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Potential applications of nuclear magnetic resonafi¢®lR) diagnostic techniques to tokamak
experiments are evaluated. NMR frequencies for hydrogen isotopes and tawtei in such
experiments are in the frequency rang@0—200 MHz, so existing rf antennas could be used to
rotate the spin polarization and to make the NMR measurements. Our tentative conclusion is that
such measurements are possible if highly spin polarized#ergas sourcevhich exis) are used

to fuel these plasmas. In addition, NMR measurements of the surface layers of the fikstithallt
plasma may also be possible, e.g., to evaluate the inventory of tritium inside the vess&00®
American Institute of Physics[DOI: 10.1063/1.1530388

I. INTRODUCTION II. NMR IN PLASMAS
The use of nuclear magnetic resonan@MVR) for A. Background
physical, chemical and biological studies is very well devel- ~ As illustrated in Table I, many lov& nuclei have non-
oped and highly successfti® Modern NMR spectrometers Z€ro nuclear spin and so can potentially be used for NMR
measure the resonances between an applied oscillating easurements in tokamaks. For example, the NMR fre-
magnetic field and the nuclear spin states of a sample in @Uéncy of a proton in a magnetic field &=2.35T is

strong dc magnetic field. The NMR frequency and spin re- nwur=2uB/h~100MHz, wherey is the nuclear magnetic
laxation times vary with the local electronic and molecularMoment of the proton. Normally only a very small fraction

environment, so NMR is used for quantitative chemical” spin #B/KT of the nuclei contribute to the NMR interac-

analysis of solids, liquids, and gases. Modern NMR device%!(oilo',%t?f;mgl ?1”5;';?%[“&; :t%.r;isfofrie? dpé?ts)';:qv'?;:;;a_
can measure the structure pfm-sized biological cells and ture ' oosen
even a single quantum dot on a 10 nm scale. X

As f K th h b it st In a conventional pulsed NMR measurement, the sample
S 1aras we know nere have been no atiempts 1o Usfy placed in a highly uniform magnetic field of typically

magnetic resonance to measure the properties of plasmaé.lo-r and an rf driver coil outside the sample applies a
However, there was a significant effort starting in 1982 topulse of oscillating magnetic fielB, transverse td. This
evaluate the properties of spin polarized nuclei in tokamalg ise rotates the nuclear spins from their equilibrium di-
plasmas with the goal of increasing the fusion reactionyection alongB to a transient state with their net spins
rate*~° Those articles calculated many of the relevant inter-aligned transverse tB. After the driving rf field is turned
actions between nuclear spins and the fusion plasmas whid, these spins then begin to precess ad®ut fyyr and
are of interest for plasma diagnostic applications. There wagroduce a transverse magnetic fieBl =uoM,, where
also an attempt to explain ion cyclotron emission in terms ofv, =ny is the transverse magnetizationis the net density
spin-flip transitions. of nuclear spins, anduy=47x10"’. The relaxation of
The present article examines some possible applicationgiese spins back to equilibrium, called the “free induction
of NMR techniques to tokamak experiments. In generaldecay” (FID), can be measured with a rf antenna. The maxi-
NMR measurements on magnetized plasmas are difficult dueum output signal is the rf voltage induced in the pickup
to their low density and to the complexity of rf wave propa- coil
gation in plasmas. However, our tentative conclusion is that
such measurements are possible if highly spin polarized hy-
drogen or’He gas sogr_ceswmch exisy are used to fuel whereN is the number of turns in the pickup coil of area
these plasmas. In qddmon, NMR measurements of the su'ra—\(mz), oy is the NMR frequency(rad/s, andB, is the
face layers of the first wallwithout plasma are also pos-

V(volts)=NAwnyrB, = (3B?)(n/KT), (1)

transverse magnetic fiel@T). For example, for 1 crhof

sible, e.g., to evaluate the inventory of tritium inside theliquid water at room temperature WitB=1T, F~4
' spin
vessel. x10°%, B, ~3.4x10 19T, and for coil withN=10 turns at
A=10“*m? per turn, the NMR signal voltage i&/
dElectronic mail: szweben@pppl.gov ~10 3 V.8 The relative signal level or “sensitivity” depends
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TABLE I. Nuclear magnetic resonance parameters. NMR resonance would occur over a Widtl‘trAB
~(AB/B) wnyr~1 MHz, resulting in a~1 us decay time

for the FID. This broad spectrum decreases the signal/noise
Hydrogen 172 100 2.8 1.00 with respect to conventional NMR spectroscopy, which is

