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A Introduction

In this report we describe an electron beam time-of-flight measurement of
the thermal barrier potential in the Berkeley Multiple Mirror Experiment (MMX),
and we examine the feasibility of using the technique to measure the space and

time resolved plasma potential in large tandem mirror experiments.

The measurement is performed by propagating a series of electron beam
pulses along a magneti¢ field line from one end of a mirror device to the other
(see Fig. 1). The beam electrons slow down or speed up as they move into
regions of negative or positive plasma potential, respectively. By observing the
time-of-flight of the beam pulses between two nearby detecting stations, the

beam velocity, and thus the corresponding plasma potential, can be détermined.

For the actual measurements on the MMX that we report here (see Sec. B),
a negative thermal barrier potential is created in one mirror cell of the MMX by
short pulse, electron cyclotron resonance heating (ECRH). This barrier is subse-
quently destroyed on the timescale for passing ions to become trapped in the
heated cell The timescale is 30-50 usec for T; = Ty N 12 eV, T R 1 keV,
n & 5% 101em™S typical in the MMX. The btirne-of-ﬁ.ight measurement we have
developed has been used to make detailed measurements of barrier potential
for a single MMX discharge on timescales as short as 5 usec with a potential
resolution as small as +5 volts. The measurements are corroborated by a

number of additional diagnostics.

In the MMX, the time-of-flight is measured by means of a collector probe
physically inserted into the plasma so as to intercept the beam current. The
time-of-flight can be measured on larger (hotter) tandem mirror devices only if
the beam can be remotely sensed. We have examined three remote sensing
techniques which are illustrated in Fig. 1: (a) beam collisions with plasma neu-
trals, yielding optical line radiation (described in Sec. C); (b) beam collisions
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with plasma ions, yielding x-ray bremsstrahlung (described in Sec. D); and (c)

beam current-induced magnetic fields (described in Sec. E).

For all techniques, sources of noise exist, and signal averaging methods
must be used to increase the signal-to-noise ratio. For a given time resolution,
the extraction of the signal from the noise sets a limit on the use of the time-of-

flight measurement.

In Sec. C, we examine the noise sources and the required signal averaging
methods. We estimate the rms uncertainty on the measured potential due to
the noise, and give the scaling of this uncertainty with the plasma and beam
parameters. We give numerical estimates of plasma and beamn parameters to
illustrate the feasibility of each remote sensing technique. In Sec. F, we also
examine the effects of beam-plasma instabilities and consider their importance

to the measurement techniques.

Our results are as follows: (a) Optical line rr:.td.iation techniques appear
feasible in TMX-U, especially in the k;w density mode of operation. A major
uncertainty is the neutral D density within the hot core at the measurement sta-
tions. (b) X-ray bremsstrahlung techniques may only be feasible in TMX-U at the
very highest densities, but may be more attractive in MFTF-B. A major uncer-
tainty is the level of bremsstrahlung produced by ECRH hot electrons at the
measurement stations. (c) Beam current, magnetic field techniques appear
feasible for both low and high density tandem mirrors. However, major uncer-
tainties are the spectral power density for plasma-produced magnetic field noise
near the beam modulation frequency, and possible current neutralization of the

beam.

For all three techniques, the limitations due to beam-plasma instabilities
are probably not too serious. The critical issues that must be addressed in

future studies are (1) noise levels and (2) received signal strengths.



B. Potential Barrier Measurements in the MMX

A negative electrostatic potential barrier has been created in one mirror
cell of the MMX by means of ECRH. The potential during the formation and des-
truction of the barrier has been measured using the electron beam time-of-

flight diagnostic, with a resolution of + 5 volts on a 5 microsecond timescale.

The measurements are performed in the magnetic mirror system (MMX)
shown in Fig. 2. The magnetic field is pulsed, with a rise time of 200 ysec and a
decay time of 2 usec. Plasma injected from a Marshall gun source flows along a
225 cm, 0.18 T, axial magnetic fleld and through a mirror-quadrupole field at T'g
into three cells with midplanes at Mgg, Mgy, and M+g. Each cell has length
{ = 75 cm and midplane fleld Bg = 0.18 T. The last cell at #5g is terminated in
a mirror-quadruple field at T’ and T; having mirror ratio X = 2.8 and fan ellip-
ticity @ ~ 20.

The 10 cm diameter metal chamber wall of the central cell, together with
mesh-covered endplates at .Te and T- having openings shaped to fit the elliptical
flux surfaces, form a cavity for ECRH that does not obstruct the plasma flow. A3
Msec, 250 kW, 9.0 GHz, rf heating pulse is injected into the plasma-fllled cavity at
Mgz. This creates a magnetically confined, hot electron density 7y in the center
cell due to ECRH at the two resonance zones, each 8 cm from the mirror

throats.

