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Magnetic reconnection of the self-generated magnetic fields in laser-plasma interaction is an important laboratory
method for modeling high-energy density astronomical and astrophysical phenomena. We use the Martin–Puplett in-
terferometer (MPI) polarimeter to probe the peripheral magnetic fields generated in the common magnetic reconnection
configuration, two separated coplanar plane targets, in laser-target interaction. We introduce a new method that can obtain
polarization information from the interference pattern instead of the sinusoidal function fitting of the intensity. A bidi-
rectional magnetic field is observed from the side view, which is consistent with the magneto-hydro-dynamical (MHD)
simulation results of self-generated magnetic field reconnection. We find that the cancellation of reverse magnetic fields
after averaging and integration along the observing direction could reduce the magnetic field strength by one to two orders
of magnitude. It indicates that imaging resolution can significantly affect the accuracy of measured magnetic field strength.

Keywords: laser-plasma experiment, polarimeter, self-generated magnetic field, magnetic reconnection
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1. Introduction

Self-generated magnetic field research is vital in plasma
physics. It exerts an important impact on the physical pro-
cesses involved with plasmas, such as the movement of ions
and electrons, and energy absorption and transport.[1–3] In
plasma physics and laboratory astrophysics, the self-generated
magnetic field is an important means for constructing mag-
netic reconnection (MR) configurations for experimental re-
search. MR is associated with the explosive conversion of
magnetic energy into plasma kinetic and thermal energies and
is thus considered to be a major trigger of eruptive onsets
of certain explosive astrophysical events.[4–7] In 2006, Nil-
son et al.[8] first used two approaching laser-created plasmas
to model the reconnection geometry in the laboratory. Sub-
sequently, Nilson et al.[8] and Li et al.[9] definitively proved
MR occurred by measuring the magnetic topology changes
with the time-resolved proton deflection technique. Using
two coplanar plane targets with a gap in between, Dong et
al.[10] investigated the structure of collisionless reconnection
of the self-generated magnetic fields in laser-target interac-
tion. Ping et al.[11] demonstrated turbulent magnetic recon-
nection in laser-generated plasmas created when irradiating
solid targets and reproduced the key features of solar flare
observations.[12,13]

In laser-plasma experiments, the commonly used mag-

netic field detection methods are proton photography[14] and
magnetic probe[15] methods, while the cases of optical diag-
nostic methods for probing magnetic fields are relatively lim-
ited. Here we use the new type of optical polarimeter based
on the Martin–Puplett interferometer (MPI)[16] to probe the
peripheral self-generated magnetic field distribution in laser-
plasma MR. MPI polarimeter is developed for probing mag-
netic fields with the Faraday rotation method.[17] Utilizing the
polarization characteristics of MPI can overcome the depolar-
ization problem of the probe light and the response difference
problem of separated images in traditional diagnostic meth-
ods. According to Eqs. 2.3–2.5 in Zhang et al. (2023),[16] the
resulting intensity after interference is determined by the phase
difference and the polarization angle. For each pixel at a fixed
position, the intensity varies as a sinusoidal function of the
polarization angle. Therefore, the signal polarization direction
can be calculated by fitting the sinusoidal function.

In this paper, we provide another method for calculating
the polarization angle with the MPI polarimeter. This method
does not use sinusoidal function fitting but uses the interfer-
ence pattern to obtain polarization information. In Section 2,
we demonstrate the principle of the new method for solving
the polarization. We use simulated data to display the cal-
culation results. In Section 3, we use this method to probe the
peripheral magnetic fields generated in laser–target interaction
by using two separate coplanar plane targets. And we compare
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the measured result with 3D FLASH simulation. Section 4 is
the summary.

2. How to measure polarization direction with
MPI
MPI optical polarimeter is designed based on the polariz-

ing interferometer invented by Martin and Puplett,[18] which is
also a special type of Michelson interferometer. In an MPI, the
main components include 2 polarizers and 2 roof mirrors. One
polarizer is used for splitting the incident light into two beams
with polarization perpendicular to each other. The other one
is on the output side to ensure the output beams from the two
arms are in the same polarization direction. It is situated with
the polarization direction at 45◦ from the beam splitter so that
the proportion of residual components is the same for the two
beams. The two roof mirrors reflect the two beams and make
them can be combined when they come back to the splitter.