Particle Spin favr(MHZ)2 fawr /fei Sensitivity’

?ﬁt‘fj‘frz'um 1/21 10155’5 9%86 19'2009 QOne in a highly _unifomB field (the applied gradient in MRI

3He 1/2 76.2 3.2 0.44 is turned off during the FID

SLi 1 14.7 0.82 0.009 Furthermore, the high speed of plasma ions also causes

Li 3/2 38.9 25 0.29 broadening of the NMR resonance in plasmas. For example,

i(%e 3’32 o o8 SO if the NMR resonance region has a radial width xB/B

ug 32 321 > 017 ~1 %, e.g.,AR~0.7 cm in Alcator C-Mod, the ions would

130 12 251 15 0.016 move out of the resonance region due to their poloidal mo-
tion with a frequencyo,o~(vi/AR)(Bpo/B)~1MHz in

“At B=2.3488T, from Ref. 1. Alcator C-Mod. Other broadening effects due to the finite ion

bFor fully ionized nuclei, equal tdyyg /= (1/2) (! tn) (M; /M ) (L1/2).

‘Relative to protons at constaBtfor equal number of nuclei. gyroradius, the ion Doppler shift, and ion radial diffusion

should be small compared tg,,.

linearly on the sample density, linearly on the coil area, on Finally, another major difficulty for plasma NMR is the

the square 0B, and on the cube of the nuclear momésee complexity of rf wave propggathn into and out of the
Table . plasma. In general, the relationship between the NMR fre-

quency and the ion cyclotron frequency is

B. Difficulties of NMR in plasmas famr/ fei=(L2) (p/ un) (M M) (1/Z), (2

There are several properties of plasmas which mak&hereu is the nuclear momengy is the nuclear magneton,
NMR measurements more difficult than those on solids o@nd the ion has a charg@eand a mas#1; with respect to the
liquids, for example(1) low density and high temperature, Proton massM,. For most case$yyr™>f (Table )), so rf
(2) highly nonuniformB field, (3) short ion confinement time Waves nearfyyr should propagate relatively well in toka-
and ion cyclotron orbital motion, an€t) complexity of rf ~ maks. However, there is also spontaneous rf emission from
wave propagation and rf “noise” near the NMR frequency. the plasma which will be a “background” for any NMR
The following paragraphs discuss these difficulties for themeasurements. These issues are discussed in more detail in
case of*He nuclei Alcator C-Mod, where the maximum rf Secs. [lIB and IlI C.
frequency of 80 MHz corresponds to a NMR resonance at
B=2.5T, and where typicallynj~n,~2x10"%cm 3, T,
~T.~2keV.

If the nuclear spins of the plasma were in equilibrium at  In their analysis of the possibility of spin-polarized fu-
the room temperature, then the NMR signal for plasma prosion plasmas, Kulsruet al*~° calculated various relaxation
tons at a giverB would be smaller than that for water at rates for the polarization of deuterium and tritium nuclei in
room temperature by the density rafeee Eq(1)], e.g., for the core of a magnetic fusion plasma wiB=5T, n
an ohmic Alcator C-Mod plasma roughly~[2 =10"cm 2 and T=10keV. They concluded that the cross
X 10%em3)/(7x10?%2cm 3)]=~3x10°°. The signal section for depolarization through binary collisions is small
would be another=10° times smaller if the plasma spins compared to the fusion reaction cross section, so collisional
were at the plasma temperature. However, it is now possiblepin relaxation should be negligible for magnetic fusion plas-
to produce nearly 100% polarized hydrogesr 3He gas® mas of interest. They also showed that ionization, charge
which could be used to fuel the plasma. Assuming for theexchange, and recombination will not significantly change
moment that the plasma retains this polarizateee beloy,  the spin state of hydrogen isotopes in this strong magnetic
the resulting signal for the plasma NMR becomes larger byield; thus the net polarization of the plasitia the absence
(L/Fgpir), whereF g ~8X 10 for protons aB=2.35T at  of other depolarization mechanispshould retain the polar-
room temperature. Thus the NMR signal from a fully polar-ization of the neutrals used to fuel the plasma. They also
ized proton plasma would be=3x10 %8x10 °~4  showed that ion thermal and ion cyclotron motion in a
x 10~ * times that from liquid water, i.e., a plasma of areasheared inhomogeneous magnetic field should cause a negli-
~1 n? would have a NMR signal comparable 4l cn? of  gible depolarization, even with collisions. However, when a
water (which was measurable in the 1940s polarized nucleus contacts the wall surface it can depolarize