The sudden appearance of the hot-electron population, and the correspond-
ing reduction of the cold-electron population, initiates formation of a negative
potential barrier near throats Tg and T, as follows: The potential V3 of mid-
plane Mg, with respect to midplane Mg is related to the cold (non-magnetically
confined) electron densities mgy; and 73 by the Boltzmann relation. If

Mgy < N7g, a negative potential barrier forms near T



Vo = =T In(nye/ ngy) (1)

where T, is the cold-electron temperature. A similar expression determines Vg.
These expressions are invalid in the limit ngy = O, where the ion flow dynamics
must be considered. For this case, the potentials can be estimated by equating
the total ion flux to the total electron flux entering the center cell. Using, for

example, a Bohm velocity for the ions, we have (for Vg, V7 < 0)

(nogtny)(Te/ emy)Y 2 = [ngg exp(Ve/ Te)

+ Tpg exp(Vo/ Tc)](aTc/_m)l/z (2)

where ™,; and ™ are the ion and electron masses and & is the natural base.
Assuming, for simplicity, that the Boltzmann relation is valid for the densities

and potentials between Mg and Mg,

nsg exp(Ve/ T;) = ngexp(Vo/ T,) 3)
we obtain
- mss .y _ 1 1, RMi.
Vo= I |1+ 78 - L= (4)

A similar expression holds for V. For hydrogen ions with .gg = n.7g, we find

Vo= VgN =337, . ' (5)

The potential barrier is destroyed on the timescale for ions to enter into
and become trapped in thé center cell. By quasi-neutrality, cold electrons
accompany the trapped ions, and therefore ngy increases on the ion trapping
timescale. The final state in this idealized model (ngg = np = Ty = const and
T, = const, initially) is ng; ="y, and Vg = V, = 0. The total electron density
(bot + cold) rises to twice its initial value after barrier destruction. Non-ideal

effects important in the experiment include: initial axial density variations,
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non-zero ion transit time, heating of cold electrons by hot electrons, and plasma

loss processes during barrier formation and decay.

The electron beam probe system, illustrated in Fig. 3, consists of an elec-
tron gun located at M;g and a beam collector at Mzg. The electron gun gen-
erates an electron beam having current [ ¥ 100 uA and voltage V3 = 150—-200
V that propagates along the magnetic axis to the collector. The gun consists of a
tungsten filament and grid located inside a 0.32 cm diameter, stainless steel
tube. A 0.32 cm diameter, mesh-covered hole in the side of the tube serves as
the gun anode. The beam collector is iﬁentical in construction, with the filament

replaced by a collector plate.

To determine beam time-of-flight, the beam current is modulated at
J = 10 MHz, and the phase delay of the signal received at the collector is meas-
ured. To provide high signal-to-noise ratio, a digital, phase-locked loop is used.
The beam meodulation is synchronized to a 100 MHz transient digitizer, and the
received current, after passing through a tuned amplifier (Vg = 4X10% 4y,
Jf =10 MHz, Af ™ 1.3 MHz), is digitized. The 32 k samples are processed sub-
sequently as follows: A sine wave is fitted to each group of twenty consecutive
samples, and its amplitude 4; and phase ¢; are determined by a least square
error criterion. Fifty consecutive values of sin ¢; (and cos cpj) so determined
are then averaged to obtain the mean phase ¢ and its standard deviation s over
the five or ten microsecond sampling interval. It is easily seen that the standard
deviation for a set of phases ¢; chosen randomly from the interval (0,27) is

71/ 3. Thus measured phases having s > 0.6 are not considered significant.

The phase ¢(z) due to an axial potential distribution V(z), with respect to

the beam cathode at z = 0, is given by

p(z) = wt(z) = w { j‘(!“;)— (8)



where

v(z) =

2eV(z) ]1/2

m

is the beam velocity. If we assume a simple square well model for the potential
(see Fig. 4), then the phase change Ag at £ = 2l due to the creation of a nega-

tive barrier of magnitude 9y, and length ¢ is

[ w2
e -]
For $pqr K ¥}, we find
1 ol Ppar ,
Ap 2 % —VS . ) (8)

Equation (8) has been verified experimentally by applying a -45 V, 100 usec
pulse to a 2.5 cm diameter ring electrode placed on axis at the midplane of the
center cell. The dependence of Ay on ¥, in (7) has also been verified over the
range from 100 to 200 voits. .Finaﬂy. the time response of the beam diagnostic
has been measured by applying a 20 V, peak-to-peak, 25 kHz square wave modu-
lation in series with the cathode voltage. These measurements yield a reéponse

time that is less than 5 u sec.

Figure 5a shows the raw data ¥, (¢) versus ¢ for a single plasma discharge
shot, with the ECRH applied at £ = 0. Although ten samples of Vg per modula-
tion period 1/f are digitized, only every other sample is plotted in the figure. If
the output were a constant amplitude sinusoid at the frequency £, then five hor-
izontal lines of "dots” should appear. The successive dots on each line are
separated by exactly one modulation period. This behavior can be seen in the
time interval before ECRH. Variations in signal amplitude and phase cause the
lines to vary with time; noise produces a scattering in the dots for each line.
This behavior can be seen in the figure, especially after ECRH. Figure 5b shows

8-



the behavior of the phase delay Ay versus time after the data reduction to
increase the signal-to-noise ratio. The phase is constant before ECRH, and
abruptly increases by about 1.2 radians after heating. Using (7), this increase
cori'esponds to a barrier @4 N 65 V. The standard deviations s of the reduced
data are small except during the first 10-20 usec after ECRH, when the noise
from the pulsed magnetron power supply and/or the sudden plasma heating
dominates. After the initial phase delay, the phase change returns toward its

initial value on a 50 usec time scale.

