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ABSTRACT

The Zeeman splitting effect is observed in a strong magnetic field generated by a laser-driven coil. The expanding plasma from the coil wire
surface is concentrated at the coil center and interacts with the simultaneously generated magnetic field. The Cu I spectral lines at wavelengths of
510.5541, 515.3235, and 521.8202 nm are detected and analyzed. The splittings of spectral lines are used to estimate the magnetic field strength at
the coil center as ~31.4 + 15.7 T at a laser intensity of ~5.6 X 10'> W/cm?, which agrees well with measurements using a B-dot probe. Some other
plasma parameters of the central plasma disk are also studied. The temperature is evaluated from the Cu I spectral line intensity ratio, while the

electron density is estimated from the Stark broadening effect.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0060954

. INTRODUCTION

The Zeeman effect was one of the most significant spectroscopic
discoveries of the nineteenth century. It has been applied in various
research fields since it was observed in 1896." In atomic and molecular
physics, the Zeeman effect plays a key role in calculating hyperfine
atomic structures.” In materials science, for example, the observed

Zeeman splitting and oscillator strengths reveal the symmetry and
fine crystal structure of Cr-doped GaAs.’ In fusion research, the
Zeeman effect is used not only to measure the magnetic field (B-field)
strength, but also to study impurities in particle transport in mag-
netically confined fusion plasmas through determination of line
positions, shapes, and hence species temperatures.”” In astrophysics,
the Zeeman effect makes it possible to infer the B-field strength in
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various remote objects from telescope observations.” ” This is of great
help in understanding the evolution of these objects and related
astrophysical phenomena, such as jets'’ and magnetic reconnec-
tion.'"'” In laser—plasma research, the Zeeman effect is a powerful
tool for measuring the intensity of strong B-fields at local plasma
positions.'™'* Tt is very helpful in studies of strongly magnetized
plasmas, in the context, for example, of magnetized fast ignition'” and
magnetohydrodynamic effects.'®

In recent years, laser-driven coils have shown promise for
laboratory generation of B-fields."” ** This method of B-field gen-
eration has attracted interest in many areas of research owing to the
high field amplitudes that it can achieve and its controllable char-
acteristics. A variety of techniques have been used to measure a
rapidly rising B-field with small spatial and short temporal scales. One
traditional method is to use a differential magnetic probe, also known
as a B-dot probe.'””'”* This probe provides information on both the
amplitude and temporal evolution of a B-field. However, it is vul-
nerable to the electromagnetic noise generated by laser-plasma in-
teractions and cannot measure local B-fields directly. It can only be
deployed several centimeters away from the coil center, and conse-
quently the values of smaller B-fields (of the order of 10°~10° T) at the
coil center have to be extrapolated from measured B-fields of only
107*-107" T. Another new approach to the measurement of laser-
generated B-fields is through Faraday rotation,'®**** which can also
provide both the amplitude and temporal evolution of the B-fields.
However, this technique usually requires an external synchronized
polarized light probe and a magneto-optical crystal positioned several
millimeters away from the coil center. The main limitation of this
diagnostic is the opacity of magneto-optical crystals and the con-
sequent blacking out of light signals.'® Another diagnostic for laser-
driven B-fields is provided by proton radiography.”’ *** This
measurement method can infer the local B-field distribution, but an
additional relativistic laser is needed to generate high-energy protons.
The temporal range is usually about 100 ps.

In this study, the Zeeman effect is applied for the first time to
measure the B-field generated by a laser-driven coil. The copper
plasma expanding from the coil surface to the coil center is used as an
emission source. We choose the Cu I 3d104p2Pg/2 — 3d°45%* Dy,
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3d"%4d’Ds;, — 3d"°4p*P)),, and 3d'°4d° D5, — 3d'°4p>P5), spectral
lines emitted from the hot plasma. Their wavelengths are 510.5541,
515.3235, and 521.8202 nm, respectively.

