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Beyond Zeeman spectroscopy: Magnetic-field diagnostics
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A recently suggested spectroscopic approach for magnetic-field determination in plasma is
employed to measure magnetic fields in an expanding laser-produced plasma plume in an
externally applied magnetic field. The approach enables the field determination in a diagnostically
difficult regime for which the Zeeman-split patterns are not resolvable, as is often encountered
under the conditions characteristic of high-energy-density plasmas. Here, such conditions occur in
the high-density plasma near the laser target, due to the dominance of Stark broadening. A pulsed-
power system is used to generate magnetic fields with a peak magnitude of 25 T at the inner-
electrode surface in a coaxial configuration. An aluminum target attached to the inner electrode
surface is then irradiated by a laser beam to produce the expanding plasma that interacts with the
applied azimuthal magnetic field. A line-shape analysis of the Al III 4s—4p doublet (5696 and 5722
A) enables the simultaneous determination of the magnetic field and the electron density. The
measured magnetic fields are generally found to agree with those expected in a vacuum based on
the pulsed-power system current. Examples of other transitions that can be used to diagnose a wide
range of plasma and magnetic field parameters are presented. © 2011 American Institute of
Physics. [doi:10.1063/1.3625555]

. INTRODUCTION it also results in the loss of at least half the photons in each
of the recorded line profiles to be compared. However, a
high signal to noise ratio is crucial due to the dominance of
the other broadening mechanisms. A necessary condition for
these measurements, and for those that are based on the Fara-
day effect, is a preferred direction of the B-field in the obser-
vation volume and during the time interval selected by the
diagnostic system. However, when the B-field lacks a pre-
ferred direction, utilizing Faraday rotation or Zeeman split-
ting is either inapplicable or provides ambiguous results.

In a recent letter,’ a new spectroscopic approach is
described that enables the determination of B-fields when the
Zeeman pattern is unresolved and which is not based on
polarization spectroscopy. Furthermore, this method is appli-
cable in cases of quasi-isotropic field distributions. While the
principle underlying the new method is rather simple (see
Sec. II), detailed line-shape calculations can give informa-
tion on the plasma density and temperature in addition to the
B-field.

The goal of the present work is to test and implement
the new approach for rather high values of plasma densities
(up to ~10" cm ) and B-fields (up to ~20 T). In addition,
we provide essential details on the new diagnostic method,
as well as its applicability limits in terms of the field magni-
tude and plasma densities, explanation of the advantage of
utilizing specific transitions for different plasma and field pa-

Measurements of magnetic fields (B-fields) are of funda-
mental importance for studying laboratory and space plas-
mas. Common spectroscopic techniques for B-field
measurements are based on Faraday rotation and the Zeeman
effect. The Faraday-rotation technique, based on a B-field-
induced anisotropy in the dispersion of the plasma, requires
an external source of polarized light and gives information
on the integral of the product of the electron density (n,) and
the B-field projection along the optical path of the external
light beam. The Zeeman effect, which causes the splitting of
spectral lines, gives the average B-field in the observed
plasma volume and does not require a probe beam. In prac-
tice, particularly in high-energy-density plasmas, the Zee-
man patterns are often completely smeared out due to the
dominance of the Stark and Doppler broadenings. In such
cases, when a preferred direction of the B-field exists, polar-
ization spectroscopy can be applied to determine the B-field
using a technique in which one detects the differences in the
profile of a spectral line measured in orthogonal polariza-
tions." However, this technique involves the use of two iden-
tical spectrometers to measure the emitted spectrum from the
same volume simultaneously. Since such an arrangement
requires dividing the collected light into two spectrometers,
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IIT 4s—4p doublet transition (at 5696 and 5722 A). The alu-
minum (Al) plasma is produced using a 7-ns laser that deliv-
ers a power density of 7 x 10° W / cm? to an Al target. When
no external B-field is applied, the ablated plasma has an elec-
tron temperature (7,) of a few electronvolts and an electron
density n, ~10'7 cm 2 at a distance of about 1 mm from the
target. Under these conditions, Al atoms are ionized up to Al
IV and their emission lines are predominantly in the visible-
UV region. While the external B-field is produced by a
microsecond pulsed-power system, the plasma expansion
occurs over a time scale of tens of nanoseconds. Therefore,
the plasma is effectively expanding in a quasi-static B-field.
The presence of the applied B-field has major effects on the
plasma-plume structure and dynamics, as can be inferred
from the time-dependent line intensities and time-of-flight
(TOF) measurements. In particular, we find that the B-field
presence increases the plasma density significantly, enabling
the extension of the plasma density measurements to
n,>10" cm™>. In this density range and for the B-fields
generated in the present investigation, the line shapes of the
Al IIT 4s—4p doublet are dominated by Stark broadening and
the Zeeman pattern is not resolved, providing the conditions
to test the new method.