In addition to the electron beam diagnostic, the following diagnostics are
also used: A swept frequency 35 GHz microwave interferometer in the central
cell midplane Mgy measures the total electron density ngy at 8 usec intervals. A
silicon, lithium-drifted, x-ray detector at Mg; measures the hot-electron tem-
perature T} and the hot-electron decay rate. A diamagnetic looplat Mgy deter-
mines the hot-electron ny, T, product. A nude, fast ionization gauge is used to
determine the increase in gas pressure due to the firing of the plasma source
and the emission of neutrals from the chamber walls. Sets of Langmuir probes
 at Mgg and Mg are used to dete@ne the electron densities nzg and n4g and
Boating potentials in these cells. Voltage-swept Langmuir probes are used to
determine the electron temperatures I'sg and T7g. Emitting probes are used to
measure the plasma potentials V55 and V5. Probes cannot be used in the cen-
tral cell Mg; during ECRH, due to arcing at the probe tips, and destruction of
the hot electron distribution.

Figure 8 shows the set of data for the single plasma discharge shot of Fig. 5,
bhaving strong ECRH. In Fig. 6a, the x-ray pulses observed after ECRH are
intense and persist over the entire 200 usec interval. In Fig. 6b, the ion satura-
tion current of a Langmuir probe in Mg, adjacent to the ECRH cell Mgy, shows

an initial increase in density (and possibly temperature), followed by a decay



over 20 usec back to its initial value. A similar behavior is seen in Fig. 6¢ for the
density in Mgy, as measured with the swept interferometer. Finally, Fig. 8d
shows the phase delay measured by the electron beam diagnostic. The max-
imum phase change Ay N —1.2 radians corresponds to a negative barrier, from

(7), of Dygr =~ 65 volts.

To understand the time dependent behavior of the measured density and
phase change in the ECRH cell, a one-dimensional, three cell model of the ion
and electron flows into and out of the cell has been developed. The model incor-

porates the following assumptions and effects:

(a) The cold electron and the ion temperature is 7, = const.
(b) A square well potential barrier is used.

(e) Charge neutrality is valid for all times.

(d) Finite ion transit times are included.

(e) Partial ion trapping due to collisional scattering is included.

(£) Production of cold plasma by hot-electron ionization of neutrals is

described.

For T < 0 (before ECRH), the potentials across the two cells are deter-
mined from the cold electron densities through the Boltzmann rélations. These
densities are known from Langmuir probe and microwave interferometer meas-
urements. For £ > 0 (after ECRH). the equations for the tv.ro potentials are
found by requiring that net charge must not flow across either of the two cell

interfaces (see Fig. 7):

Tg1—Ti1 = Taa—Tiz—(1-X") I3 . (e)

Tes3—Ti3 = Tea—Tia—(1-X) I3} . (10)

Here the ["s are the particle fluxes, X; is the ion trapping fraction, and "*"
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denotes evaluation at a time that is delayed by an ion transit time 7;; e.g.,

" , t < Ti
Bialt) = rg(t—my), t>

etc. We also require the rate equation for ion (and, by quasi-neutrality, cold

electron) trapping in the heated cell:

d;':z = 1—[1"1'1 + Tis — 2l — (1=X)(T1+T5) ] + Spn (11)

where

Shn = Vnnmn(t)
is the cold plasma production rate due to hot electron ionization of neutrals.

Equations (9)-(11) have been solved numerically using a finite difference
method for given values of 7;;(Z) and 7;3(¢), known from Langmuir probe meas-
urements, the given initial value ’n.gg(O) = N, known from the interferometer
measurement, the temperature T, known from swept probe measurements, the
neutral pressure, known from fast ion gauge measurements, the potential V3 of
cell 3 with respect to the chamber wall, known from emissive probe measure-
ments, and a choice of initial cold electron density 7. 2(0). A numerical solution
for the data of Fig. 6 with 72,5(0) = 0.01 7;2(0) is shown in Fig. 8. The barrier
potential in Fig. 8a has a maximum amplitude of 3.5 T, and decays on a times-
cale of about 40 usec. The cold electron density in Fig. 8b rises abruptly to
~nq/ 2. The total electron density (hot + cold) in Fig. 8¢ and the phase shift in
Fig. 8d are roughly similar to the actual density and phase shift seen in Fig. 6¢
and Fig. 8d, respectively. The essential features of the experimental observa-
tions. seem to be modeled quite well in the theory. However, the timescale for
the theoretical phase shift is somewhat shorter than that seen experimentally.
Further studies will be necessary to bring the theory and experiment into closer



agreement.

C. Remote Detection Using Neutral Atom Targets
1. Measurement technique

In this section we present quantitatively the measurement technique and
obtain expressions for the mean electrostatic potential ¥V and its root mean
square deviation AV,,,¢. We first consider the process of electron beam excita-

tion of optical line radiation from neutral gas atoms. We let

N, = neutral atom density (cm's)

Ny = electron beam density (cm'a)

N, = plasma electron density (cm'a)

{ov ) = beam-atom excitation rate (cm>/sec)

{ov Y, = plasma electron-atom excitation rate (cm®/sec)
A, = beam-neutral interaction volume (cma)

A, = plasma electron-neutral interaction volume (cm3)

Roughly, we estimate (see Fig. 9) that

Ab = ﬂ'szl R
and

Ag =4Tb1"l ,

where 7, and 7, are respectively the beam and plasma radii, and ! is the
interaction length. Then the photon generation rates for the beam and for the

plasma electrons are, respectively,

Ry =ngn,{ov )4, ., (photons/sec) (12)

R, =ngn,{ov )4, , (photons/sec)



Now we let

J = beam density modulation frequency (Hz),
{1 = solid angle seen by the optics (steradians),
J = number of sample intervals per modulation period,

M = number of modulation cycles.