By setting the length difference between the two arms
equal to one-fourth of the wavelength, the optical path differ-
ence is equal to half of the wavelength. In this way, the two
paths of light meet the phase condition of destructive interfer-
ence. After interference, the output intensity is not affected by
the nonpolarized component and is related to the intensity and
direction of linearly polarized light.

In most cases of laser-plasma experiments, the probe
beam needs to pass through all imaging lenses and prisms be-
fore reaching the detectors. Therefore, the light does not prop-
agate in the form of an ideal plane wave. This results in fringes
of equal inclination interference, which is described by Eq. 2.5
in Zhang et al. (2023)[16]

Iout = Isin2 (θ)+ Icos2 (θ)+2I sin(θ)cos(θ)cos(∆ϕ)

= I[1+2sin(θ)cos(θ)cos(∆ϕ)].

The detected output intensity is a sinusoidal function of polar-
ization direction. We can use the fitted function to calculate
the signal polarization direction in the experiment.

2.1. Calculating the polarization angle from the interfer-
ence pattern

From Eq. 2.5 in Zhang et al. (2023),[16] we can find that
the intensity of interference fringes obtained after the MPI po-
larimeter depends on (i) the polarization direction of the input
probe light θ and (ii) the phase difference at each CCD pixel
∆ϕ . For the polarized light at a specific angle, i.e., θ is fixed,
the intensity at a specific pixel is fixed. Since the result of
interference is a pattern of equal inclination interference, the
intensities of the pixels at different positions are also corre-
lated.

We plot Eq. 2.5 in Fig. 1 with polarization angle θ and
phase difference ∆ϕ as variables. From Fig. 1, it can be

intuitively seen that the light intensity after interference not
only exhibits periodic changes with polarization angle but also
changes periodically with phase difference. Since the intensi-
ties of the pixels at different positions are correlated, the inter-
ference results will exhibit specific stripes when the polariza-
tion angle is determined.
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Fig. 1. The 2D plot of Eq. 2.5 in Zhang et al. (2023).[16] The intensity
is normalized in this plot. The intensity changes periodically with both
polarization angle θ and phase difference ∆ϕ.

In real-life experiments, the fringes of equal inclination
interference are not uniformly distributed. Nevertheless, we
can still find the same pattern for calculating the polarization
angle. Figure 2 is an example of equal inclination interference
fringes, which have the following characteristics.

(i) The center level of the stripe is high, while the edge
level is low.

(ii) The stripe at the center is sparse, and the edge stripe
is dense.

Fig. 2. A schematic diagram of the equal inclination interference stripe.

Based on the characteristics of equal inclination interfer-
ence fringes, we can find that there is an intensity change from
the center of the fringes radially outward. Even if the width
of the stripes is different, the amplitude of their brightness
change still varies with the polarization angle. Therefore, we
can obtain the relationship between polarization angle and am-
plitude by collecting background images and fitting the inten-
sity change curves.
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2.2. Simulation study

To further demonstrate the variation of fringes with in-
cident polarization angle under equal inclination interference,
we simulate the imaging situation of the MPI polarimeter with
ZEMAX. The XY plane schematic diagram of the simulation
setup is shown in Fig. 3. The Z-axis direction is perpendicular
to the paper surface and outward.

The simulation is set according to the MPI polarimeter.
The beam-splitting polarizer is placed at 45◦ to the probe
beam. And its polarization axis is at 45◦ to the Z-axis. The
2 roof mirrors control the optical path difference between the
two arms. The analyzing polarizer has a polarization axis par-
allel to the Z-axis. In addition, to mimic the optical path situ-
ation in the optical diagnosis of laser-plasma experiments, we
also add a lens in the simulation.

By changing the polarization direction of the incident
light, we obtain the imaging performance of the MPI polarime-
ter when the probe beam carries polarization in different direc-

tions. The imaging results are shown in Fig. 4.

