as noise signals on the metallic transmission line. Particu-
larly when the recording device is operated at a distant loca-
tion from the plasma for avoiding electric and radiation noise,
signal transmission over a wide frequency range also can be
a difficult task. In general, the existence of measurement in-
struments or large volume metallic components close to the
experiment is not preferable because they could disturb ambi-
ent electromagnetic field lines. To meet experimental require-
ments under these restrictions, numerous schemes, such as
shielding of the transmission line with appropriate grounding,
differential measurement technique®, DC cut using a trans-
former, and impedance conversion using amplifiers!, have
been developed for the reliable operation of Bdot probes for
plasma studies.

Here we propose a combined use of a Pockels electro-optic
sensor and a Bdot coil loop for the measurement of local
magnetic fluctuations in plasmas. The Pockels effect® is an

electro-optic effect and has been utilized for the direct mea-
surements of electric fields such as microwaves and high-
voltage phenomena® . In the field of plasma physics, ex-
amples of successful electric field measurement using electro-
optic sensors include the validation of anomalous resistance
brought on by the chaotic motion of charged particles!?, di-
agnostics in an ion thruster'!, and direct detection of ion cy-
clotron heating waves'. In this study, we expanded the use
of Pockels sensors for magnetic measurements in plasmas.
By combining the Pockels electro-optic modulator with a
Bdot probe'®, signals induced by the magnetic fluctuations in
plasma are converted into light signals near the signal source
and are easily transferred at a long distance using an optical
fiber. This allows us to measure magnetic fluctuations with
high noise immunity, which can be a useful tool for plasma
diagnostics. In the following sections, we describe the mea-
surement principle, calibration results, and preliminary mea-
surement of plasma fluctuations using an electro-optic Bdot
probe.

II. MEASUREMENT PRINCIPLE AND CALIBRATION

When electric fields are applied, some materials show a
change in the refractive index n through the variation of the
polarization state. Among these electro-optic effects, varia-
tion of n is proportional to the applied external electric field
strength E in the Pockels effect. The Pockels effect is used
for various scientific applications, not only for electric field
measurements but also for light modulators and polarization
control of light beams. In a waveguide-type Pockels sensor,
which is favorable in terms of miniaturization with circuit in-
tegration, a micro-waveguide is installed on the LiNbO3 sub-
strate, and electric field information is collected by interfering
the light waves travelling through the two channels (routes 1
and 2 in Fig. 1 (a))!7!8. The refractive index n for laser light
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traveling in each of waveguides 1 and 2 is written as
ny =ny+aE and ny = nyg+arE (D)

using constant coefficients a; and a;. Here njg and ny are
the values of the refractive index when E = 0. When used as
a Pockels voltage sensor, the electric field is related as E =
V/d, where V is the applied voltage between the waveguide
electrodes with a distance of d, as shown in Fig. 1 (a). When
laser light with an electric field component of Pysin(®t) is
equally divided and injected into two waveguides as shown in
the figure and extracted as

Pysin(or + ¢1)/2 and Pysin(wt + ¢2)/2, 2)
they interfere to produce an output light signal of
Powe = [1+COS(¢2_¢1)}Pin/2~ 3)

Figure 1 (b) shows the relationship between the phase differ-
ence ¢, — ¢; and the intensity of the output light signal. Be-
cause the phase difference is written as

2
¢2—¢1=%L("1—n2) 4)

using the common length L of the waveguides and laser wave-
length A, we have

27L
0 — ¢ = % [(a1 — a2)E +nyo — noo 5)

which shows a linear relationship between the variation of
phase difference and electric field, A(¢, — ¢;) o< AE. For
small signal measurements, the operating point is often set
to ¢ — ¢; = w/2 or 3/27 as indicated in Fig. 1 (b), to maxi-
mize the sensitivity and to keep the linearity of the sensor'®.
In measurement conditions in the present study, the value of
E is small enough so that the response of Py for E is well ap-
proximated by a linear relationship (schematically shown as
an arrow in Fig. 1 (b)).