The observation time interval; i.e., the time resolution of the measurement, is
T=M/f .

We have divided each modulation pericd T = 1/ f into J equal subintervals

At = v/ J. There are thus three time scales: Af, Tand T.

During a period T, we observe within each subinterval A
{l

Ny =R, Z—_’}—At (photons) (14)
N, =nR, 4—‘3r—At (photons) - (15)

wheré 7 < 1 is the detector efficiency. We consider N, as the "signal” and N, as

the “noise.” We expect N, to oscillate at frequency f, while N, will be steady
(de), with fluctuations due to photon counting statistics. The fluctuations in Ng
must be considered because N, is very small compared to N, (Note that
ny K 7ng and 4 < 4;). We must use averaging techniques to increase the
signal-to-noise ratio of the measurement. Since N,; has a large dc component,
we use a baseline subtraction technique, in which samples of the detector out-
put taken without the beam (at some submultiple frequency synchronized to the
beam modulation frequency) are alternately subtracted from the samples of the

detector output taken with the beam (see Fig. 10). In this manner, the photon

baseline for the noise is subtracted, leaving only its fluctuation level. This is a



standard technique performed using boxcar integrators (analog) or transient ’
digitizers (digital).
Taking # samples for each subinterval j (one sample during each modula- .

tion period as shown in Fig. 10), we obtain the rms fluctuation level (noise)
Frms = (MN,)¥2 (photons) : (18)

The signal is present for half the samples, yielding
S; = -é—M Ny(4;) (photons) , (17)

where ¢; (modulo T) is the subinterval time. Since N < N, the fluctuations in

.S'j are not important. The signal-to-noise ratio is defined as

_1 M
S;j/ F = ?3’:17-2— HVY? (18)

and increases as the square root of the number of samples taken. The output

signal from the detector, after averaging, is the set of J values
P; = S;+F; (photons) , (19)
where I"'J is the number of noise photons in the jth subinterval

We now determine the phase g from the values of P;, and estimate the rms
phase uncertainty (A¢),mg- For simplicity we assume that the signal, uncor-

rupted by noise, has the form

S(t) = Sy sin(wt+gg) . (20)
where @ = 27f, and Sg and gq are the amplitude and phase to be determined.
(It is easy to add a constant term to S if required).

To determine the “best fit" values of Sg and gq, we minimize the mean

squared error



- ,-Z::I (S(t;)~P; R At . : 1)

Setting e/ dpg = 0 and de / 35y = 0, we obtain the two equations

? P; cos(wi;+g) =0 (22)

%‘? .PJ- sin(wt_.,- +E) . . (23)

Equation (22) determines the "best fit" phase %, and (23) yields the "best
fit” amplitude 5. '

The uncertainty in # can be found by inserting (20) into (22):

Y So sin(wt; +¢g) cos(wt; +7) + 3, F; cos(wt; +§) =0 (24)

J j
We assume that @ is close to g and that the F;'s are small. We thus put @ = gq
in the second term in (24), and put

P=¢gotAp ; ApK2m
in the first term. We then obtain the relation

L g = 3, Fy cos(wt; +¢o) |
03 -j j cos(wij+po) . (25)

Recall that the 7; are Gaussian-distributed random variables, having FJ = 0 and
Ff = P,

Averaging over this distribution, we obtain A¢ = 0 and

TR _2 F&,

(B¢)° = (Aprms)* = =22 (28)
Using (12)-(17), we obtain

(M)t = BT STV % @7)

Ny Nyme= <w>b &
where



Np =1 g niymaz (ovdy 8 T (28)

is the total number of beam photons that would be detected during a time inter-
val T if the beam density was Nymqr during the entire interval. As expected, we
note that Ap,.,s depends only on the averaging time T, and not on T or Af.

We now relate the mean potential V and its rms deviation AVns to the
mean phase @ and its rms deviation A@q,g. The phase is given in terms of the
potential by the equation

o(z) = ot (z) = (Y2 [ ax [V@)]V2 (29)

where V(z) is the potential with respect to the electron beam cathode. Solving

for V, we obtain

Viz) = B [g(z)] 2, (30)

where ¢' =do/dz.

We use the values of ¢ obtained at two axial locations (see Fig. 1) to determine
¢ |

- P29
= =, 31
P T (31)
where L is the axial separation. We note that ¢’ hé.s the mean

—, _ P2—P1
7 T (32)

and the rms deviation

. VA
Mprma = ——27P . (33)

Thus V has the mean



ma’

" 2e (@) .

and the rms deviation

ma?
c@rF "

Inserting (33) and (34) into (35), we obtain

AVpps = (35)

AV, = 4_(3_)1/2 e AGP}J-ms
_ Vs’

(38)

where 4, =2.7x10°m/V 1/2 see.
We want to minimize AV, since we cannot distinguish two measurements
of V that differ by AV me or less. We therefore examine the scaling of AVms

with the system parameters. Before doing this, we eliminate the beam density

as a parameter in favor of the beam perveance K by writing

Iy = enyupr=KV3/? ' (37)
which yields
=1l myye KV;,
my = —(55) - (38)

Inserting (38) into (27) and (28), we obtain

(Agmy)? = < 32 n, {oV) TpT,

__._ ng {ovdy V& (39)
M 4 2g3 Kz(o-u)blT

Inserting (39) into (38) and setting V & ¥, we obtain the final result

(AVng)? = 1024e* 1 mg Kov), Tore W
T™ms -

mm2  fRK%nQ ng {ovX L2 {ov),T (40)



For design of the electron beam probe diagnostic system, we should there-

fore choose
. KKn,Q, L, L,and T

as large as possible, aqd choose
Vo and 7y

as small as possible (we assume here that {ov)is roughly independent of v ).