In Sec. II, we provide a brief description of the diagnos-
tic approach (further details of which are given in Ref. 1),
and we expand on some relevant aspects of the line-shape
modeling and the specific atomic system studied here. Sec.
IIT describes the experimental setup and the spectroscopic
system. The observations are described in Sec. IV, followed
by a discussion of the results and sources of uncertainties in
the measurements (Sec. V). Section VI presents examples of
atomic systems suitable for the B-field measurement
approach described here over a wide range of B-fields and
plasma parameters. Conclusions are given in Sec. VII.

Il. THEORETICAL METHOD
A. The principle of the B-field determination

The approach used for the B-field determination’
employs two different fine-structure components of the same
atomic multiplet. Each such component undergoes a differ-
ent Zeeman splitting in the B-field, while the instrumental
and the two other major line-broadening mechanisms,
namely, the Stark and the Doppler effects, are practically
identical for the two components. Therefore, if the multiplet
components can be recorded simultaneously, the difference
between their line shapes can be used for the determination
of the B-field. Since the relative line intensities of the multip-
let components are insensitive to the plasma parameters,
their simultaneous recording ensures they are emitted from
the same plasma regions (if opacity effects are negligible).
Thus, variations of the plasma parameters along the line of
sight do not affect the determination of the B-field.

Since the sign of the difference between the multiplet
component widths is independent of the direction of the B-
field, this method is also applicable to measurements when
the direction of the B-field is either unknown or is known to
have no preferred direction (e.g., when the field direction
changes significantly in the region viewed or during the time
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of observation). An uncertainty in the direction of the B-field
results in an associated uncertainty in the inferred field mag-
nitude (see Discussion in Sec. V). However, if the field direc-
tion is known (as is the case in the present study), the
accuracy of the inferred B-field is limited only by the error
bars of the data points. The elimination of the direction
uncertainty allows detailed line-shape modeling to yield in-
formation also on the spatial profile of the plasma electron
density.

B. Utilizing the Al lll 4s—4p doublet transition

Generally, the %S — 2P system is a favorable candidate
for the proposed diagnostics since the relative line-width dif-
ference between the doublet components %S, /2= p, 2 and
2, /2 - ’p, /2 is the most sensitive (relative to other types of
transitions) to B-fields. Specifically, for the present study we
utilize the Al III 2p®4s — 2p®4p doublet, with its two compo-
nents 4s 251/02 —4p 2P3/2 at 5696.6 A and 4s 251/2 —4p 2P1/2
at 5722.7 A. As explained next, the energy difference
between the two fine-structure components is suitable for
performing the B-field and electron density measurements in
the experiment.

The usefulness of the %S, /2 - p, /2, 372 doublet for per-
forming the line-width comparison requires that its compo-
nents are spectrally resolved. In the present experiment, the
Stark broadening is expected to be the dominant broadening
mechanism. Calculations of the Stark broadening show that
the two Al III 4s — 4p components are clearly separated
(without the B-field) up to n, =~ 3 X 10" cm 3. For any den-
sity below 3 x 10'® ¢cm 7, there is a range of B-fields for
which the diagnostic is applicable. The upper bound of this
range is determined by the condition that the two compo-
nents remain separated in the presence of a B-field. For
example, for n,= 10'® cm*3, in the presence of B-fields
larger than about 40 T the two components are difficult to
separate. The lower bound is determined by the condition
that the width difference between the two components can
still be clearly detected; namely, the width-difference rela-
tive to the average line width should be sufficiently large.
For example, at n, = 10'8 cm*3, a B-field of ~7 T induces a
width difference of about 0.3 A, which is less than 5% of the
average line-width (7 A), making an accurate B-field mea-
surement effectively impossible below this limit.

Selecting the Al III 4s—4p transitions has two additional
important advantages. The Al III charge state and upper lev-
els of the transition are expected to be appreciably populated
in the plasma produced here, and opacity effects that may
complicate the analysis are expected to be small, since the
Al IIT ground state is not involved in the transitions. Further-
more, in the presence of the B-field, opacity becomes negli-
gible due to the additional Zeeman broadening.