Figure 2 (a) is a diagram of the electro-optic Bdot probe
used for the plasma fluctuation measurement. The fluctu-
ating voltage on the Bdot probe loop induced by the mag-
netic variation is converted into an optical signal by the Pock-
els electro-optic sensor. We used a single-turn loop pickup
coil (2b = 30 mm in diameter) suitable for the measurement
of high-frequency fluctuations. The main elements of the
electro-optic sensor system consist of an electrostatically-
shielded reflection-type Pockels voltage sensor (Seikoh Giken
ES-2005), a laser light source (wavelength A =1.57 um and
optical output power 14 dBm, ID Photonics CoBrite DX1-
L-HO1-FA), and a biased InGaAs fiber-optic detector (DC to
15 GHz, Newport 818-BB-35F). Each of these components is
connected with an optical fiber via a circulator as shown in the
figure. The output light signal Py is converted into electrical
signal V¢ and recorded by a 500 MHz oscilloscope (Rohde &
Schwarz RTM3004) with an input impedance of 50 €.

The sensitivity of the electro-optic Bdot probe was cali-
brated using a reference magnetic field generated by (A) a
single-turn loop coil and (B) a Helmholtz coil. A reference

2
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FIG. 1. (a) Construction of a waveguide-type electro-optic sensor
and (b) an output laser light signal after interfering light beams ex-
tracted from two waveguides.

field was generated by these coils connected to a function
generator with twisted cables and a 50 Q coaxial cable. The
calibration coil current /. was monitored with a 1 GHz cur-
rent transformer (Tektronix CT-1). The magnetic flux pro-
duced by (A) the single-turn loop that intersects the Bdot
probe loop was numerically calculated. To validate the flux
calculation, we also used (B) the Helmholtz coil to generate
another reference magnetic field for a low frequency range
below f = 2w® = 5MHz. The coil current /. that generates
a magnetic field (4/5)32uoNI./R of the Helmholtz coil was
monitored using Tektronix CT-1, where R is the coil radius, N
is the turn number, and L is the permeability of free space.
These two calibration results are displayed as circles (calibra-
tion coil A, single-turn loop) and triangles (calibration coil B,
Helmholtz coil) in Fig. 3. Measurements of induced voltage
conducted with the Helmholtz coil and the single loop showed
a good agreement in an overlapping operation frequency range
between 1 MHz and 5 MHz, demonstrating the consistency of
the numerical flux computation for the single-turn loop coil.

The electric circuit of the Bdot probe loop combined with
the Pockels sensor (Fig.2 (a)) may be approximated as an
equivalent circuit shown in Fig. 2 (b). Because of the waveg-
uide electrode structure, the Pockels sensor has a capacitance
C; and resistance R;. When a Bdot probe with N turns and
a single loop area of S interlinks a fluctuating magnetic field
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FIG. 2. (a) Schematics of electro-optic Bdot probe including the
Bdot probe loop and Pockels sensor and (b) its equivalent circuit.

B(t), the induced voltage on a loop is

dB
Vloop =S8N E . (6)
Relation between the output signal V(®) and the local mag-
netic field B(®) in the frequency space is given using the

Fourier transform of the circuit equation? as

. 2
ey ? (Lloop/R+ rCs) +iw [(1 +r/Ry) —LloopCsa)z]

(7
When the internal resistance r of the loop is negligible, this
equation is simplified to

07 (Lioop/Rs) +i® [1 = LiggpCs 2]

——L =SN >
[1 - Lloopcs w2] + 0?2 (Lloop/Rs)2

®)

Further, in the low frequency limit of ® < 1/4/LioopCs and
0 <R/ Lioop» a well-known expression of the Bdot probe sig-
nal amplitude (o< ) is obtained.

In Fig.3 we compare the calculated sensitivity of the
electro-optic Bdot probe with the measured sensitivity. The
circles and triangles in the figure depict the aforementioned
sensitivity of the electro-optic Bdot probe measured with the
setup in Fig.2 (a). In the current setup, the pickup coil is made
of a single-turn loop coiled in 2b = 30 mm in diameter using
a 50 Q semirigid coaxial cable with a center conductor diam-
eter of 2a = 0.203 £0.013 mm (Fig. 4 (b)). We measured that
Lioop = 98nH, C; = 11pF, and r = 1.2Q. Here the self in-
ductance of an N turn loop of radius b and wire radius a is
approximated as!®

8b 1
Lioop = HoN*b {m (a - 2) + 4} , )