2. Numerical estimates

‘The modulation frequency f will be limited by the transition time for the
line radiation of the gas atoms observed, and by the wavelength v,/ f of the
beamn bunches. For the Balmer lines of hydrogen, the transition rate is N 64
MHz; for Lyman a, the rate and cross sections are higher: ¥ 164 MHz. However,

the optics in the vacuum uv are more difficult. We thus choose
J ™ 40MHz.

For the vy we will choose, this yields a reasonable bearmn wavelength.

We consider the use of a magnetron injection gun. Such a gun with

K =~ 6x1078 has been operated in TMX-U. We choose a reasonable value
Km10™% 4/ V%2
We choose a detection efficiency

n<03.



A 8" diameter lens placed 30" from the plasma is presently used for the
Thompson scattering diagnostic in TMX-U. We assume that the same solid angle

can be chosen for the electron beam probe;
1 =.031 steradians .

We choose an interaction length and an axial separation between measure-

ment stations
l=L=30cm
We choose an averaging time
T = 1072 gec.

These later choices specify the space and time resolution of the measurement.

The beam voltage must be of the order of the typical potentials in the

experiment. A reasonable lower limit might be
V, & 2kV.

The beam diameter is limited by the observing optics, magnetic field line

wandering etc. A reasonable lower limit is
™ = lcm
VWith these parameters, the beam velocity is
v, = 2.7x10% cm/sec.,

the beam current is



Ib = 0.89 A,

the beam density is

ny = 6.6x108 em™>,

and the beam interaction volume is
Ay M S4 em®.

We estimate the plasma parameters as follows: A 20 cm parabolic radius

leads to an average plasma radius
Te ¥ 13 cm,

and an interaction volume
A, = 1560 em®.

The plasma electrop densif.y is taken to be
ng N 5x101em™3 .

The plasma electron and beam excitation cross sections are estimated as fol-

lows: The Lyman « cross section for 250 eV plasma electrons is

0.34 X 10'186cm®. We estimate the cross section for production of radiation

above 2200 Ato be roughly half this value:
o, ™ 0.17%10718 cm?.

For a 2 kV beamn, we_estimate
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o, N .04x10718 em®,

The plasma-electron excitation rate is then
{ou ), ~1.1x1078 cm3/sec.

and the beam excitation rate is
{ov N N 1.1x1078 cm®/sec.

The neutral pressure is a difficult parameter to estimate. We adapt the
estimate

Pg B 5%x10~7 torr ,

such that the neutral density is

ng ~ 1.7x101% cm3,

We note in passing that the neutral atom density in a fast neutral beam is of
order 101% cm™3, Therefore, if the neutral pressure is much below 2X1077 torr,

then a neutral beam may be injected into the interaction volume’ to achieve a

density of order 1010 em™3,

For the above parameters, we have the following estimates using (12) and
(13):

R, ~ 1.2x10!3 (photons/sec)
R, ~ 1.5x10'7 (photons/sec)

M = 4x10° (number of cycles averaged)
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For J = 10 subintervals, we find using (14) and (15) that
Nymaz # 22 (photons)
N, ~2.8x105 (photons) .

Using (18), and (17), we obtain -
Frms M 3.3x10° (noise photons/subinterval)
Sjmaz ™ 4.4%10° (signal photons/subinterval) .

Using (28), we obtain

Nr =8.6x107 (photons) ,
and, using (27), we obtain
Appms = .034 radians
Finally, using (40) we obtain the rms potential deviation

AVps MB7T V.

If we are willing to accept a potential uncertainty a factor of V10 larger

(~210 V), then we can, for example, reduce the solid angle or the neutral density

by a factor of 10 or increase the plasma electron density by a factor of 10. We

conclude that the measurement is feasible on TMX-U, at least for certain operat-

ing regimes. More careful theoretical and numerical studies should be done to

refine these estimates. Experimental work should be initiated to explore the

physics issues and to determine the limitations of the method.

D. Remote Detection Using Plasma Ion Targets

=2-



1. Measurement technique

We detect x-rays at 2-10 keV. This method has also been suggested by Klin-

kowstein. 1 There is no limit on transition rate as for an optical line, so we choose

S =vy/Aor
fi==— (41)

‘and let { = L = A/ 2. The target density n, in (40) is replaced by Z*n;, where

7; is the ion density and Z is the effective charge.

The rate constant { oV ) for x-ray bremsstrahlung photons is estimated as

follows: the total power radiated per beam electron is?

_ _e*(Ze)*n,
® 7 24 medcimh

vy (watts) ,

where h is Planck’s constant.