C. Line-shape modeling

For the line-shape calculations, we employ the computa-
tional method? that takes into account, in an ab initio manner,
both the B-field effect and the Stark broadening and shift. The
Doppler and the instrumental broadenings are accounted for by
performing convolutions with the respective profiles, although
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for the present plasma conditions, these two sources of line
broadening provide negligible contributions.

In a general case, the modeling can be applied to
describe a distribution of plasma parameters. A simple case
of multicomponent-plasma parameters corresponds to light
emitted from two regions with different electron densities
n) and n(? (since the dependence on the temperature is
rather weak, we further assume T(Ei) = Te'zi = T) but with the
same B-field,

(@) = Iy + V1B, T,nV;0) + cPIB,T,n?; ), (1)

e )

) (2)

where [ is the background signal and ¢’ and ¢'“’ are weight
coefficients to be determined, together with the values of B,
T, né”, and ngz)’ by varying their values until a best fit of
I(w) to the measured spectrum /,,(w) is achieved.

Obtaining a good fit requires many runs of the line-
shape calculation code for different combinations of the fit-
ting parameters (B, T, ngl), ng,z), o ), c(z), 1y). Using resource-
demanding computations' directly in this context is not prac-
tical. Instead, if the Stark and Zeeman effects can be
assumed to be independent, the total line profile can be
expressed as a convolution of the two profiles,

I(B,T,n,; ) = de’IZ(B, NIs(T,ne, 0 — '), (2)

where the (static) Zeeman pattern mlz(B;w') is calculated
using a fast code® and the Stark profile Ig(T, n,;m) is
assumed to be a shifted Lorentzian (i.e., an isolated line
shape in the impact approximation®),

1 T, n,
I5(T, ne; ) = = w(T, ne)

7 oo —dT,n) 2w T O

Here, w(T,n,) and d(T,n,) are, respectively, the Stark half-
width at half-maximum (HWHM) and the shift parameters,
and oy is the unperturbed line position. Both w(T,n,) and
d(T,n,) depend linearly on n,, allowing for simple factoriza-
tions to be used: w(T,n,)=nw (T, d(Tn,)=n.d(T). We
note that the isolated-line approximation is valid for the case
of the Al III 4s — 4p line discussed here, since the Stark broad-
ening under the plasma conditions considered (~20 cm Y is
about three orders of magnitude smaller than the distance to
the closest levels responsible for the Stark broadening. There-
fore, the isolated-line approximation, namely, the approxima-
tion in which the Stark contribution to the shape is a shifted
Lorentzian with width and shift that depend linearly on n,,
should work very well. This indeed was proved by ab initio
calculations® (with B=0) that also provided the w/(T) and
d'(T) dependence on T (found to be rather weak); the actual
values are calculated in advance on a grid of T values and
used in a fast lookup/interpolation scheme during the fitting
procedure.

The validity of the approximation in Eq. (2) was
checked by comparing the line shape obtained using this
expression with the result of a detailed calculation for a few
sets of B, n,, and T. A typical result is given in Fig. 1. The
differences between the two sets of line-shapes are barely de-
tectable. We note that for the rather high magnetic fields
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FIG. 1. Comparison of the line-shapes of the Al III 4s—4p doublet calculated
including the effect of a static magnetic field of 17 T, Stark broadening due
to an electron density of n,= 10" cm™>, and an electron temperature of
T.=4 eV. Circles: ab initio calculations using the method in Ref. 1; solid
line: with the effect of the magnetic field factorized according to Egs. (2)
and (3). Also shown is the theoretical Zeeman pattern with no line broaden-
ing. The term AA=0 corresponds to the weighted-average wavelength of
the doublet (5707 A).

investigated in the present study, the magnetic-field-induced
perturbation of the energy levels is not small compared to
the fine structure energy splitting of the Al III 4p level.
Therefore, the deviations from the linear Zeeman effect
become noticeable, resulting in an asymmetry of the Zeeman
pattern of the 4s—4p doublet components.