2 .
[(1 T r/Rs) o LIOOPCSO)Z] + wz(Lloop/Rs + VCs)2

-
o
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FIG. 3. Comparison of measured and calculated sensitivity of
electro-optic and conventional Bdot probes for a normalized fluctuat-
ing magnetic field strength in a unit of tesla (T). Triangles (obtained
with a Helmholtz coil) and circles (obtained with a single loop) show
measured frequency dependence of the electro-optic Bdot probe. The
solid line is the expected frequency dependence of the electro-optic
Bdot probe obtained using the intensity of the produced voltage cal-
culated using (7) and the sensitivity of the photodetector measured at
f = 1MHz. For comparison, the sensitivity of a conventional Bdot
probe with a metallic transmission line of a similar length of 5m is
plotted as a dashed line.

and is 94.4 nH for the aforementioned values, which showed
a consistent agreement with the measured value of Ljoop. In
Fig. 3, numerical results calculated with the relationship be-
tween B(®) and V(®) in (7) using the measured values of
Lioop, Cs, and r are also plotted as a solid curve includ-
ing the efficiency of the photodetector in Fig.2 (a) to con-
vert the optical signal to V,y. Reasonably excellent agree-
ment between the measured (circles and triangles) and calcu-
lated (solid line) values indicates that the equivalent circuit
in Fig. 2 (b) with the aforementioned component values is
an appropriate model for the electro-optic Bdot probe sys-
tem. The magnetic sensitivity exhibits linear dependence be-
low approximately 100 MHz, and has an LC resonance peak
at fuc = 159 MHz in the present configuration.

For comparison, the calculated sensitivity of a conventional
Bdot probe with a metallic coaxial cable 5m in length (C =
500 pF) is also plotted in Fig. 3 as a dashed line. The sensitiv-
ity of the current electro-optic Bdot probe setup is much lower
than that of conventional Bdot probes, which may be im-
proved by using a new stable laser system in future. Because
of the higher bandwidth mainly caused by the smaller capaci-
tance, on the other hand, with the electro-optic Bdot probe we
can measure fluctuation activities in higher frequency range
below the resonance frequency.
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FIG. 4. (a) Cross section of the RT-1 experiment including the posi-
tioning of measurement point with the electro-optic Bdot probe, (b)
construction of the probe using a coil loop, Pockels electro-optic sen-
sor, and grounded-type vacuum feedthrough, and (c) installed probe
structure covered by a protective ceramic tube.

Ill. MEASUREMENT OF PLASMA FLUCTUATION

To demonstrate the operation of the electro-optic Bdot
probe system for magnetic fluctuation measurement in
plasma, we installed the probe at the RT-1 “laboratory mag-
netosphere” (levitated dipole) experiment?>?! as shown in
Fig.4. In the dipole magnetic field configuration, the fluc-
tuation activities of plasmas are a subject of great interest be-
cause fluctuations play crucial roles in the self-organization
processes of plasmas through wave particle interactions. As
illustrated in Fig. 4 (a), we positioned a coil loop at the edge
of the confinement region inside the vacuum chamber of RT-1
on the equator of the device (i.e., same vertical position as
the levitated superconducting coil). The loop was covered
by a protective ceramic tube and was connected to a Pockels
electro-optic probe located at the atmosphere side through a
coaxial vacuum feedthrough. The fluctuation signal was con-
verted into an optical signal and sent to a photodetector, as
shown in the diagram of Fig. 2 (a). The output signal from the
photodetector is measured using an oscilloscope with a sam-
pling frequency of 500 MHz.

Figure 5 displays a typical frequency power spectrum mea-
sured using the electro-optic Bdot probe for the high-f8 plasma
operation of RT-1. The plasma was generated by electron cy-
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FIG. 5. Frequency power spectrum of magnetic fluctuations mea-
sured using the electro-optic Bdot probe in RT-1 for (a) high-f and
(b) low-f3 plasma generation cases. (c) Measurement outcome with
a conventional Bdot probe with the high-f operation case.

