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Quadratic Zeeman effect in hydrogen at 2–3 MG magnetic fields
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The Zeeman effect is used for measurement of magnetic fields in astrophysical and laboratory plasmas.
Magnetic fields in atmospheres of magnetic white dwarf stars are in the range 40 kG–1 GG. The quadratic
Zeeman effect results in the additional split and shift of lines for magnetic fields >2 MG. Hydrogen Balmer lines
were studied in magnetic fields delivered by a 1 MA pulse power generator. The magnetic field was generated
by rod loads 0.8–1 mm in diameter. A droplet of CH oil on the load center was the source of hydrogen. A low
ionized oil layer was backlit by blackbody emission from the rod with a temperature of 0.5–0.6 eV. Zeeman
splitting of H -alpha and H -beta absorption lines were with a grating spectrometer. A spectral shift of the central
component of the triplet indicated the quadratic Zeeman effect in hydrogen lines.
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I. INTRODUCTION

Plasma in strong magnetic fields is the object of research
in many fields of basic and applied plasma physics as well
as astrophysics. Magnetic fields confine fusion plasma in
tokamaks and can improve conditions for inertial confinement
fusion [1]. Heat trapping due to a strong magnetic field plays
a key role in the magnetized liner inertial fusion concept [2].
Magnetic fields significantly change the dynamics of plasma
expansion and formation of plasma jets and disks [3–6]. Fur-
thermore, laboratory magnetized plasmas can be scaled to
plasmas in astrophysical objects [4,7].

For a long time, the Zeeman effect was the main spec-
troscopic feature of plasma in a magnetic field. The Zeeman
effect has been used for measurements of magnetic fields in
Z pinches and liners. Zeeman splitting of emission lines in
Na indicated a 2 MG field in liners on the Z machine [8].
The Zeeman effect in indium emission lines was observed
in a 5 MG field during the compression of the magnetic flux
[9]. The quadratic Zeeman effect appears in hydrogen lines in
strong magnetic fields, B > 2 MG. The quadratic effect results
in the additional fine splitting and spectral shift of Zeeman π

and σ components of Hα and Hβ triplets [10,11]. Modeling
has extended the region of magnetic fields for the Zeeman
effect to 1 GG [12], but laboratory plasma experiments were
limited by the linear Zeeman effect.

The Zeeman effect has been used to identify magnetic
fields in stars via spectroscopy since the beginning of the
20th century [13]. Stellar objects vary widely in magnetic
field strength, from the kilogauss level in solar plasmas to
the gigagauss level in magnetars. White dwarf stars (WDs)
are of particular interest since they are the evolutionary end
point of >97% of all stars, and they often have measurable
magnetic fields: Liebert et al. [14] found that at least 10%

of WDs have strong magnetic fields over 2 MG, and Ferrario
et al. [15] found that of the isolated WDs, 13 ± 4% fall into
this high-field regime with magnetic fields from 0.1 MG to
1 GG. In addition, Bagnulo and Landstreet [16] found that
the overall incidence of these magnetic WDs is even higher,
with 20–25% of all WDs containing fields from 40 kG to
300 MG. Finally, 36% of cataclysmic variable systems (sys-
tems in which a WD accretes material from a main sequence
binary companion star) contain a magnetic WD with MG
fields [17].

WDs with magnetic fields are observed to have system-
atically higher masses than their nonmagnetic counterparts
[18]. This and other evidence suggest that magnetic WDs
may be formed through the merger of a WD and another star,
with the system passing through a common envelope and/or
accretion disk phase. This would naturally account for both
their higher masses compared to nonmagnetic WDs as well
as their observed MG magnetic fields, though this may not be
the only mechanism by which strong magnetic fields can form
[17,19].

The masses of magnetic WDs are determined by fitting
their spectral lines, and these lines are themselves altered by
the presence of a magnetic field. Since ∼80% of WDs have
hydrogen atmospheres, fits to the Balmer series are used to
obtain the temperatures and masses of these stars [20]. Models
employed in the fits have been developed from a best theory
effort. In order to obtain more reliable temperature and mass
determinations from spectroscopic fits, the theoretical treat-
ment of these lines in magnetized dense plasmas needs to be
tested and validated. The latter necessitates benchmark labo-
ratory experiments with hydrogen at MG-level magnetic fields
where experimentally obtained hydrogen absorption lines can
be compared with theory calculations of the absorption lines
in the atmospheres of magnetic WDs.