The energy spectrum of the power is roughly flat up to the energy Z; of the

incident electron and falls precipitously thereafter. Assuming the detection of

x-rays.in the range 'y, to By, the number of photons emitted/sec-electron is
By

1 P _Pz Ey
SLE E,,dE"E,,mEm

The rate constant is then

e?(Ze )t c Ey
oV )y = In
< >b 12we§mPcth vy Emim
Ey

= 1.44x10"2z2 £ (m3/ sec) .
Uy E min
Using ¥, = é—m'vbz/ e, we obtain

{ovdy = C Z°V3 V2 In(V/ Vimin) (42)



where

G = 7.3x10720 (m3-VV?/sec) .

There are three significant noise sources in the detection of beam-produced
x-ray photons. Two possible background noise sources are plasma, hot-

electron-produced x-ray photons, and plasma, cold-electron-produced photons.

As will be shown, these background noise sources can be made small in cer-
tain regions of a tandem mirror by proper choice of beam energy. However, the
basic reaction rate (42) is very small, such that statistical fluctuations in the
signal (beam-produced) photons may be dominant. We can estimate the contri-
bution of signal photon fluctuations to the rms phase uncertainty as follows: For

the signal photons S(¢) given by (20), we have an rms fluctuation
Frms R (So/ 2)1/2 (photons) . (43)
The rms uncertainty in the phase @ due to this source is, using (28),

(Afyms )2 = -317-= -1-,};- : (44)

where Ny is the total number of beam produced photons that would be detected
during the time interval T if the beam density was Tiymqe (S (£) = Sg)during the
entire interval. ' '

Referrring to (27), we see that (44) corresponds to an additional noise pho-

ton rate
é—mm oudy by (mP/sec) (45)

in the numerator of (27).

We consider now the two external noise sources: plasma hot electrons hav-

ing 7, > V;, and plasma cold electrons having T, > V;.
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For Maxwellian hot electrons, we have

Ty _ muf
Tn = g exp[ 2k Thl ‘

We estimate the production of x-rays having energies below ¥, as arising from a
sphere in velocity space of radius v, . This yields

I’b /2 .
in (00 Yy i (0 Yy [7.;- . (48)

For cold plasma electrons at temperature T, << V;, the production of x-rays
having energies near or somewhat below ¥}, arises from the Maxwellian tail hav-

ing v > vy. This yields
% -
URCIDW L WE PN T:_e W, (47)

Using (41) and (42) in (40), and replacing the noise rate Tg{ oV )¢ 4¢ in (40) by
the sum of {45), (48), and (47) we obtain the scaling law

ms/) ~

™l KZQOAT
Vo 3/2 Vo Y/ T, Ty (48)
nh( Th ) - +7"3( Tu )e "'nbmu: 327.3
Z%*n;In(Vy/ Vinin)
2. Numerical estimates

We first choose all parameters as before (A/2 =1 = 30 cm; f = 45 MHz),

except that we take
1~ 1073,

since x-rays cannot be focused. For an optimistic case, we ignore the plasma

electron noise (n; N 7z ™ 0 in the noise term) and choose

Z 1
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n; ™ 5x10!! cm™3

Vo/ Viin ® 2.72
Then

{ov ¥ ~ 1.6x10718 cm¥/ sec.
R, ~ 4.9x107 photons/sec.

M ~45x10° .

Again for J = 10 subintervals, using (14), .we obtain
Nomaz ® 2.6%x1078 photons .

Using (17) and (43), we obtain

S0 = Sjmaz ™ .59 (signal photons/subinterval)

Fops ™ .54 (noise photons/subinterval)
Using (28) with m; replaced by n;, we obtain
Np ~11.7 photons ,
and using (44), we obtain
A¢rms N .29 radians .
Finally, using (38), we obtain the rms potential deviation
AVope RS20V .

This uncertainty is too large, and thus the measurement is not feasible for this

will decrease the uncertainty to



AVips ™ 164V .

However, the measurement technique looks marginal except at the highest ion
densities. It may be more attractive in MFTF-B, since both 7; and AV, may be

considerably larger than in TMX-U.

E. Remote Detection Using Beam Magnetic Fields
1. Basic feasibility

We consider the use of a magnetic fleld detection coil located near the
chamber wall to detect the modulated electron beam current. The basic con-

cept of the measurement is shown in Fig. 11, and follows from ampere’s law
X8 = uol . (49)
For simplicity, we assume a travelling beam modulated at frequency w with con-

stant velocity v, and initial phase ¢:

AL = % Jgsinfw(t =) + ¢]
Vb

Substituting this expression into (49), in the ¥ direction, we obtain

1 80By) _

J .
s Op Ho

a
If we multiply by f 2mpd p and integrate both sides, we have
1]

Ba= 52 sinfu(t-Z) + 9] . | (50)

For the Rogowski coil, the voltage signal produced by dBy/ di is

Holo
_ma

ad;

v(() =N =

= .NAL

@ cos [e(t = =) + ¢] (51)
Vy A

where N is the number of turns, 4;, is the cross sectional area of a single turn,

and a is the radius of the coil. If we choose:

_7-



N=10,
Io =104 ,
w = 2mx2x%107 rad./ sec. ,

and

a=030 m ,

then
olo

Vo= N4, _na

w = 7.4 volts.

This a very large signal and demonstrates the basic feasibility of the technique.

Rather than using a Rogowski coil around the entire plasma, we can insert a
smaller, Ay-detecting coil (not a Rogowski coil) near the chamber wall (see Fig.
11). The above analysis holds for this coil configuration also.