Il. EXPERIMENTS

The experiments were performed at the Shengguang-II laser
facility. An Q-shaped copper coil was employed, with the config-
uration is shown in Fig. 1(b). The inner diameter of the coil was
0.8 mm, and its opening width was 0.5 mm. The coil wire had a cross
section of 200 X 200 um>. The diameter of the disk end was ~1 mm.
The coil axis was parallel to the z axis. The experimental setup is
illustrated in Fig. 1(a). Eight laser beams with a total energy of ~2 kJ
were divided into two bunches and focused onto two sides of the
bottom disk of the Q-shaped coil target at a wavelength of 351 nm
and duration of 1 ns. The focal spot was about 150 ym in full width
at half maximum (FWHM). The laser intensity was ~5.6 X 10"
W/cm?. A strong magnetic field was generated at the coil center due
to the cold-electron return current from the focal spot to the top end
of the coil. The mechanism is the same as that in our previous
studies.'”** *°

The coil surface was ionized as a result of simultaneous Joule
heating and x-ray radiation from the laser focal spot. The surface
plasma expanded toward the coil center. Shadowgraphy with a
magnification of ~4 was used to detect the plasma evolution inside the
coil along the —z direction with a synchronized 70 ps probe laser at a
wavelength of 527 nm. The Zeeman effect was used to detect the laser-
driven B-field strength. The central hot plasma was used as an
emission source, and this was imaged onto a spectrometer entrance
slit 20 ym wide with a total magnification of ~1.7. The image was
transformed into spectral signals on an intensified charged coupled
device (ICCD) after diffraction by a grating with 150 grooves/mm.
The spectral resolution was ~0.39 nm. The axis of the first collection
lens was at ~15° to the axis of the Q-shaped coil. In addition, a
differential B-dot probe was also used to measure the B-field strength
for comparison. It was placed ~3 cm away from the coil center, with
the pickup coil plane in the x-y plane at z = 0.
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FIG. 1. (a) Experimental setup. (b) Configuration of Q-shaped coil. (c) Configuration of closed-loop coil.
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Ill. RESULTS AND DISCUSSION
A. Magnetic fields measured with B-dot probe

Figure 2 shows the temporal evolution of the average B, (the z
component of the B-field strength) at the B-dot probe position at a
laser intensity of ~5.6 X 10> W/cm?. The peak magnetic field
measured at the local B-dot position, Bg_gor, was 0.020 + 0.002 T. The
spatial distribution of the magnetic field was calculated using the
three-dimensional magnetostatic code RADIA.”” The whole target
geometry, including the open coil and the straight wires, was
modeled precisely to allow accurate extrapolation of the magnetic
field distribution. The current in the coil was adjusted to match the
calculated field strength with the measured value at the position of
the B-dot probe. The peak current in the coil target was estimated to
be ~38 kA. Figure 3(a) shows the calculated two-dimensional
magnetic field distribution in the x-y plane at z = 0 with the
peak current. The B-field strength at the coil center, Benter» Was
estimated to be 22.9 + 0.1 T.
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0

FIG. 2. Temporal evolution of the measured B-field strength at the position of the B-
dot probe. The vertical error bars correspond to the standard deviation of two shots.
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B. Zeeman measurements

Figure 4 shows temporally resolved shadowgraphs before and
after a laser shot. Compared with the shadowgraph before the laser
shot in Fig. 4(a), Fig. 4(b) at a delay time of 3.5 ns shows an obvious
increase in wire width. This demonstrates that the coil surface is
ionized. This is probably due to Ohmic heating and x-ray radiation.
The ionized plasma has expanded from the coil’s inner surface toward
its center. Figure 4(c) at 6.0 ns reveals a higher plasma concentration
that has formed a high-density area at the coil center. This central
plasma with a width of ~395 ym along the y axis was employed as an
emission source in our experiments using the Zeeman effect to detect
the local B-field strength at the coil center.

In our Zeeman measurements, three Cu I transitions were se-
lected: (1) 3d'°4p*P3,, — 3d°45*°Ds,, (2) 3d"°4d°D;,, — 3d'°4p°P) 5,
and (3) 3d'%4d’Ds,, — 3d104p2P(3)/2. According to the theory of the
Zeeman effect,"”* two ¢ components should be detected, because the
observation angle is nearly parallel to the magnetic field. By comparing
the time-integrated spectrum of the Q-shaped coil and that obtained
from the NIST Atomic Spectra Database” shown in Fig. 5(a), the Cul
lines at these three transitions exhibit an obvious splitting. The ex-
perimental 77 component was deduced from the center of neighboring
pairs of o peaks. The respective wavelengths were 510.42, 515.16, and
521.47 nm. The splitting distance Adp between the ¢ and 7 lines was
0.39 nm for all three transitions. In addition, compared with the NIST
spectrum,”” the 7 line shifted owing to Doppler effects. These results
demonstrate that the central plasma propagated in the z direction. The
velocity was estimated to be ~129.6 + 39.8 km/s.