lll. EXPERIMENTAL SETUP

The experimental setup is designed to enable systematic
measurements for plasmas with electron densities and exter-
nal B-fields, respectively, in the ranges of 10'°~10'® ¢cm >
and up to 25 T. A current-pulse (rise-time of 1.7 us) with a
peak value of 270 kA, measured with absolutely calibrated
B-dot probes with an accuracy better than 10%, was driven
axially through a coaxial low-inductance transmission line in
vacuum (10*5 Torr), generating an azimuthal B-field, as
shown in Fig. 2. The transmission line consists of a cylindri-
cal inner electrode and four return current posts at a radius of
3.5 cm. The inner electrode, terminated with a cut-off cone,
is connected to a 2-cm long, 4-mm diameter rod, and four
radial bars that connect to the return current posts (see
enlarged portion of Fig. 2). An Al target, attached to the mid-
dle of the 2-cm rod, is irradiated by a Nd-YAG laser beam
(7 ns, 100 mJ, 7 x 10° W / cm?), producing the plasma plume
that interacts with the B-field. At the time of the peak cur-
rent, a B-field of 25 T is produced at the surface of the rod.
The currents flowing through the return-current bars provide
only a very small (~1% or less) contribution to the B-field at
the relevant distances of several mm from the target.

The diagnostic system consists of a 1-m, visible-UV spec-
trometer coupled either to a gated intensified charge-coupled
device (ICCD) camera or to a fast photomultiplier (PMT).
The spectra recorded by the ICCD camera give simultaneous
coverage of a 30-A spectral window with 0.4-A resolution for
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the wavelength range of interest, and are used for the line-
shape analysis. The PMT gives the time-dependent (5-ns reso-
lution) intensities of selected spectral lines that are used
mainly for time-of-flight measurements that are needed to
optimize the line intensities for the high-spectral-resolution
measurements. The plasma is viewed along the axial direction
of the transmission line and perpendicular to the azimuthal
B-field. The light is collected by a lens coupled to a 380-um
diameter fiber-optic bundle. The optical arrangement with a
magnification of 1 and f-number of 10, collecting the light
from a plasma column ~1.5-mm wide (determined from
white light images), provides a spatial resolution of 0.5 mm
along the radial direction (including an uncertainty of 0.5 mm
in the position of the focus). We note that in the field-free
expansion the plasma width along the line-of-sight is much
larger (~5 mm in the relevant times) since its motion is not
limited in the axial direction by the B-field (see also Ref. 2),
yielding a total resolution of ~0.65 mm.

The experimental setup provides considerable flexibility
in the B-field measurements. Since the rise-time of the cur-
rent is an order of magnitude longer than the expansion time
of the laser-ablated plume (about 150 ns for the relevant dis-
tances), the plume is effectively expanding in the presence
of a quasi-static B-field distribution. Therefore, the selection
of the B-field magnitude that interacts with the plasma at
each radial distance is controlled by selecting the appropriate
time delay between the application of the current and the
triggering of the laser.

IV. MEASUREMENTS
A. Time-of-flight measurements

Time-of-flight measurements are used here to determine
the times at which the Al III 4s—4p peak-intensity emission

Spot-to-line fiber bundle

—~Ablated plasma

: Nd-YAG Iaserl

ICCD

PMT

Spemrometer FIG. 2. (Color online) Schematic dia-

gram of the experimental set-up inside
the vacuum chamber. The inset shows a
zoom of the conical inner electrode and
its connection to the return current bars
by a 4 mm diameter rod. The laser abla-
tion occurs on an Al target in the middle
of the connecting rod in the presence of
the azimuthal B-field.

magnetic field

is obtained at different distances from the target surface in
order to maximize the signal-to-noise ratio in the B-field
measurements. TOF measurements were performed with and
without the application of the external B-field. Figure 3(a)
presents the time-evolution of the Al IIT 5696 A peak-
normalized intensity during the free expansion of the plume
at various radial distances from the ablation surface. The
plasma emitting the Al III peak intensity expands with a ve-
locity of about 6 x 10° cm /s, in agreement with other studies
under similar conditions.®’ Figure 3(b) shows similar data
obtained for expansion in the presence of the external
B-field. In this case, the plasma emitting the Al III peak in-
tensity appears to have an expansion velocity that is lower,
about 3 x 10° cm/s. The slower expansion rate suggests that
the plasma density might be higher relative to the case of
free expansion. Indeed, the line-shape analysis shows that
for free expansion the n, at peak intensity decreases from
about 3 x 10" cm™* down to about 10'® cm™* between
1 mm and 5 mm; by contrast, in the presence of the B-field,
the densities at peak intensity at each distance are about a
factor of 3 higher. In both cases, lower density plasmas can
be achieved by reducing the laser power-density.