However, the highly nonunifornB field in a toroidal  rapidly;}* therefore the polarization will tend to decay on a
plasma presents a major difficulty, since the NMR frequencyparticle confinement time. Thus, without direct fueling by
of all species will vary as R with respect to the plasma polarized nuclei, the plasma spins would most likely retain
major radiusR. Although this does allow spatial localization the net polarization of their source, which could be the first
during theB, “drive” similar to that used in magnetic reso- wall (for recycling specigs or the fueling source from gas
nance imagingMRI), the relatively largeAB over which  puffing, pellets, or neutral beam injection.
these driven spins resonate will cause them to decohere rap- The only other source of nuclear spin depolarization
idly during the FID. For example, if 8, pulse is applied identified by Kulsrudet al. is that due to internal plasma
with Af/f~1% (i.e.,Af~0.8 MHz with 74~ 1 us), thenthe magnetic  fluctuations in the frequency range

C. Nuclear spin relaxation processes in plasma
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However, in toroidal geometry only a small fraction of
the plasma ions would be resonant with a given rf pulse due
to the (1R) toroidal field (as usual for ion cyclotron reso-
nance heating Assuming a rf driver pulse of duration;
l l ~1 us (i.e., with a 1 MHz bandwidth at 80 MHz only the
L,
]
1.0

RF pulse sequence

N

fuel with
*He gas ]

Time (sec)

3He nuclei withinAB/B~AR/R~1% on a vertical cylinder
[ > at R=R, would be resonant. ThiAR~0.7-cm-wide region
would contain~2% of the plasma ions. Since the NMR
signal is proportional to the number of resonant ions, the
FIG. 1. Scenario for NMR measurements in a tokamak plasma. ~ NMR voltage at the antenna would Béyyr~(0.02)(4
X 10"%)~10"°V. The spectrum of the FID after the rf pulse
would have a bandwidth o&1 MHz due to the finiteAB
and poloidal ion motion, as discussed in Sec. Il B.
Therefore it seems possible to detect the NMR response
to B was® o s~ 1/8 (6B, /B)2 wyyr. Thus forB=5 T and of a fully pqlarized tokamak plasma. The detected signal
an assumedB, ~10 *T, tritons would depolarize within §°“'d be F:allbrated by using a known pressure Of pglarlzed
He gas in the chambgwithout a plasma The “tipping

~75 ms, which is short compared with the triton particle ? . . Y
confinement time. Thus, if there were no other faster decor"—ngle of the rotated spins could be determined by finding

relation mechanisms, a measurement of the decorrelation ra@e_ maX|m|um response verSLIst l;het Tf dpuII:se I?‘mp"t_‘t’:e' fmd
of nuclear spins could potentially be used as a diagnostic foyarious puise sequences could be tried. Fueling with polar-

3 . .
internal magnetic field fluctuations, assuming the gas fueling#_zed _He gas should be feasible as Iong_as a small magnetic
rate is faster than the internal decorrelation time ield is applied to the gas bottle and the interactions with the

tube surface are minimized by a reasonably fast flow rate.

