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-1, INTRODUCTION: Magnetic field probes have been employed to study the internal
field setructure of Field-Reversed Configurations (FRCs) translating past the
probes in the FRX-C/T device.! Internal closed flux surfaces can be studied in
this manner with minimal perturbation because of the rapid transit of the plasma
(translational velocity v, ~ 10 cm/us). Data have bean taken using a low-field
(5 kG), 5-mtorr-D, gas—puff mode of operntioY in She FRC source coil which
yields an initial plasma density of ~ 1 x 10 5 c™® and xg ~ 0.40. FRCs
translate from the =~ 25 cm radius source coil into a 20 cm radius metal
translation veseel. Two translation conditions are studied: 1) translation into
a 4 kG guide field ("matched guide-field" case), resulting in similar plasma
parameters but with x_ ~ .45, and 2) translation into a 1 kG guide field
("reduced guide-itcld' case), resulting in expansion of the FRC to conditions of
density ~ 3 x 10°™, external field B, ~ 2 kG and x5 ~ 0.7. The expected
reversed Bz structure 1is observed in both cases. However, the field
measurements indicate a possible sideways offset of the FRC from the machine
axie in the matched case. There is also evidence of islond structure in the
reduced fnuide-field cass. Fluctuating levels of B, are observed with amplitudes
< B,/3 in both cases. Field measurements on the FRC symmetry axis in the
reduced guije-field case indicate 8 on the separatrix of B. = 0.3 (indexed to
the external field) has been achieved. This decrease of B with increased x, is
expected, and desirable for improved plasma confinement.

11. EXPERIMENTAL ARRANGEMENT: The probes consist of two separate sets of multi-
turn wire locps huused within 5/16" 0.D., s.s. jackets which result in 300 ns
response t.mes. One three-axis probe is positloned on the symmetry axis of the
device for reference while the other three-axis probe is scannad radially on a
shot=to-shot basis. The probes are located ~ 1.9 m beyond the end of the 2 m
long FRC formation coil, in a uniform dc fleld region, and ~ 1.5 m before a
magnetic mirror ragion (= robe * 293 cm in Fig. 1 of ref. 1). Fixed B, probes
external to the FRC ana gngerferometry meauurements at approximately the same
axial location act the internal probes, are used to aid in the aralysis of the
internal field measurements.

The probe jackets have an "L" shape: entering the vacuum vessel radially,
turning at the probing radius 90° towards the = z direction (direction of
oncoming FRC) and terminsting at the probe location ~ 8 cm from tha 90° bend.
Thio jacket shape allows for minimal perturbation of the plasmas azimuthal
diamagnetic current at the axial location of the probe. Other perturvations,
plasma cooling and increased electron density from impurities, are ant‘cipated
to bs mninimal due to the small surface area of the probe jacket, but
none=~the~less increasing as the FRC “raverses the probe. A global check of FI °
similarity with and without probing is made by comparing radius histories of t
translating FRC at two axial locations prior to the probing location with the
radius hiscory at the probs location. This comparison shows that only the
trailiag portion of the FRC at the probing location departs from the earlier
histories. This variation may result from increasing perturbation of the FRC by
the probes as mentionad above, or from the FRC slowing due to 1its encountering
of the magnetic mirror downstream. These dissimilar data are not analyzed.
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A summary of plasma parameters for the source and the two translation cases
is given in Table I (source parameters differ slightly from those of Ref. 1 for
this particular data run, resulting in higher ttanslatign velocities). The
dAnferred parameters are: the "volume" averaged density n = é ndl/r the total

- temperature T = EB /BFn, Ege separatrix radius g = excluded flux Eadius. the
intesnal flux ¢, = % 3 , and the volume averaged beta § = 1 ~ x g/2+ Since
-n 18 not a true volume averaged quantity, n and T arc estimates to approximately
10% accuracy. The source FRC’s magnetic field and rudius are measured 15 cm
from the source-coil wmidplane in the direction of translation. Note in the
Table that due to accceleration in the conical source coil, and due to the high
translation velocity in the reduced guide-field case, the FRC may not have full
equilibrium conditions. Departure from full equilibriuu may introduce addition-
al error in some inferred parameters. Finally, the stable period before the ro-
tational instability occurs in both translation cases, is > 40 us so that the n
= 2 elliptical deformation 1s not expected to affect interpretation of the data.

I11I. MATCHED GUIDE~-FIELD TRANSLATION: Axial profilec of B-fields, density and
radius for three similar shots are displayed in Fig. 1. Translation velocities
for each shot have been used to convert time histories to axial profiles.
Figure la displays the excluded flux radius and line-integrated density (double
pass) overlaid for the three shots. Figure lb shows the teferenc1 external
field and B_ field measured on the machine axis for the three shots. fields
at three intermediate radii (each radii is from a different shot) a.e aiso shown
in Fig. 1b. The expected reversal of B_ with radius is evideat in the figure.
Figure 1lc displays the Br and B fielg components (with respect to the machine
axis) for the three radial positions scanned in the three sghots. The B
amplitude (< B /3) results in < 11%Z contribution to pressure balance.
Furthermore, the small B anmpl 'tude together with its fluctuating structure 1is
distinctly different from tha: of a Spheromak. A possible explanation for the
existence of By is the presence cf "tors! nal-Alfven" waves generated by the
axial accelerztion of the FRC out of the shallow conical theta-pinch source
region.2 Also, tilting and sideways offset nf the FRC may contribute to pickup
of Br and B, on the By probe.