The TOF curves are also used for selecting the integra-
tion time (gating) applied to the ICCD camera. Obviously,
long ICCD gating would improve the photon statistics of the
recorded spectra. However, long gating necessarily results in
an undesired integration over light emission from time-vary-
ing densities. In order to ensure that the spectra are recorded
from a limited density distribution, we set the gating in each
measurement to be equal to the time duration in which the
TOF signal is > 90% of its peak (assuming the light intensity
is correlated mainly with n,). For example, in Fig. 3(b) we
show the interval of 25 ns corresponding to the gating
applied in the measurement made 1 mm from the target.
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FIG. 3. Temporal evolution of the Al III 5696-A line intensity recorded
from various distances from the target for the free-field case (a) and in the
presence of the external B-field (b). Time O corresponds to the time the laser
beam first hits the Al target. In (b), the numbers in parentheses indicate the
expected B-field at each distance, based on the current measurement. The
interval £ re i i -

¢~ represents the gating of the ICCD camera used in the measure
ment for a distance of 1 mm from the target.

B. Magnetic-field measurements

The measured line-shapes of the Al III 4s—4p doublet
(5696 and 5722 A) at different distances from the target
(with the center of the coaxial line defined as »=0) in the
presence of the B-field, together with their simulations, are
presented in Figs. 4-6. These figures demonstrate the transi-
tion from a Zeeman-splitting-based diagnostic to the multip-

2 2 _ l
104 51/2: P3p r=06mm |
Expected B:9 T
R Measured B: 8.5 T
§ (n,=9.5x 10" em™)
~ 2 2
2 Sin="Pip
2 0.54 3 4
o .
=
Ll

0.0+

5710 5720 5730

A (A)

5690 5700

FIG. 4. The Al III 4s—4p doublet (5696 and 5722 A) recorded at r =6 mm
(squares). The calculated broadened spectrum (solid curve) that best matches
the experimental data yields an electron density of 9.5 x 10’ cm™> and a
field of 8.5 T compared to an expected field of 9 T. The dotted line repre-
sents the corresponding zero-density Zeeman pattern.
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FIG. 5. Same as in Fig. 4, for r =4 mm results.

let-comparison diagnostic, as discussed in Sec. II. At
relatively large distances from the target (see Fig. 4), where
the emission is produced from a relatively low-density
plasma (leading to a relatively small Stark broadening), both
components of the doublet reveal spectral profiles that
exhibit Zeeman splitting. Closer to the target, the higher
densities cause the line shapes to be Stark-dominated, and
the Zeeman pattern is smeared out. In the spectrum emitted 2
mm from the target (r =4 mm, see Fig. 5), the Zeeman pat-
tern of the stronger *S; /2= Ps 2 component is completely
smeared out, although it is still noticeable in the shape of the
weaker 251/2 - 2P1/2 component. For r =3 mm (see Fig. 6),
the Zeeman patterns of both spectral components are com-
pletely smeared out. In this case, only the use of the present
method reveals the presence of the B-field. To clearly dem-
onstrate the effect of Stark broadening, Figs. 4-6 also show
the calculated Zeeman patterns at each distance assuming
zero electron density but broadened by a Gaussian to account
for the expected Doppler and instrumental broadenings.

The B-fields and the electron densities are obtained
using modeling of the measured line-shapes. The multiplet
line-shapes are dominated by Stark broadening and the line-

—
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FIG. 6. Same as in Fig. 4, for r =3 mm.
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widths difference depends upon the B-field. The calculated
spectral profiles shown in Figs. 4-6 include the contributions
of the Zeeman, Stark, and Doppler effects, as well as instru-
mental broadenings to the line-shapes. The modeling process
consists of two steps. The calculated Zeeman pattern’ is con-
volved with a Voigt profile, where the Lorentzian part corre-
sponds to the Stark broadening, and the Gaussian part
corresponds to the sum of the Doppler (see next paragraph)
and instrumental broadenings. The input values of B, n,, and
T are then varied until the least-squares best fit to the experi-
mental curve is obtained, allowing for their simultaneous
determination.

Assuming T; ~ T, (where T, is several eV, obtained
from collisional-radiative calculations and in agreement with
other experiments®), the thermal Doppler broadening is neg-
ligible compared to the measured instrumental broadening
of 0.4 A. The Doppler broadening that arises from the non-
thermal ion-kinetic spread is ~1 A, inferred from the B-free
line-shape measurements at large distances from the target
(>4 mm) where the Stark broadening is small. This broaden-
ing is consistent with the typical ion velocities as determined
from the TOF measurements. However, under the influence
of the B-field, line-shape calculations that agree best with
observations are obtained with a Gaussian component that is
close to the instrumental broadening, i.e., in the B-field, the
ion-kinetic broadening due to the motion in the observation
direction is small compared to the instrumental broadening
(apparently due to a limitation of the plasma motion along
the cylindrical axis induced by the B-fields?). In particular,
we find that for the line-shapes recorded from the dense
plasma, at distances up to about 2 mm from the target, even
the field-free Doppler broadening that is considered as an
upper bound of the Doppler contribution, is very small com-
pared to the Lorentzian part. Therefore, accurate knowledge
of the Doppler broadening (assumed to be a Gaussian also in
the B-field) is unimportant for the modeling of the present
results.