Roof mirror

Image plane

Roof mirror

Splitting polarizer

Light source

Analyzer

Lens

X

Y

Fig. 3. The schematic diagram of the ZEMAX simulation setup.
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Fig. 4. The ZEMAX simulation results of the MPI polarimeter for different input polarization directions. From panels (a) to (f), the polarization
directions are 45◦, 60◦, 75◦, 90◦, 105◦, and 120◦ from the Z-axis.
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Fig. 5. The relationship between amplitude and polarization angle. The
orange dot line is the fitted curve.

From the simulation results, we find that when the polar-
ization direction is parallel or perpendicular to the Z-axis, i.e.,
45◦ from the polarization axis of the beam-splitting polarizer,

the interference fringes have the largest amplitudes. As the po-
larization angle rotates, the brightness difference between the
bright and dark rings gradually decreases, and the amplitude of
the interference fringes also decreases. When the polarization
direction is parallel or perpendicular to the polarization axis
of the beam-splitting polarizer, the interference fringes disap-
pear. This is because, in this case, only one arm of the MPI
has the signal and cannot interfere.

The relationship between amplitude and polarization an-
gle can be known through simulation results. Due to the cen-
tral symmetry of the interference fringes, we select the cross-
section along the X-axis to obtain the intensity curve and cal-
culate the amplitudes. We plot the amplitudes at each polar-
ization direction in Fig. 5. By fitting the curve, we obtain that
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amplitude changes Amp is

Amp = 1.20× sin(0.035×θ +90.17)+0.09,

and the R-square equal to 0.97.

3. Studying the peripheral self-generated mag-
netic field in MR

3.1. Experimental result

The experiment was performed at the Shenguang II (SG-
II) laser facility in the National Laboratory on High Power
Laser and Physics. The SG-II laser facility has eight laser
beams and each beam can deliver 250 J of energy in 1 ns
square pulse. Figure 6 is a schematic diagram of the exper-
iment setup. We used two laser beams to form a bunch in
the experiment. Two synchronized laser bunches were fo-
cused onto two Al foil targets from the same side. Each bunch
was focused to a focal spot diameter of 150 µm full width
at half maximum (FWHM), giving an incident laser inten-
sity of about 1015 W/cm2. The distance between the focal
spots was 900 µm. The two Al foil targets were juxtaposed
in the same plane and separated by 600 µm. Each Al plate is
900×600×100 µm in size.

Side-on view Face-on view

Laser spot 1

Laser spot 2

Fig. 6. Experiment setup and magnetic field configurations.

The direction of the optical diagnosis perspective is the
side-on view. The MPI polarimeter diagnoses the magnetic
field with a short pulse (60 ps) probe beam at 527 nm. The
magnification is 2.4 and the resolution is 5.5 µm. Accord-
ing to the Faraday effect, the measured magnetic field is the
component along the beam propagation direction. In Fig. 7,
panel (a) shows the reference image collected before laser
shooting. Panel (b) is the experimental results taken at a delay
of 2 ns to the front of the laser pulse. From panel (a), it can
be seen the equal inclination interference circular interference
fringes imaged by the MPI polarimeter. In panel (b), due to
the high density of the plasma, the central region of the inter-
ference fringes is blocked. And through the optical probe, the

internal structures of the plasma are overlapped after integra-
tion, which makes it very difficult to diagnose. Therefore, we
select the peripheral area for research.

When analyzing the peripheral plasma in the red arc-
shaped region, we divided the region equally into 10 areas.
The center of the interference rings is set as the origin of polar
coordinates. For each area in Figs. 7(a) and 7(b), we averaged
the intensity at the same radius and obtained the intensity-
radius relation in each area. Then we used curve-fit code from
scipy and got the amplitudes. According to the method in
Section 2, we calculated the corresponding amplitude change
in each area. Based on the relationship between amplitude
change and polarization direction rotation, the changes in po-
larization angle obtained from top to bottom for the 10 re-
gions are –0.75◦, –1.12◦, –2.71◦, –1.31◦, 0.87◦, –0.58◦, 0.02◦,
2.22◦, 1.25◦, and –0.25◦. Calculating with the simulation re-
sult and estimated plasma density of 1019 cm−3, the corre-
sponding magnetic field intensity is about the order of 0.1 T.
Previous studies showed that magnetic field generated in hot,
high-density plasmas by irradiating a solid target using high-
power laser beams can reach 10 T.[8] The measured magnetic
field is pretty lower than expected.
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Fig. 7. Probe beam images of the MPI polarimeter in SG-II laser-plasma
MR experiment. Panel (a) is the reference image obtained before the laser
shooting and panel (b) is at a delay of 2 ns to the front of the laser pulse.