2. Plasma neutralization

A critical issue that must be examined is shielding of the electron beam
current-induced magnetic fleld. In an isotropic plasma, the dispersion equation
N .

2

2
ekl = S-S a
c W [+

’

where k; and k| are the parallel and perpendicular wavenumbers excited by
the beam current, and kp'l =c/wy is the collisionless skin depth. For
Ny N 102 em™3, k;! N 0.5 cm. For k; < ky, we find k) N ik,, such that the
- magnetic fleld decays radially from the beam with a characteristic decay dis-
tance k;l that is very short. Fortunately, the presence of a strong magnetic
field (and, possibly, finite resistivity) modifies this result. For & < @, Alfven
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waves can propagate, and these carry the beam current-induced magnetic field
to the outer radius of the plasma, where the field can be detected using a loop
antenna. The strength of the magnetic field at the antenna must be determined
by solving the appropriate boundary value problem. This theoretical study
bears crucially on the feasibility of magnetic detection of the electron beam
phase, since it determines the observed signal strength for a given beam
current level. In addition, experimental studies of beamn current-induced mag-

netic flelds should be performed to verify the theorstical models.

3. Spatial resolution and time response
For a modulated electron beam propagating in a vacuumn, the axial spatial

resolution L for detection of the beam phase is limited by the quasistatic
(Laplace equation) solution to

L~ga

where @ is the radial location of the loop antenna: @ 2 7y, the plasma radius.
This is an acceptable axial spatial resolution in tandem mirrors. However, the

effect of the plasma dispersion in modifying this result must be studied.

The response time of a coil is limited by the coil inductance L, and the
capacitance C and resistance R seen at the coil terminals. First considering

resistive effects, we have the circuit shown in Fig. 12a, with time constant

r=L/R . (52)

The self-inductance of an N-turn cylindrical coil of radius 7 and length ¢ is3

ré

L=K#ON2 L 4

where X is given in the table below.
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ro/lL |0 2 B8 1.0 20 4.0 10.0
K 1 .85 .85 .53 .37 .24 .12

There are two possible operating regimes for 7: (a) T <K 1/ f =27/ w and
(b) 7> 1/ f. In the short time constant regime (a), the coil is capable of pass-
ing the modulation signal, and the voltage output scales as
db diy

~ ——n~ Wiy (E) .

v(t) ~ dtﬂ dat

This regime may be preferable because of relative immunity to low frequency,
magnetic field induced noise. For this regime we require L small and R large.
Using the parameters specified in Sec. El again, one can calculate the induc-

tance assuming that £/ ~ 2:
L~5SuH .

In order to obtain a small T, we choose & = 500 (], so that
T=L/R = .01 usec. K 1/ f = .05 usec.

The total capacitance C (internal and external) seen by the coil also limits the

frequency response of the coil. We require (see Fig. 12b)
1/(wC)> R ,
which leads to

C K80pF .

This is a reasonable design requirement to meet.

In the second regime (b) of operation, the signal is integrated, so that the
voltage output scales as
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v(t) ~ig(t) .

The signal amplitude is a factor of wT below that of regime (a) which may be
acceptable since the magnetic noise is also reduced. To determine T we can
choose appropriate values of L and R such that wT >> 1, or we can use an
external integrator (Fig. 12c¢). For the same example as in (a), if we choose

R = 10 Q, we obtain
T=L/RS0S5usecK1/f .

This regime is advantageous since the general impedance level is low, thus relax-
ing the requirements on keeping C low, and gaining immunity against electros-
tatic pickup at the coil. However, the coil can be well-shielded electrostatically,
and thus the impedance level need not be held very low. Further studies must
be done to optimize the coil inductance, capacitance and resistance to maxim-

ize the signal-to-noise ratio.

Electrostatic shielding is accomplished by surrounding the coil with a

grounded metal shell. The magnetic field penetration time through the shell is

. MdTs bo
2

Ts
where T¢ is the shell radius, ¢ is the shell thickness (assumed smaller than a
skin depth) and ¢ is the shell conductivity. For stainless steel with ¢ ¥ 0.5 mm,
Tg =1 cm, 75 ™ 680 usec > 1/ f. Therefore a slot is necessary in the shell to

allow for magnetic field penetration into the loop at the modulation frequency
J.
4. Noise sources and bandwidth reduction techniques

The primary source of noise for this technique will be plasma-induced mag-
netic field fluctuations. The level of these fluctuations is difficult to estimate

theoretically, and therefore noise levels must be determined experimentally.
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First, a survey of measurements in existing tandem mirrors must be performed.
Based on this survey, it may be necessary to perform certain experiments to
determine the magnetic field, spectral noise levels in the frequency range of
interest. Such a study, along with the study of antehna signal strength in Sec.
E3, must be used to optimize the beam modulation frequency.

To increase the signal-to-noise ratio, bandwidth limiting or phase-sensitive
detection techniques will probably be required, as described in Secs. C and D.
Analog techniques include the use of notch fllters, tunned amplifiers, or lock-in
amplifiers. The latter (phase-sensitive detection) technique is available in the
required frequency range and yields the greatest immunity from noise and filter
phase characteristics. Phase-sensitive detection can also be done digitally by
post-processing the output voltage collected using transient digitizers, as

described in Sec. B.