2470-0045/2022/106(4)/045206(5) 045206-1 ©2022 American Physical Society

https://orcid.org/0000-0002-3765-3035
https://orcid.org/0000-0002-8649-7251
https://orcid.org/0000-0003-0181-2521
https://orcid.org/0000-0002-6748-1748
https://orcid.org/0000-0002-4985-0386
https://orcid.org/0000-0003-2515-6266
https://orcid.org/0000-0002-0665-8108
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevE.106.045206&domain=pdf&date_stamp=2022-10-19
https://doi.org/10.1103/PhysRevE.106.045206


V. V. IVANOV et al. PHYSICAL REVIEW E 106, 045206 (2022)

FIG. 1. (a) Vacuum chamber, beam path, and grating spectrome-
ter. (b) A rod load between anode and cathode electrodes.

In this paper, we investigated the linear and quadratic Zee-
man effects in hydrogen at magnetic fields of 2–3 MG in a
laboratory setting. The Zeeman split was studied in hydrogen
Balmer absorption lines in magnetic fields generated by rod
loads. A spectral shift measured for the central π component
due to the quadratic Zeeman effect was in agreement with
theory predictions.

II. EXPERIMENTAL SETUP

The 1 MA Zebra pulsed power generator at the University
of Nevada, Reno was used for these quadratic Zeeman effect
experiments. A Zebra machine generates a current pulse with
a 1 MA amplitude and 80 ns rising edge (10–90%). As well,
the Zebra machine can produce strong longitudinal and trans-
verse magnetic fields in coil and rod loads [21]. The magnetic
field reaches values of 2–4 MG on the surface of the metal
rod loads 0.8–1 mm in diameter. A thin plasma layer arises
on the surface at the 30–90% level of the maximum current
depending on the rod diameter and material [22]. This surface
plasma is confined by the strong magnetic field and slowly
expands with a velocity of ∼3 km/s. The Doppler spectral
shift <0.1 Å is negligible for our experiments. The magnetic
field from the load is characterized using Faraday rotation
diagnostics and B-dot sensors [23].

The blackbody temperature of the surface of the rod load
during the current pulse is 0.4–3 eV. The temperature depends
on the rod diameter, material, and a value of current. Pho-
todiodes filtered by narrow-band interference filters at three
wavelengths are used to monitor the temperature of the load
surface. A droplet of CH oil on the load is used as a source
of hydrogen. A thin layer of oil is evaporated and heated on
the load surface. The external oil layer stays in a liquid and
transparent state during the current pulse. Blackbody emission
from the load backlights hydrogen atoms in the evaporated
layer. Balmer absorption lines are seen on the blackbody
spectra of the load emission.

Figure 1(a) schematically shows the Zebra vacuum cham-
ber with a load, an optical beam path, and a grating
spectrometer with two gratings, 1200 and 2400 l/mm. The
rod load, 2 cm tall, is installed in the center of the chamber.
A cone collimator selects emission only from the center of

the load covered with oil, and a four-lens optical beam path
relays emission from the load center to the 50 μm slit of the
spectrometer. The rod load between anode and cathode with
the oil droplet is shown in Fig. 1(b).

An intensified charge coupled device (ICCD) camera with
a matrix of 1 K × 1 K pixels and microchannel plate (MCP)
was used as a sensor of the grating spectrometer. A 3–6 ns gate
of MCP provided temporal resolution of spectral measure-
ments on the 80 ns rising edge of the current pulse. Dispersion
of the spectrometer with the ICCD sensor measured at the
wavelength of the Hα line was −0.4 Å/pixel (px) with the
1200 l/mm grating and −0.16 Å/px with the 2400 l/mm
grating. Spectral ranges were 400 and 160 Å for two gratings,
respectively. Neon, xenon, and hydrogen lamps were used for
spectral calibration in the ranges near Hα and Hβ lines at
wavelengths of 656 and 486 nm.

The diameter and material of the rod loads were varied to
reach the highest magnetic field before the intense evapora-
tion of the load material. Simulations with PRISMSPECT [24]
showed that the optimal temperature of hydrogen is in the
range 0.5–0.6 eV because the linewidth strongly increases at
the temperature >0.7 eV. Line absorption drops below the
noise at temperatures <0.4 eV. Some materials like titanium
and stainless steel were not used due to strong absorption lines
generated in the range near Hα and Hβ hydrogen lines.

III. ZEEMAN EFFECT AT 2–3 MG MAGNETIC FIELDS

The quadratic Zeeman effect results in the fine splitting and
spectral shift of components of Zeeman triplets in magnetic
fields >2 MG. A theoretical approach to the Zeeman effect
in MG magnetic fields was presented in reviews [10,12]. For
Balmer transition 2S−nP, the center of mass of the line aver-
aged over π and σ components is shifted to short wavelengths
due to the quadratic Zeeman effect [12]:

δλQ(2S) = −1.73
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where λ is a wavelength, B is the magnetic field, and nup is
the upper principal quantum number. The shifts are smaller,
∼40% for 2P−nS and 2P−nD transitions. A detailed table of
the quadratic splitting with quantum numbers for transitions
is presented in [10].

