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Measurements of the radial profile of magnetic field in the Gas-Dynamic
Trap using a motional Stark effect diagnostic
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~Presented on 8 July 2002!

We have implemented a spectral motional Stark effect diagnostic for spatially localized
measurements of magnetic field on the Gas-Dynamic Trap~GDT! magnetic mirror device. A 7 A, 40
keV diagnostic neutral hydrogen beam was focused to a current density of 0.25 A/cm2 in the
measurement volume, allowing achievement of a radial resolution of 4.5 cm by viewing the beam
at 45° with a well-defined light collection chord. The entire Stark spectrum was recorded by a
spectrometer with a charge-coupled device detector. Analysis of the splitting of the components of
the Stark spectrum directly results in a measurement of localuBu. When operated with deuterium
heating neutral beam injection into a hydrogen target plasma, the GDT axial magnetic field is
strongly perturbed by plasma diamagnetic effects. Thus, measurement of the radial profile of the
perturbed magnetic field, combined with equilibrium modeling, will yield an estimate of the plasma
beta. © 2003 American Institute of Physics.@DOI: 10.1063/1.1527260#
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I. INTRODUCTION

The Gas-Dynamic Trap~GDT! is a long axially symmet-
ric mirror system with a high mirror ratio~Fig. 1! for con-
finement of a two-component plasma.1 The first component
is a collisional target plasma with ion and electron tempe
tures up to 120 eV and density up to 1.831020 m23. The
mean free path for scattering target plasma ions into the
cone is much less than mirror-to-mirror distance, thus ta
ion confinement can be modeled as an ideal gas confine
a box with a pinhole leak. The second component is a
ion minority with a mean energy of 5–10 keV and density
to 1019 m23, produced by 45° neutral beam injection. T
fast ions are confined in the collisionless mirror regime, a
their turning point corresponds to a mirror ratio of 2.

The critical issue for feasibility of a neutron sourc
based on a gas-dynamic trap is stable confinement of a
density of fast ions with a small angular distribution.2 The
axial and radial profiles of plasma pressure~or plasmab!
near the fast ion turning points determines the spatial pro
of neutron flux in the testing zones of a projected GDT-ba
neutron source.2 Profiles of plasmab can be constructed b
measuring the profile of the diamagnetic perturbation of
confining axial magnetic field in GDT, and combining the
measurements with equilibrium modeling. The first sing
point motional Stark effect~MSE! measurement of the per
turbed magnetic field in GDT was reported in Ref. 3. He
we report improvement in accuracy and extension of
technique to measurement of a radial profile of the pertur
magnetic field.

a!Electronic mail: djdenhar@wisc.edu
1590034-6748/2003/74(3)/1592/4/$20.00
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II. SPECTRAL MOTIONAL STARK EFFECT
DIAGNOSTIC ON THE GAS-DYNAMIC TRAP

The Stark effect is a result of the breaking of energ
level degeneracy of an atom in an external electric field.
the frame of reference of an atom moving transverse t
magnetic field, a Lorenz electric fieldE5(v3B) appears,
causing the energy levels to split. For a hydrogen~or
hydrogen-like! atom the resulting Stark splitting is linear i
electric field, thus providing a robust method of magnet
field measurement. The Ha line ~656.28 nm! emitted by the
diagnostic neutral beam atoms was chosen for MSE m
surements on the GDT experiment. For typical GD
magnetic-field values of 0.4–0.5 T and beam velocity
2.73106 m/s, other effects~Zeeman splitting, fine structure
of atom energy levels, and other relativistic corrections! con-
tribute negligibly to line splitting compared to Stark splittin
Thus, a model including only the Stark effect was used
analysis of the recorded MSE spectrum.4 The local magnetic
field was determined by fitting a model Stark profile to
measured beam emission spectrum, a technique simila
that employed for spectral MSE diagnostics on Madis
Symmetric Torus~MST!5 and Torus Experiment for Techno
ogy Oriented Research~TEXTOR!.6

The MSE diagnostic setup on GDT is shown in Fig.
The diagnostic is comprised of the neutral beam injector
agnostic Injector of Neutral Atoms-5M~DINA-5M !7 and an
optical system for collection, dispersion, and recording of
beam emission. Figure 3 shows a schematic of the DINA-
injector. The main parameters of the diagnostic injector
presented in Table I. A small beam diameter at the fo
plane and a high beam current fraction at the full injecti
energy of 40 keV make the DINA-5M injector the approp
ate instrument for application to space-resolved MSE m
2 © 2003 American Institute of Physics
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FIG. 1. The GDT layout.
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surements. The neutral beam injector is mounted on an a
ment flange~see Fig. 2! to provide capability to change th
beam direction. In the experiments described here the b
direction was fixed perpendicular to the axial magnetic fi
in GDT, but in the future the beam will be moved to ma
axial profile MSE measurements.