To verify the role of B-fields, a closed copper loop target was also
used in our experiments. The structure of this coil is shown in Fig. 1(c).
The inner diameter and cross section of the coil, as well as the exper-
imental setup, were the same as those used for the Q-shaped coil. The
only difference was that the coil was a closed loop, rather than an open
configuration. Compared with the Q-shaped coil, the return current
flowed symmetrically along the closed loop. Therefore, the B-field
strength at the coil center was, in theory, zero, as shown in Fig. 3(b).
The red line in Fig. 5(a) represents the spontaneous emission spectrum of
the closed-loop coil. It is obvious that the closed-loop coil did not cause a
splitting effect. Therefore, the splitting can be attributed to a B-field effect.

To evaluate the magnetic field strength for linear Zeeman effects,
anomalous Zeeman effects and Paschen—Back effects’’ should first be
distinguished when the spin angular momentum S is nonzero. The
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FIG. 3. Calculated two-dimensional magnetic field distribution in the x—y plane at z = 0: (a) Q-shaped coil; (b) closed-loop cail.
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0.1 mm

FIG. 4. Shadowgraphs in the x-y plane: (a) before laser shot; (b) at a delay time
t = 3.5 ns; (c) at a delay time t = 6.0 ns. The dark regions demonstrate that the
plasma density is so high that the probe light cannot penetrate it.

fine-structure split distance Al;g between transition (3) and the
transition 3d'%4d*Ds;, — 3d'°4p*P3,, due to spin-orbit coupling is
0.1868 nm. Because AA; s < AAp = 0.39 nm, this demonstrates that the
magnetic field strength was strong enough to disrupt the spin—orbit

RESEARCH ARTICLE scitation.org/journal/mre

coupling, leading to spin angular momentum S and orbital angular
momentum L coupling more strongly to the external magnetic field
than to each other, ie., the Paschen-Back effect. Thus, the
Paschen-Back effect was dominant in our experiments. The energy
shift AE in an external magnetic field is

_ ethenter

AE (Amy + Amy), (1)

4mm,

hce Al = ehBeenter

3z o= (Amy + Amy), (2)

where m; and m; are the orbital and spin magnetic quantum numbers,
respectively, h is Planck’s constant, e and m, are the electron charge and
mass, respectively, and A is the detection wavelength. The average Beenter
was calculated to be ~31.4 T according to Eq. (2). The details of the
Zeeman measurements are summarized in Table I. Considering the low
spectral resolution in our experiments, the splitting error bar was
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FIG. 5. (a) Comparison between the observed spectra from the Q-shaped and closed-loop coils and the Cu | spectrum obtained from the NIST Atomic Spectra Database at
T. = 0.8 eV. (b) Comparison between the observed spectrum from the closed-loop coil and calculated spectra: the red dashed curve is the Voigt fitting for the closed-loop coil
spectrum at 521.47 nm, and the green dotted curve is one typical PrismSPECT Cu | line shape convolved with instrumental broadening computed at T, = 0.8 eVand ny = 2 X 10"
em ™. (c) Comparison between the observed spectrum from the Q-shaped coil and the calculated Voigt spectrum.
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TABLE I. Summary of spectra.
Theoretical wavelength (nm) 510.5541 515.3235 521.8202
Experimental 7 wavelength (nm) 510.42 515.16 521.47
3d'%4p%PY, 3d'°44%D;, 3d"°44%Ds,,
Transition l l 1
3d°4s%Ds,, 3d"%4p*P)), 3d"%4p*PY,,
Upper energy level E (eV) 3.82 6.19 6.19
A(sTh 2.0 X 10° 6.0 X 107 7.5 X 107
§43 4 4 6
Doppler shift (nm) 0.1341 0.1635 0.3502
Velocity (km/s) 81.6 98.6 208.6
Average velocity (km/s) 129.6 + 39.8
Splitting AAp between o and 7 (nm) 0.39 0.39 0.39
Beenter (T) 32.0 + 16.0 314 + 157 30.7 + 154
Average Beenter (T) 314 + 15.7
estimated to be the spectral resolution. Therefore, the splitting distance WL = Ws, (6)

between the two ¢ lines was 0.39-1.18 nm, and the average B epeer Was
31.4 £ 15.7 T. This value is consistent with the value measured with the B-
dot probe.