A series of shots was performed to confirm the viability
of experimental methods and diagnostic capability for the
observation of the Zeeman effect in MG magnetic fields.
Aluminum rod loads, 1 mm in diameter, provided conditions
suitable for observation of the Hα line for current up to
0.8 MA. Polarization and intensity of the Zeeman components
depend on the direction of the magnetic field vector [25]. σ

components are too wide and weak for circular cross section
loads with azimuthal magnetic fields. A flat center of the load
was employed to enhance visibility of the σ components of
the Zeeman triplet. The magnetic field was enhanced along
the line of sight. This configuration also decreased spanning
in a large range of field strengths in cylindrical loads.

Figure 2(a) presents absorption Zeeman spectra from four
shots with Al loads at current of 0.78 MA. Spectra fade at
higher current due to the fast evaporation of the load material.
Spectra in Fig. 2 were recorded with a 1200 l/mm grating,
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FIG. 2. (a) Hα Zeeman triplets from four shots with Al loads
1 mm in diameter. (b) Zeeman triplets from two shots with Cu loads
0.9 mm in diameter. (c) PRISMSPECT simulations of transmission of
the Hα line at 0.5 and 0.6 eV.

which were calibrated with spectral lamps. Color lines show
spectra taken from several shots. Averaging of shots is shown
in black and clearly shows a central π component near 656
nm and two wide σ “wings” of the Hα Zeeman triplet. Wings
are wide compared to the central part due to the strength of
components of the B field varying on the load. Zeeman σ

components are shifted by 3.8–3.9 nm from the π component
to the centers of wings. The magnetic field B can be calcu-
lated from the spectral split using a Paschen-Back formula
E = E0 ± μBB, where μB is the Bohr magneton and E is
the energy level. The magnetic field is B = 1.9 ± 0.1 MG.
An additional quadratic shift of σ components is 0.07 nm at
2 MG magnetic fields [11]. Values of magnetic fields taken
from the Zeeman splitting agree with measurements of the
magnetic field by Faraday rotation and B-dot diagnostics with
uncertainty of 5–8%. A shift and width of σ components are
measured with an error due to small absorption and shot-to-
shot variation of the machine. σ components were not used
for further precision measurements. We note that the value of
the split represents a value of the local magnetic field seen by
hydrogen atoms compared to the integrated magnetic fields
taken at the distance from the load with Faraday and B-dot
diagnostics.

Figure 2(b) shows Hα spectra taken from two shots with
Cu loads 0.9 mm in diameter. These loads allow measure-
ments of the Zeeman effect near the maximum of the current
pulse. The Zeeman split ∼6.2 nm in Fig. 2(b) corresponds to
the local magnetic field of ∼3 MG.

Absorption of the central line in Fig. 2 is 5–7% and a
linewidth is 0.5–0.7 nm. These parameters of the absorption
line are in agreement with PRISMSPECT simulations for hy-
drogen without magnetic fields with an electron temperature

of 0.5–0.6 eV, density of 10 mg/cm3, and width of the layer
of 0.3 mm as shown in Fig. 2(c), and broadens at higher
densities. Hβ Zeeman triplets were also observed with Al
loads but with weaker absorption. Uncertainties of measure-
ments in Fig. 2 do not allow identification of the quadratic
Zeeman effect. Due to small intensities and the large width,
σ components cannot be used for precision measurements of
the quadratic effect. Apparatus and procedures were improved
for investigation of the quadratic effect as shown in the next
section.

IV. QUADRATIC ZEEMAN EFFECT

Atomic simulations for hydrogen atoms in strong magnetic
fields show that the quadratic Zeeman effect produces an
additional fine splitting of lines of the Zeeman triplet and
spectral shifts of the π and σ components of Hα and Hβ

triplets [10,11]. Fine structure of the additional split cannot
be resolved in our case. These splitting results in a broadening
of the central π line and σ components. The σ components
are wide and their absorption is low. The width of the central
component includes contributions of temperature and instru-
mental broadenings. The most promising method to identify
the quadratic effect is measuring the spectral shift of the
central π line to the shorter wavelength. The spectral shift of
the center of mass for hydrogen Hα and Hβ Zeeman lines
in the magnetic field of 1–5 MG has been calculated by [11].
For example, the shift of the Hα central line is expected to be
0.36 Å at B = 2 MG. The spectral shift is higher for the Hβ

transition at the wavelength of 486 nm, 0.97 Å at the same
B = 2 MG. The Hβ line has a weaker absorption compared
to the Hα line due to the smaller oscillator strength for this
transition.