The uncertainties of the measured B-fields in the low-
density region are determined from the uncertainties in the
positions of the Zeeman-split peaks and are estimated to
be = 6%. In the high-density region, where the determination
of B is based on fitting the doublet line-shape, the uncertainty
depends on the sensitivity of the modeling to variations in B
and n,. Since the Stark broadening is the dominant broaden-
ing mechanism, the uncertainty of the measured B is larger
in the high-density region. For the spectrum recorded from
r=3 mm, the best fit is obtained for B=15 T and
n,=13x 10'® cm 3. To examine the uncertainties, compar-
isons are made of the experimental spectrum to synthetic
line-shapes, obtained by varying B and finding n, that gives
the best fit for each B. An example of such a comparison is
given in Fig. 7, where the experimental spectrum is shown
with three modeling results for B=9, 15, and 20 7. By
closely examining the differences between the theoretical
and the experimental line-shapes, particularly in the spectral
ranges marked by the rectangular frames, it can be seen that
the line-width obtained with 20 T is too wide to explain the
experimental data, whereas that obtained with 9 T is too
narrow.
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FIG. 7. Calculated line shapes of the Al III 4s—4p doublet (5696 and 5722
A) calculated for three different B-fields (9, 15, and 20 T) and electron den-
sities that give the best fits for each B-field value, compared to the experi-
mental spectrum obtained for » =3 mm.

As can be seen from Figs. 4-6, the measured B-fields
are rather close to those expected from the measured current,
although they are persistently smaller. Figure 8 presents the
1/r dependence of the measured B-field compared to the
expected value in vacuum. While we cannot rule out a dia-
magnetic effect in which the B-field is partially excluded
from the plasma, the nearly 1/r linear dependence of the
measured B-field suggests a systematic error. Plausible sour-
ces of such systematic errors are the determination of the
absolute distance from the target and the absolute calibration
of the B-dot probes used for the current measurements.

C. Low-spatial resolution spectra

Since one of the purposes of the present work is testing
the diagnostics under various scenarios, we performed meas-
urements that simulate common situations in which the diag-
nostic system records emission from a plasma with a wide
range of densities and B-fields. In these measurements, spectra
were recorded with a lower spatial resolution of 1.5 mm

22
20+ o Expected magnetic field
® Measured magnetic field
~ 184
H
| j
o
v§ 16
= 1 )
2 14+
5]
=}
%D 12
10 Based on line-shape modeling
8 i\ / -
Based on Zeeman splitting

0.16 0.20 0.24 0.28 0.32
1/r(mm'1)

FIG. 8. Expected and measured B-field as a function of 1/r.
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FIG. 9. The Al III 4s—4p doublet (5696 and 5722 A) recorded at 1.5 mm
from the target surface (= 3.5 mm) with a spatial resolution of 1.5 mm, and
the calculated result based upon an assumption of a combination of two dif-
ferent density regions that best reproduces the data, together with the spe-
cific result from each of those regions.

(compared to 0.5-mm resolution presented in the above
results). Figure 9 presents such an Al III 4s—4p spectrum from
a region centered at 7 =3.5 mm, where the predicted B-field
varies between 12.7 and 19.6 T. A line-shape analysis shows
that no reasonable combination of a single B-field and a single
n, can satisfactorily fit the experimental curve. In particular,
the wings of the spectral lines are not well reproduced. Instead,
considering multiple density values leads to good agreement
with the experimental results. The theoretical curves in Fig. 9
show the full calculation (labeled “total””) and its components.
It is obtained using B=15 T and emission from two plasma
components, 1, =8 x 10" ¢cm ™3 and 3 x 10'® cm73, with re-
spective fractions of ¢V:c®=1.8 : 1 [see Eq. (1)] superim-
posed on a constant background. The latter is likely due to
continuum emission originating from the target surface.