F. Electron Beam-Plasma Instabilities

For all remote detection techniques., beam-plasma instabilities may lead to
dispersion in beam parallel velocity and a reduction in measured signal
strength. In addition, beamn phase shift may no longer be related simply to vari-
ations in plasma potential; i.e., the electron beam may slow down due to beam-

plasma interactions.

The problem of a fllamentary electron beam propagating along.the axis of a

plasma-filled waveguide is illustrated in Fig. 13. This problem has been con-

4,5

sidered previously, and one can apply the results directly. If @ and wpy are

far from wp; or Wi, there is no synchronous interaction, and one can, under the

assumption b « e of a filamentary beam, write*

py2o 1 Weeb%R [ 1 )
(ﬁ ﬁO) 2 ?)b4K_L lnllnglj
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where 8¢ = w/ vy, and
8K + qfK;=0 .

Here 8 is the longitudinal wavenumber, g, is the transverse wavenumber, and

Ky=1- —szb
' w?
2 2
w?; @
Kj=1-—L - 5
L P-wf  oP-od

are the parallel and perpendicular dielectric tensor components.

Welet b = 0.5 cm, ng = 10 em™, ¥ =5kV, Bo=0.5T, J, = 10 A, and
w=2m20 MHz = 1.3x10® rad/sec. For these parameters, BoR3m™L,
K| ™ —144 and Kj 8 —2x10°, such that we obtain |

(B=Bp)% ~ —.013 ,

yielding Im 8 ™ 0.11 m~!, or a growth length of 9 m. Thus the system is weakly
unstable. At the modulation frequency w, non-synchronous growth from an ini-
tial large amplitude may play an important role in beam velecity diffusion.

Since wpgp is not too far from Wpi it may be important to estimate the max-

imum growth rate, which occurs at synchronous interaction. Assuming @ 2 wg;,

we obtain
,—3 W ng ]1/ 3
Im R R,
( ﬁ)nmx 2 v |2 2‘ J m
where

2 p2
R3 = 1;——2X01N § (xo1)
a

and xg; = 2.405 is the first zero of the Bessel function Jg, and Ng is the Bessel
function of the second kind. Using the same parameters as for non-synchronous

interaction, we estimate



(Im B)mag ™ 0.4 m™1

or a growth length of 2.5 m. This is a significant spatial growth rate. Synchro-

nous growth from noise may also be important in beam velocity diffusion.

Assuming that the beam-plasma interaction is fully developed, we expect
that the original beamn distribution function

Fo(w) = 6(v—vy)
diffuses strongly in velocity space to form a quasilinear plateau:

Jo(v)=1/vy ,v <1y

=0 VYU DY
The phase modulation for this diffused beam has been considered.1 with the
result that the beam density modulation persists, and reaches a quasiequili-
brium value for distances x >> 85 ! downstream of the applied beam modula-
tion. Thus a strongly diffused, quasilinear beam can successfully be used for
beam time-of-flight measurements. We also note that electron beam, time of
flight measurmeents have been succeséﬁﬂly made on the MMX device. However,
further studies of this problem must be performed to understand the transition
from a monoenergetic to a quasilinear beam distribution and to estimate the

timescale for quasilinear beam formulation.
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Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. S.

Fig. 8.

FIGURE CAPTIONS

Remote sensing for electron beam, time-of-flight measurements to
determine the electrostatic potential V(z) in large tandem mirror

experiments.

Electron beam time-of-flight measurement of thermal barrier potential
on the Multiple Mirror Experiment (MMX).

Electron beam diagnostic setup on the MMX.

Square well model for thermal barrier formation and destruction.

A typical time-of-flight measurement for one experimental discharge
shot; {a) raw data Vg () vs ¢, digitized at 100 MHz sampling rate, with
every other sample shown; (b) reduced data; showing beam phase delay
A¢(t) vs £, with averaging over 100 rf cycles, yielding 10 usec time
resolution. The rms deviation is shown as the vertical line. The circles

are points whose rms deviations exceed 0.8 radians.

Experimental data for the discharge shot of Fig. 5; (a) Si([i) detector
signal showing x-ray pulse heights (keV) vs time #; (b) Langmuir probe
ion saturation current I vs ¢ in midplane Mg (c) interferometer
measurement of density Mgy in the ECRH cell vs £; (d) electron beam
phase delay Ag vs ¢,

Three-cell, one-dimensional dynamic model of potential barrier forma-
tion and destruction in the MMX. I’y and ['; are electron and ion fluxes
respectively; X; is the ion trapping fraction, and "*" denotes evaluation
delayed by an ion transit time.

Solution of the dynamic model of Fig. 7 for the data of Fig. 8; (a) nor-
malized barrier potential ®/ T, vs ¢; (b) normalized cold electron den-

sity T;2/ g vs ¢ in the ECRH cell; (c) normalized ion density 72/ Tig Vs
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t in the ECRH cell; (d) phase delay Ap vs £.
Fig. 9. Definitions of beam and plasma interaction volumes.

Fig. 10. Signal averaging procedure that incorporates a baseline subtraction
technigue.

Fig. 11. Detection of electron beam current using a Rogowski coil or a Hyg-

detecting loop.
Fig. 12, Equivalent circuit models for a coil.

Fig. 13. Beam-plasma interaction geometry for a filamentary beam in a plasma

filled waveguide; b < a.
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