Apparatus and procedures were improved to provide higher
accuracy and reproducibility of spectral measurements. The
spectrometer and ICCD camera were protected against shocks
and vibration during operations. A 2400 l/mm grating was
used for investigation of the quadratic Zeeman effect. The
spectral shift of the minimum of Hα or Hβ absorption lines
in the magnetic field was compared to the peak of reference
Hα or Hβ emission lines taken from the hydrogen spectral
lamp as shown in Fig. 3. Reference Hα and Hβ lines were

FIG. 3. The blue line is a Hα emission reference line from the
hydrogen lamp. The red line is an absorption line from hydrogen in
the magnetic field of the rod load with the average as the black line.
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FIG. 4. Dotted lines present calculations of Surmelian and
O’Connell [11] of the spectral shift of Hα (red line) and Hβ (blue
line) central component due to the quadratic Zeeman effect. Experi-
mental points are taken with Al 1 mm loads (circles), Au 1 mm loads
(triangle), and Cu 0.9 mm loads (diamond).

recorded right before every shot with the load and magnetic
field. The width of reference hydrogen lines was 12–14 pixels,
but the peaks of the lines were reproducible with accuracy of
0.5 pixels. The optical beam path was tested with a hydrogen
lamp installed in the vacuum chamber on the load position.
Accuracy of the spectral shift measurement was better than 1
pixel of the ICCD camera.

We used Al 99.9% rod loads, 1 mm in diameter, at current
values of 0.78 MA when the magnetic field was 1.9 MG. Cu
99.99% rod loads, 0.9 mm in diameter, allowed generation of
3 MG fields near the maximum of the currant pulse. Copper
loads were used for Hα line at the wavelength of 6562.8 Å
but were not used for the Hβ line because of Cu spectral
lines generated near 4862 Å. Au 99.99% rod loads 1 mm in
diameter provided 2.5 MG magnetic fields. Au loads generate
a strong line at 6562.8 Å but can still be used in the range
near the Hβ line. Figures 3 and 4 show results of experiments
with these loads. The wavelength of the absorption peak was
measured as seen in Fig. 3. The experimental points in Fig. 4
are the laboratory measurements of the quadratic Zeeman
effect in hydrogen Hα and Hβ lines for magnetic fields of
2–3 MG. Experimental points are placed on dotted lines taken
from calculations of [11] for the quadratic Zeeman shift. The
dotted lines interpolate calculations for Hα and Hβ lines at
1, 2, 3.2, and 5 MG. The diamond marker presents an average
value for three shots with Cu loads 0.9 mm in diameter. The
triangle marker shows the average for two shots with 1 mm
Au loads. Circles represent shots with 1 mm Al loads. The
filled circle presents one shot at the Hα wavelength. The
open circle represents the average of two shots at the Hβ

wavelength. Variations of magnetic fields are due to the shot
to shot reproducibility of the current pulse on the load. Exper-
imental points are in agreement with interpolated lines.

V. CONCLUSIONS

The quadratic Zeeman effect in hydrogen at magnetic fields
of 2–3 MG was studied in a laboratory. An experimental plat-
form based on the 1 MA Zebra pulsed power machine allowed
for investigation of plasmas at 1–3 MG magnetic fields. A
layer of oil on the rod load was employed as the source of hy-
drogen. Rod loads generated MG magnetic fields, populated
the second level of hydrogen, and backlit hydrogen atoms. We
optimized load materials, load diameters, and current in the
load and found a regime appropriate for the observation of
hydrogen Balmer absorption lines.

Absorption in hydrogen Hα central π line is 3–5%. The
spectral shift of σ components in the Hα Zeeman triplet indi-
cates magnetic fields in the range 2–3 MG in Al, Au, and Cu
loads. These values are in agreement with other diagnostics.
The width of the central π component of the Hα Zeeman
triplet is 0.5–0.7 nm. The absorption π line was used for mea-
suring the spectral shift of the line peak due to the quadratic
Zeeman effect. The spectral shift of Hα and Hβ absorption
lines in magnetic fields was measured compared to the refer-
ence Hα and Hβ emission lines from the hydrogen spectral
lamp. The experimental spectral shifts are in agreement with
calculations of the quadratic Zeeman effect for these hydrogen
lines in this range of magnetic fields.

The influence of the quadratic Zeeman effect in the range
2–3 MG fields can be found in hydrogen spectra of at-
mospheres of magnetic white dwarf stars if measured and
analyzed with high spectral resolution. We note that carbon
absorption lines are seen in atmospheres of some magnetic
white dwarf stars [26]. Carbon lines can be investigated in the
laboratory with the same technique in future experiments.
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