This finding is plausibly due to the fact that the measure-
ment integrates over a region with a large density gradient,
each part of which gives rise to a different Stark broadening,
which cannot be reproduced by a line-shape that corresponds
to a single mean density. The fact that a single mean B-field
can be used to produce a good fit to the experimental result
is a consequence of the dominance of the Stark broadening.
Indeed, the simulation results are not sensitive to the B-field
assumed for the high-density component, and it is only the
B-field assigned to the low-density component that can be
determined. The inferred B-field of 15 T is in agreement
with the range of fields in the region viewed. Weighing the
calculated field distribution by the spatial distribution of the
Al TIT intensity (obtained from the high spatial-resolution
measurements), and assuming a spatial resolution of 1.5 mm
(FWHM) centered at 7 = 3.5 mm, yields a mean predicted B-
field of 17 T.

V. ERROR ANALYSIS FOR UNKNOWN B-FIELD
CONFIGURATION

In the analysis presented above, we have assumed that
the B-field maintains its vacuum azimuthal symmetry inside

Phys. Plasmas 18, 093301 (2011)
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FIG. 10. (Color online) The Al III 4s—4p doublet average line-width,
(fi/2+f3/2)/2, as a function of the relative line-width difference, 2(f; »—
f /2)/(f| /2Hf3/2), calculated for various electron densities and B-fields for
the case of perpendicular field (a) and parallel field (b) relative to direction
of observation. The line-width, £, refers to full-width-half-area.

the plasma. The fact that the measured B-fields are found to
be close to those expected in vacuum, indeed shows that an
azimuthal field provides an adequate representation of the
field inside the plasma. However, a predominant field direc-
tion does not always exist, or it could be unknown. Here we
consider the effect of such cases on the analysis and the field
determination.

The additional uncertainty in the field determination,
which is due to non-uniformity in the field direction or to
lack of information on the field direction, can be estimated
by considering the two extreme cases: (i) a field directed per-
pendicular to the line of sight (B,) and (ii) a field aligned
along the line of sight (B)). For each of these cases, Fig. 10
shows the average line-width of the Al III 4s—4p doublet as a
function of the relative width-difference, calculated for
various electron densities and B-fields. The line-widths in
Fig. 10 refer to the full-width-half-area (FWHA)® and not to
the more common definition of full-width-half-maximum
(FWHM). We choose this presentation to avoid the ambigu-
ities that may arise in determining the FWHM when the
Zeeman-splitting is partially resolved or in the cases of high
B-field, where the B-field effect on the spectral lines is not
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small compared to the fine structure splitting, resulting in no-
ticeable asymmetric line-shapes.

As an illustration of the effect of an unknown B-field
direction on the measured B-field, let us consider the spec-
trum obtained from r=3 mm (see Fig. 6). The average
FWHA is 8.6 A and the relative width difference is 4.1%. For
the case of B, (Fig. 10(a)), these values reproduce the results
found in Sec. IVB,B=15T and n,=1.3 x 10" cm 3. How-
ever, assuming that the field is aligned along the line of sight
(Fig. 10(b)), one obtains B=14 T and n,=1.1 x 10" cm 3.
Thus, the uncertainty associated with the lack of information
on the field direction in this case is only a few percent, which
is much less than that due to the uncertainty in the experi-
mental points, as estimated in Sec. [V B.

It is important to emphasize that the B-field diagnostic
does not require independent knowledge of n,. The lower n,
obtained when assuming By only reflects the wider Zeeman
pattern that is induced when the B-field is aligned along the
line of sight, compared to that when a B-field of the same
magnitude is directed perpendicular to the line of sight. A
wider Zeeman pattern requires a convolution with a narrower
Lorentzian to satisfy the best fit criterion, which implies a
lower value of n,.

VI. TRANSITIONS FOR DIAGNOSING VARIOUS
PLASMA AND B-FIELD PARAMETERS

A prerequisite for employing the new B-field diagnostic
method is a resolved fine-structure splitting structure. A par-
tial overlapping between the doublet components, here seen
in the spectrum recorded at 1 mm away from the laser target
(r=3 mm, see Fig. 6), demonstrates that in this experiment
the Al III 4s—4p transition is not adequate for probing regions
closer than 1 mm to the target. For various experiments,
other atomic systems can be suggested to cover different
ranges of plasma and B-fields parameters. Examples of such
systems are given in Table I. This table presents a list of
3s—3p doublet transitions in selected ions pertaining to the
Li-like isoelectronic sequence, together with the maximum
B-field and n, values for which the diagnostic is applicable
using that specific ion species. The criterion here used for

TABLE 1. Selected 3s — 3p doublet transitions of Li-like ions potentially
useful for B-field measurements. E; is the ionization potential. Max. B and
Max. n, are the calculated upper limits for which the new diagnostic method
is applicable for each transition. The maximum 7, given in the table is calcu-
lated considering the restriction due the Stark broadening being comparable
to the fine-structure splitting. The maximum 7, due to the continuum level is
calculated to be ~ 10" cm ™ for all the transitions in the table, imposing a
more severe restriction on n, than that due to Stark except for C IV
(underlined).