A radial scan of B, 18 presented in Fig. 2 in which data were averaged over
three shots and over 40 cm axial extent centered at the FRC midplane. The data
is consistent with a sideways offset of the FRC of Ax ~ 1.5 cm along the probing
diameter. Furthermore, comparison with theoreticaliy predicted B_(r) profiles
assuming x_ = 0.45 and By = 0.7 (based on ‘ong~thin equilibrium constraints)
indicates tﬂe measured B_ radial profile 4ie narrower than predicted. This
difference may be expiained by a further sideways offset of thc FRC Ay ~ 4 cm
perpendizular to the probing diameter (infcrved offset 1is not sensitive to
choice of B_). With these offsets, the probing radii indexed to the coil center
of =4.3, 0, 6 +4.0 and +8.0 cm become probing radii along a chord indexed to the.
FRC center of 4.9, 4.3, 6.8 nud 10.3 cm, respec.ively. This adjusted scale is
indicated at the top of Fig. 2.

IV. REDUCED GUIDE-FIELD TRANSLATION: Axisl profiles of plasma parameters are
presented in Fig. 3, again for three shots, in which the plasma expanded into an
initial guide field of ~ 1 kG. As in Fig. 1, the field measurements at three
intermediate radii represent a different prote placemeat on each vhot. Field
reversal similar to the previous case is observed. However, the radial extent
of the reversal region is conoiderably broader as indicated by similar B_ values
from O to 8 cm radius. Evidence of island formnt;on 1- seen in thl oocfllntion
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(z) profiles. From full, FRC r,,(z) profile histories, the presence of
pa%tially merged FRCs can be seen startfxg in the source coll. Multiple FRC
island structure in Ty () profiles has also been observed in 2-D simulations."
A possible cause of the multiple island structure in the present translation
_experiments may be the strong accelerating field gradient at the edge of the
source coil which is present with a reduced guide field. As the plasma passes
through this step 1in Bz' the leading plasma will be accelerated away from the
trailing plasma, enhancing any initial island structure that may be present
after FRC formation.

A radial profile of Bz is shown in Fi3z. 4, ir which the averaging method of
Fig. 2 is used. Also shown in the figure is a profile theoretically predicted
from equilibrium constraints,3 for = 0.7 and B = 0.3. Good agreement is
found between the two profiles, with the experimental data i{i1dicating a slightly
wider reversed field region (corresponding to & more peaked pressure profile at
the field null). The expected low B; for large x; is observed in the data. Low

is important for obtaining improved plaswma confinement in FRCs. No sideways
o?fset of the FRC is indicated by the data. In Table I the internal reversed
flux &,, inferred from equilibrium constraints, 1is larger in the expanded
translated FRC compared to the source or matched translation FRC. The source °i
may be underestimated due to the lack of full equilibrium conditions. However,
the ¢, downstream is measured independenti by the internal probe measurewents
to be in the range of 275-350 kG cm in support of the large, glohal ¢,
estimate in the table.

*Work supported by the U.S. Department of Energy
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TABLE 1
Plasma Parameters
Soirce Matched guide-field Reduced guide-field
(t=10us) transiation (t=40us) translation (t=30us)
B, (k?g 5.5 4,8 1.8
n (10 1.1 9 o3
T (eV) 630 540 200
¢, (kG cmz) 175 140 225
T, (cm) 10 9.2 14
1' (cm) 150 180 250
Xy N 45 o7
E .92 .90 76
v, (cm/us) - 12 22
v, (cmfus) 25 23 1
NA(IOTé) 6.1 4.5 4.6
éZ)NT (kJ) 8.0 5.9 2.2
2/2 (kJ) - 1.1 3.1
E-_- « (k) R.0 7.n .1
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Figure 1. Matched guide field data:
a) T, @nd /ndl (double pass;
b) B, gt different coil radii; coil

axis (dotted), r = =4.3 cm (dot-dash),
r = 4.0 cm (short dash), r = 8.0 cm
(long dash), wall (solid), c) B

and By at same positions as in g).
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Figure 2. Average B, vs r for matched
guide-fieid case. Error bars are rms
deviations. Theoretical profiles are
shown fnr FRC offsets from the probing
diameter of 0, 2 and 4 cm. Inferred
probing radii w/r to FRC major axis
are dhown at top.
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Figure 3. Reduced guide-field data:
a) The and /ndl (double pass)

b) B, at di“ferent ccil radii; coil

axis‘(dotted) r = 4.0 cm (dot-dash),
r = 8.0 cm (short dash), r = 11.8 cm
(long dash), wall (solid), 3) B

and Bg at same positions as in bs.
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Figure 4. Average B, vs r for
reduced guide-~field case.

Error bars are rms deviation.
Theoretical profile is solid curve.