One advantage of measuring the Zeeman effect compared with
other B-field measurements is that the electron temperature T, and
density #, can be derived from the line shapes and relative intensities
of some atomic lines. In our experiments, the line intensity ratio
between transitions (1) and (3), I;/I5, was used to calculate the plasma
temperature T,. According to the Boltzmann equation, under the
assumption of local thermodynamic equilibrium (LTE),

where A is the wavelength, w is the FWHM for each profile, and w,, w4,
and w; are the FWHM values of the Stark, Doppler, and instrumental
broadenings, respectively. According to the experimental conditions,
w; was 0.39 nm. Taking the sound speed to be approximately equal to
the plasma expansion velocity, we obtain ZT, + yT; = 111.2 +
68.3 eV,”" where y is the adiabatic index. Therefore, T; is less than 200
V. The maximum Doppler broadening is of the order of 10 nm,
which can be neglected compared with w;. wg is mainly determined by
w;. Then, the total FWHM w,, at transition (3) could be derived from
the Voigt fitting curve shown in Fig. 5(b) with a fixed calculated wg.
L _gA A—Sex _Ei-E; 3) wex Was calculated to be 1.16 + 0.18 nm, while w, was 1.02 + 0.21 nm.
Iz g3As M T. ) The dependence of the total FWHM wy on n, was calculated using the
collisional-radiative simulation software PrismSPECT.” In our
simulations, all of the broadening mechanisms mentioned above were
included. The simulations were performed under LTE conditions.

where gis the statistical weight, A is the Einstein transition probability
of spontaneous emission, E is the upper energy level, and A is the
corresponding wavelength. All of these parameters shown in Table I
were obtained from the NIST Atomic Spectra Database.”” The ratio
I,/I; was calculated to be 0.57 + 0.04 for the Q-shaped coil and 0.71 for
the closed-loop coil. The error bar corresponded to the intensity

difference at the separated peaks. T, was then estimated to be 0.73 1.35 /'
+ 0.04 and 0.80 eV for the Q-shaped and closed-loop coils, respec- P
tively, and thus was almost the same for both coil configurations. 1.3 v
The spectral width at transition (3) of the closed-loop target was 125 ,"
used to derive the electron density #,. The spectral shape of the Cu I E ) /.’
(4

multiplet was mainly affected by Stark broadening, Doppler = 12
broadening, and instrumental broadening. Because Stark broadening =

has a Lorentz profile, while Doppler and instrumental broadening § L15
have Gaussian profiles, the whole spectral profile should be a con- 29
volution of Gaussian (G) and Lorentzian (L) profiles. Therefore, to

obtain accurate FWHM values, the Voigt function was applied to fit 1.05
the experimental spectra shape. The Voigt function is expressed as

TTTT[TTT T [TT T [TTTT[TT T TTTT[TTTTI[TTTT[TTTT
.
[EERI RN RRRRARRERI RRRRE RRRRARNRRI RRURE RNRT)

1 '/‘
oo ! ! 0.95 | ’ | 1 1 1 1 1 1
V= GO we) LA =N wp) A, 4 )
J,w ( )L ( L) @ 1 1.2 14 16 18 2 22 24 26 28
ne (cm's) ><1017
with
_ y y (5) FIG. 6. FWHM of line at transition (3) as a function of electron density n, computed
WG = \wg twp with PrismSPECT at T, = 0.8 eV.
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The total FWHM wy, of line transition (3) calculated by PrismSPECT,
presented in Fig. 6, shows a linear dependence on the electron density
1. According to the FWHM found experimentally, the electron
density was (1.86 + 0.55) X 10" cm™. A similar calculation was also
performed at transition (2), where n, was estimated to be (2.28
+0.35) X 10'7 cm™>. This value agrees well with that at transition (3).
The average electron density was (2.07 + 0.33) X 10" cm ™. In
addition, we also calculated the Voigt broadening profile for the
Q-shaped coil at transition (3). We also accounted for w;, w,, and w;
estimated from the closed-loop target. The calculated spectra shown
in Fig. 5(c) agree well with the experimental spectrum.

IV. CONCLUSIONS

For what we believe to be the first time, the Zeeman effect has
been applied to measure the local magnetic field generated by a laser-
driven coil. The results show good agreement with B-dot probe
measurements. Compared with other common magnetic field di-
agnostics, much more local plasma information, including plasma
temperature and density, can be derived from the Zeeman spectra. In
addition, when the magnetic field is strong enough to split ultraviolet
or x-ray light, the Zeeman effect will be a very powerful diagnostic tool
to detect the magnetic field inside a high-density plasma. Moreover,
the rapid development of laser-driven magnetic fields also offers a
new opportunity to study nonlinear Zeeman effects in the laboratory.
This will open a new approach for studying astrophysical phe-
nomena’ " and fundamental physics in the future.
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