3.2. Simulation

To study the issue of the measured low-strength self-
generated magnetic field in the MR experiment, we simulate
it with FLASH code using the same parameters as the exper-
iment. The laser-driven MR process can be reasonably de-
scribed by MHD simulation. Figure 8(a) is the central slice of
the magnetic field component along the observation direction
at 2 ns. And Fig. 8(b) is the averaged magnetic field after inte-
gration. The peripheral magnetic field, generated by the Bier-
mann battery effect, expands forward with the plasma surface
with a velocity of approximately 1200 km/s. The strength of
the magnetic field component along the direction of the probe
beam reaches 3 T. However, after integration along the direc-
tion of optical diagnosis, the maximum magnetic field strength
is only about 0.4 T. Through this analysis, we find that af-
ter integration, the observed magnetic field will decrease by
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an order of magnitude. This because magnetic fields are vec-
tors, and reverse magnetic fields cancel out each other. There-
fore, the more symmetrical the magnetic field structure is, the
greater the measurement errors it will result in.

There are also other factors like probe beam attenuation,
scattering, instrumentation sensitivity, or plasma effects that
could influence the results of magnetic field diagnosis. As
summarized by Zaraś-Szydłowska et al. (2020), three main
factors reduce the accuracy of magnetic field measurement
with the Faraday rotation method: (i) depolarization of the
probe beam, (ii) inhomogeneity of the probe beam, and (iii)
influence of parasitic plasma self-luminosity.[18] Among them,
factors (ii) and (iii) are usually reduced by taking reference im-
ages and using narrow-band filters. And their effects are well
controlled. Factor (i) is mainly caused by scattering and re-
fraction due to the plasma density and temperature gradients,
imperfections in optical elements, and a setup misalignment.
This problem is difficult to remove in the traditional Faraday
measurements with a linear polarizer or Wollaston prism but
can be suppressed by the MPI polarimeter. Because MPI mea-
sures the polarization through interference, the unpolarized
components can be greatly eliminated. Therefore, the prob-
ability of factor (i) producing such a significant impact is rela-
tively low.
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Fig. 8. Simulation results with FLASH code. (a) Middle layer magnetic
field. (b) Averaged magnetic field after integration along the observing
direction.

Region #

0.6

0.4

0.2

0

-0.2

-0.4

-0.6

-0.8
2 4 6 8 10

B
-
fi
e
ld

 (
T

)

Flash
MPI

Fig. 9. The simulated (after integration) and measured magnetic field
strengths in the 10 regions from top to bottom. The error of the measured
result is calculated from the covariance of fitting parameters. The error
in FLASH data is the standard error of the average magnetic field in each
region.

Due to magnetic reconnection in the interaction region,
a reverse magnetic field point is formed at the central posi-
tion of the peripheral magnetic field. We also divide the in-
tegration plot based on the method of processing experimen-
tal data. Figure 9 presents both the simulated and measured
magnetic field strengths in the 10 regions from top to bottom.
The variation trend of the magnetic field in simulation agrees
with the experimental results. They are consistent with the
configuration structure of the self-generated magnetic field in
laser-driven MR.

4. Conclusion and perspectives
We mapped the peripheral magnetic field in the laser-

driven MR experiment with the MPI polarimeter. We used
the data processing method which utilizes the relationship be-
tween the changes in interference fringes and the polarization
angle to obtain polarization information from the measured
fringes. We obtained the bidirectional structure magnetic field
which is consistent with the FLASH simulation. The mea-
sured magnetic field strength is one to two orders of magnitude
smaller than expected. This is likely because of the cancella-
tion of reverse magnetic fields after averaging and integration
along the observing direction. This result indicates that imag-
ing resolution has a significant impact on accurately measuring
magnetic fields.
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