clotron resonance heating (ECH) with a 2.45 GHz microwave
of 10kW. The working gas was helium. A typical electron
density at the edge confinement region was 1 x 10 m=3. At
the position of the Bdot probe loop located at the edge con-
finement region, the electron cyclotron frequency was f. =
140 MHz. The fluctuations that appear in the frequency range
of 1 — 10 MHz are most likely caused by unstable laser inten-
sity delivered into the Pockels sensor. In a condition with a
lower filling gas pressure and an increased hot electron com-
ponent of high-f plasma in (a) of the figure, the fluctuation
activities were seen at frequency ranges comparable with and
below f... Because these fluctuations were not detected in
a low-f operation by increased neutral gas pressure in (b)
while maintaining a similar noise environment, we conclude
that they are magnetic signals related to plasma activities in-
duced by the significant ratio of hot electron component pro-
duced by ECH. Fluctuation activities with a different behavior
were also reported in the previous study at RT-1 with differ-
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ent diagnostics?”> below the electron cyclotron frequency. As
a comparison with conventional Bdot probe diagnostics, in
Fig.5 (c), we performed an identical measurement by swap-
ping the electro-optic sensor system to the conventional metal-
lic coaxial cable with 5 m, the same length as the optical trans-
mission line. We could not locate the fluctuation activities in
a frequency range comparable with f. in this conventional B
dot probe system. The stray capacitance of the measurement
line was C = 570 pF and the LC resonance frequency for this
case with the same coil loop was fic = 22 MHz, which was
much below f... This demonstrates one of the benefits of the
electro-optic Bdot probe measurement.

IV. CONCLUSION

In summary, we proposed and demonstrated a combined
use of a Pockels electro-optic sensor with a Bdot probe as
a new diagnostics tool for magnetic fluctuations in plasmas.
Compared with conventional Bdot probes, the benefits of the
electro-optic Bdot potential are (1) potential greater noise im-
munity and (2) broader frequency bandwidth. (1) Because
of the optical fiber-based transmission line being electrically
isolated, the system is free from electric noise pickup induced
by the metallic transmission line while positioning the data
recording equipment at a distant location from the pickup
loop, which is ideal for various plasma experiments. (2) Ad-
ditionally, because we can drastically reduce the capacitance
that couples with coil loop inductance in this system, we can
measure magnetic fluctuation activities in higher frequency
range below the resonance frequency. On the other hand, be-
cause the sensitivity of the present electro-optic Bdot probe
setup, ~ 50 V/T at 10 MHz, is still significantly lower than that
of conventional Bdot probes, further advancement is required
on this point. The first investigation using the electro-optic
Bdot probe for plasma fluctuation measurements successfully
demonstrated the detection of electromagnetic activity of the
magnetospheric plasma of RT-1.

ACKNOWLEDGMENTS

This work was supported by JSPS KAKENHI Grant No.
17HO1177 and NIFS Collaboration Research Program No.
NIFS19KBARO26.

DATA AVAILABILITY STATEMENT

The data that support the findings of this study are available
from the corresponding author upon reasonable request.

IC. M. Franck, O. Grulke, and T. Klinger, “Magnetic fluctuation probe de-
sign and capacitive pickup rejection,” Rev. Sci. Instrum. 73, 3768-3771
(2002).

2E. T. Everson, P. Pribyl, C. G. Constantin, A. Zylstra, D. Schaeffer, N. L.
Kugland, and C. Niemann, “Design, construction, and calibration of a
three-axis, high-frequency magnetic probe (b-dot probe) as a diagnostic for
exploding plasmas,” Rev. Sci. Instrum. 80, 113505 (2009).

3M. P. Reilly, W. Lewis, and G. H. Miley, “Magnetic field probes for use in
radio frequency plasma,” Rev. Sci. Instrum. 80, 053508 (2009).

4S. R. Haskey, B. D. Blackwell, B. Seiwald, M. J. Hole, D. G. Pretty,
J. Howard, and J. Wach, “A multichannel magnetic probe system for
analysing magnetic fluctuations in helical axis plasmas,” Rev. Sci. Instrum.
84, 093501 (2013).

5S. Koike, S. Kitajima, A. Okamoto, K. Ishii, Y. Sato, J. Tachibana, T. Oku,
K. Shimizu, S. Inagaki, Y. Suzuki, H. Takahashi, and M. Takayama, ‘“De-
velopment of a high cmrr magnetic probe for the biased plasma in tu-
heliac,” Plasma Fusion Res. 9, 1202053-1202053 (2014).