Two diagnostic ports are used for observation, as sho
in Fig. 2. The upper port corresponds to the angleQ522.5°
between the beam and the viewing chord, the lower one
responds toQ545°. The latter observation geometry w
chosen for the present experiments because the achie
spatial resolution is better~4.5 cm radial31.5 cm axial!, an
essential requirement for magnetic-field profile measu
ments. For the 22.5° observation angle, the spatial resolu
is 831.5 cm. Despite poorer spatial resolution, the sma
observation angle has several advantages:~1! a higher signal-
to-noise ratio due to the larger intersection volume of
beam and viewing solid angle, and~2! better separation be
tween thep and s components of the measured spectru
due to a higher degree ofs-polarized emission rejection
Since both these factors provide for better measuremen
curacy, initial MSE measurements were made atQ522.5°.
~Figure 4 shows an example spectrum with thep1 andp2

manifolds clearly resolved.!
The optical system8 consists of a light collection tele

scope with a ferroelectric liquid crystal~FLC! shutter, and a
spectrometer with a charge-coupled device~CCD! detector
controlled by a personal computer. The FLC shutter linea

FIG. 2. Layout of the MSE diagnostic on GDT~polarization directions ofp
ands components of emitted radiation are shown!.
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polarizes the collected light, thus eliminating the need fo
separate polarizing component. It was opened so as to co
light only during the 200ms beam pulse. The collected bea
emission was polarized perpendicular to the viewing ch
and in the plane of Fig. 2, accordingly the intensities of thep
and s components atQ545° are similar. The measure
spectrum was digitized by the CCD controller and stored
an archive of the common GDT data acquisition system.
calibration of the spectrometer dispersion we used t
clearly observable lines emitted from core plasma: Ha at
656.28 nm and CII at 657.81 nm~see Fig. 5!. The Doppler-
shifted beam emission line, which undergoes the Stark s
ting, was visible in the same wavelength range for both
servation angles without readjustment of the spectrome
To improve the signal-to-noise ratio we summed up seve
measured spectra~up to 10! in a series of shots with repro
ducible parameters.

The spectrum in Fig. 5 was recorded on the tar
plasma without neutral beam heating. It can be also used
checking of diagnostic technique accuracy, since the diam
netic perturbation of magnetic field is negligibly low in th
regime~less than 1%!. The calculateduBu of 0.493 T is close
to the vacuum field value 0.494 T.

III. RADIALLY RESOLVED MEASUREMENT OF zBz ON
THE GAS-DYNAMIC TRAP

The GDT cross section where the diagnostic was loca
corresponds to the volume of the fast ion turning point~mir-
ror ratio R52). The plasma pressure and diamagne
magnetic-field perturbation are maximized at this locatio

FIG. 3. Schematic of the DINA-5M diagnostic neutral beam injector.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp
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The hydrogen target plasma in the present experiments
produced by a plasma gun pulse of'2.8 ms duration~see
Fig. 1!. The fast ion population was created by deuteriu
neutral beam injection of power up to 3.9 MW for 1 m
duration. Plasma magnetohydrodynamic stability was p
vided by expanders~see Fig. 1! and biased limiters. Typica
target plasma parameters at the end of the heating b
pulse were 100 eV electron temperature at a density
331019 m23. Estimates from previous experiments sugg
that the fast ion population has a pressure ratiopfast/ptarget

'10 and perpendicularb'30% in the turning point area.9

In order to measure the maximum diamagnetic perturba
of uBu, the 200ms diagnostic neutral beam pulse was fired
the end of heating beam pulse.

The measured radial profile ofuBu is shown in Fig. 6.
Horizontal error bars are defined by the spatial resolution
4.5 cm. The error in the measured value ofuBu is due to

FIG. 4. A typical motional Stark spectrum from GDT recorded atQ522.5°.
~a! A spectrum of beam Ha emission and a fit curve~bold line!. ~b! A
full-scale spectrum summed up over six shots.

TABLE I. The parameters of DINA-5M injector.

Type of ion optical system Focusing

Energy of injection 40 keV
Extracted ion current~hydrogen! Up to 7 A
Pulse duration 200ms
Focal length 1.3 m
Beam radius at focal plane 2 cm
Current density at focal plane 0.25 A/cm2

Beam current fraction with full injection energy 93.6%
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several factors: shot-to-shot fluctuation of plasma para
eters, variation of the beam injection energy, uncertainty
the dispersion calibration, and statistical~Poisson! fluctua-
tion of the recorded beam emission. The fluctuation
plasma parameters~in a series of shots corresponding to t
same regime! contributed an uncertainty'2%, and the un-
certainty due to statistical fluctuation'3%. The other two
factors contributed negligibly to the uncertainty of measu

FIG. 5. A motional Stark spectrum recorded on the target plasma
Q522.5°. ~a! A spectrum of beam Ha emission and a fit curve~bold line!.
The measurement result of 0.493 T is close to the vacuum field valu
0.494 T and within the measurement accuracy.~b! Spectrum averaged ove
four shots. Plasma emission lines Ha and CII were used for calibration of
the spectrometer dispersion.

FIG. 6. Radial profile ofuBu mapped onto the GDT midplane. Horizonta
error bars show the spatial resolution of the diagnostic.
IP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



t

de
ir

de
an
en

o-
b-

ma

v,

i.

u.

1595Rev. Sci. Instrum., Vol. 74, No. 3, March 2003 Plasma diagnostics
uBu. The precision of the MSE measurements ofuBu is esti-
mated as 4%, and was cross checked by calculation of
statistical deviation in results obtained in separate sets
shots. Further analysis of this radial profile ofuBu is currently
under way and is expected to result in an increased un
standing of fast ion physics in a gas-dynamic trap axial m
ror system.

IV. SUMMARY

Spectral motional Stark measurements ofuBu have been
accomplished on the Gas-Dynamic Trap magnetic mirror
vice. Operational characteristics of the diagnostic beam
optical system provide the capability to make measurem
in low fields (uBu'0.440.5 T) with spatial resolution of 4.5
cm radial31.5 cm axial for an observation angleQ545°,
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and temporal resolution of 200ms. The precision of spatially
resolved measurements ofuBu is estimated as 4%.
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