Max. n, (cm73)

Ton E; (eV) 2 (A) Max. B (T) due to Stark
(Y% 65 5801 5811 14 2 x 10'8
oVl 138 3811 3834 50 3% 10"
Ne VIII 239 2820 2860 200 1.5%x10%
Mg X 368 2215 2281 500 7.5 % 10%°
Si XII 523 1803 1884 1000 2.4 x 10%
Ar XVI 918 1282 1421 3500 2.2 x 10%

Phys. Plasmas 18, 093301 (2011)

the maximum B-field is that the average Zeeman width of
the two doublet components should be equal to 70% of the
fine-structure splitting, ensuring a resolved fine structure for
densities that induce Stark profiles of similar widths. The
limitation on n, may arise either from the Stark width that
may smear out the fine structure, or from the continuum level
that may be comparable to the transition intensities. In the
first case, the criterion for the maximum 7, here adopted is
that the Stark width should be equal to 70% of the fine-struc-
ture splitting, and in the second case it is that the continuum
level should be 20% of the peak spectral density of the
weaker doublet component. For evaluating the n.-restriction
due to the continuum level, steady-state calculations of the
intensities of the transitions given in Table I and the contin-
uum at the relevant wavelength in each ion are performed.
For C IV, O VI, and Ne VIII, the continuum and line inten-
sities are calculated for electron temperatures corresponding
to 10% of the ionization potentials, and for Mg X, Si XII,
and Ar XVI, the calculations are performed for temperatures
corresponding to 20% of the ionization potentials. At these
electron temperatures, the respective ions are expected to be
significantly abundant. Under these assumptions, we find
that for all the transitions in Table I, the maximum #n, that
limits the diagnostics due to the continuum level is about
10" cm™>. It should be noted that if the conservative crite-
rion of a continuum level that is 20% of the peak line inten-
sity is relaxed and it is allowed to be equal to the peak line
intensity, then the maximum 7, rises to~ 3 X 10" em 3. It
can be seen from the Table that for the relatively low charge-
state ions the Stark width imposes a more severe limitation
on n,, whereas for the higher charge states n, is restricted by
the continuum level. Similarly to the Al III 4s—4p transition
used here, the ground state is not involved in the Li-like 3s—
3p transition, thus opacity effects are not expected to hamper
the diagnostic method.

As is evident from Table I, the 3s—3p doublets offer B-
field diagnostics for a variety of applications. An example is
utilizing Ne VIII transitions for diagnosing the tens-Tesla
field of MA z-pinches during the implosion. Another exam-
ple is the use of the 3s—3p doublets in C IV, N V, and O VI
for diagnosing the B-fields in particle-beam diodes with typi-
cal parameters of B~ 10T, T,~ 10 eV, and n, ~ 10" cm 3.

VIl. CONCLUSIONS

A spectroscopic method for the determination of mag-
netic fields,? applicable in situations where the Zeeman split-
ting patterns are not resolved (either due to the field
variation in space and time, or due to the dominance of other
line broadening mechanisms), is implemented in a study fea-
turing an aluminum laser-produced plasma expanding in the
presence of externally applied B-fields. The method is shown
to be essential for B-field measurements in regions near the
laser target, where the Stark-dominated line shapes prohibit
the use of the traditional Zeeman spectroscopy. The line-
shape analysis of the Al III 4s—4p doublet enables the simul-
taneous determination of the B-field and the electron density.
In addition, the line-shape analysis is shown to be a powerful
tool for obtaining information on the electron density
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distribution. This is demonstrated by the analysis of spectra
obtained with relatively poor spatial resolution, exhibiting
line shapes that can be only explained by the presence of a
substantial plasma-density gradient. The measured B-fields
in the plasma are found to be consistently smaller by about
10% than those expected in vacuum. The accuracy of the
measurements is insufficient to determine whether these
results arise from plasma diamagnetic effects.
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