L. Liu, X. Zhang, C. Qin, Y. Zhao, S. Yuan, Y. Mao, and J. Wang, “High-
frequency b-dot probes used to detect characteristics of ion cyclotron range
of frequency waves in east,” J. Plasma Phys. 85, 905850214 (2019).

71. H. Hutchinson, Principles of Plasma Diagnostics, 2nd edition (Cam-
bridge University Press, 2009).

8F. C. A. Pockels, Lehrbuch der Kristalloptik (B.G. Teubner, Leipzig und
Berlin, 1906).

9. C. Santos, M. C. Taplamacioglu, and K. Hidaka, “Optical high volt-
age measurement using pockels microsingle crystal,” Rev. Sci. Instrum. 70,
3271-3276 (1999).

10K. Yagi, Z. Yoshida, H. Himura, J. Morikawa, C. Nakashima, H. Saitoh,
S. Tahara, M. Fukao, and T. Uchida, “Measurement of anomalous resis-
tance induced by chaotic motion of electrons in a mangnetic null point,” J.
Plasma Fusion Res. SERIES 4, 595-599 (2001).

T Ise, R. Tsukizaki, H. Togo, H. Koizumi, and H. Kuninaka, “Electric
field measurement in microwave discharge ion thruster with electro-optic
probe,” Rev. Sci. Instrum. 83, 124702 (2012).

12T S. Robinson, F. Consoli, S. Giltrap, S. J. Eardley, G. S. Hicks, E. J. Ditter,
O. Ettlinger, N. H. Stuart, M. Notley, R. De Angelis, Z. Najmudin, and
R. A. Smith, “Low-noise time-resolved optical sensing of electromagnetic
pulses from petawatt laser-matter interactions,” Sci. Rep. 7, 983 (2017).

13M. Nishiura, Z. Yoshida, T. Mushiake, Y. Kawazura, R. Osawa, K. Fu-
jinami, Y. Yano, H. Saitoh, M. Yamasaki, A. Kashyap, N. Takahashi,
M. Nakatsuka, and A. Fukuyama, “Electro-optic probe measurements of
electric fields in plasmas,” Rev. Sci. Instrum. 88, 023501 (2017).

141 Owens, C. Grabowski, A. Biller, B. Ulmen, N. Joseph, B. Hughes, S. Cof-
fey, D. Kirschner, and K. Struve, “Electro-optical measurement of intense
electric field on a high energy pulsed power accelerator,” Sci. Rep. 11,
10702 (2021).

ISM. A. Brubaker and C. P. Yakymyshyn, “Pockels cell voltage probe for non-
invasive electron-beam measurements,” Appl. Opt. 39, 1164-1167 (2000).
16, Suzuki, S. Arakawa, H. Ota, K.-I. Arai, and R. Sato, “Optical mag-
netic field probe consisting of a loop antenna element and an electro-optic

crystal,” Trans. Magn. Soc. Jpn. 4, 34-38 (2004).

7K. Hidaka, “Linear effect (pockets effect) (in japanese).” Oyo Butsuri 61,
735-736 (1992).

I8T Takahashi, K. Hidaka, and T. Kouno, “Single optical-waveguide electric-
field sensor using pockels device (in japanese),” T. IEE Japan 114-B, 26-32
(1994).

197 D. Huba, NRL Plasma Furmulary (Naval Research Laboratory, 2019).

207, Yoshida, Y. Ogawa, J. Morikawa, S. Watanabe, Y. Yano, S. Mizumaki,
T. Tosaka, Y. Ohtani, A. Hayakawa, and M. Shibui, “First plasma in the
rt-1 device,” Plasma Fusion Res. 1, 008—008 (2006).

2IN. Kenmochi, Y. Yokota, M. Nishiura, H. Saitoh, N. Sato, K. Nakamura,
T. Mori, K. Ueda, and Z. Yoshida, “Inward diffusion driven by low fre-
quency fluctuations in self-organizing magnetospheric plasma,” Nucl. Fu-
sion 62, 026041 (2022).

22H. Saitoh, Z. Yoshida, J. Morikawa, Y. Yano, H. Mikami, N. Kasaoka, and
W. Sakamoto, “Observation of magnetic fluctuations and rapid density de-
cay of magnetospheric plasma in rt-1,” Phys. Plasmas 19, 064502 (2012).