~(1/2-2)wyur - A rough estimate for the amount of depo-
larization rateo sg for tritons due to a left circularly polar-
ized wave with a mean-square amplituél®, perpendicular

II. NMR MEASUREMENTS ON A TOKAMAK

. . . . B. Estimate of noise and background levels
A tokamak is a toroidal magnetic chamber which con- I ! grou v

tains a hot plasma used for fusion research. A typical toka- The main background for conventional NMR measure-
mak plasma has a major radil®&=1 m, a minor radius ments is the thermal noise in the rf detectovy,
a=0.3 m, and toroidal magnetic field B=3 T. The =(4kTgQAfY2 wherekis Boltzman’s constant y is the
plasma has a typical density of=10%* cm 2 and is made detector temperaturé), () is the detector resistanéehms,
from hydrogen or helium isotopd#l, D, T, ?He, or3He),  andAf is the signal bandwidttHz). Thus for a rf antenna at
but also can contain trace amounts of the first wall materiatoom temperature with a resistance(®£50 (), the thermal
(e.g., C, Be, B, Fe The toroidal magnetic fieldg=1/R) is noise for a bandwidth of 1 MHz i¥4,~10 ¢V, which is
pulsed for aboul s every 1000 s. Since the plasma temperaabout 0.1 times the expected NMR signal. This noise level is
ture isT~1 keV, no material probes can be inserted into theunusually large for NMR measurements due to the large
tokamak plasma during operation. bandwidth of the plasma NMR signal compared with that of

A general scenario for NMR measurements in a tokamalkiquids or solids.
is illustrated in Fig. 1. The plasma would be started as usual ~Another source of noise would be the “ion cyclotron
but would then be fueled with a highly spin-polarized gas.emission”(ICE) normally seen as rf emission from tokamaks
Just after fueling is completed, a series ofBf pulses of at harmonics ofw;.”*? This noise level would need to be
various amplitudes would be applied through a rf antennameasured on each machine, but for the Joint European Torus
and after each pulse the FID would be measured by the san{éET) it was typically —80 dBm in the absence of fusion
(or another rf antenna. This pulse sequence and FID meaproducts(as would be the case fdHe in Alcato). For an
surement would be repeated later on until the NMR responsantenna ofR=50() this would produce a noise voltage of
has diminished to nearly zero. Vice=2X10"°V, which is about twice the expected NMR
signal. Therefore ICE emission could be a significant noise
source.

For clarity, we will initially assume that the tokamak is Another background in these plasma NMR measure-
Alcator C-Mod and that the polarized fuel3sle. The exist- ments would be the loviZ- nuclei on the first wall surface
ing rf system has antennas tuned to a maximum frequency afithin the range of radii at the resonadfield. Although the
80 MHz, which corresponds to #He NMR resonance & number ofHe nuclei on the surface would be negligible,
~2.5T. Assuming for the moment thatl *He ions in the there would be a NMR resonance with H nuclei at a radius
plasma have their spins rotated 90° by the rf pulse to produc@.76 times that at which th#He resonatésee Table)l As-
the maximum transverse magnetic field, the NMR signal carsuming~10* monolayers of H on the first wall, the surface
be estimated as follows(see Sec. IIA M,=nu  density would be~10?°atoms/cr, of which only a small
~(2x10°°m~3)(2.1)(5x 1077 J/T)=2.1x 10" ® A-turn/m,  fraction Fy~10"° would be polarized at room tempera-
thus B, =puoM, ~(47Xx10 7)(2.1x10 6 A-turn/m)=2.6  ture. Thus the number of nuclei per &rof wall surface
X107 2T and so Vyur=NAwywrB,~(0.3nm7)(5 would be~10“cm 2, whereas the density of resonahte
X 1P rad/s)(2.6<107 12 T)~4x 1074 V. nuclei in the plasma would be=(2x 10"cm3)(50/cm)

A. Estimate of NMR signal
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~10%®atoms/crf, i.e., the plasma signal should bel00 nas as ICE; perhaps this is due to their relatively short co-
times this background. Note that the D resonance would bierence length compared to the rf wavelength.

outside the machine since its NMR frequency is so (see

Table ). E. Species measurement

One of the main uses of NMR in solids and liquids is to
C. Propagation of rf and NMR signal identify the chemical composition of sampleisa. the spec-
. trum of the NMR response. It would be useful if NMR could
It is well known that rf waves can p_ropagate from anter.1—be used to measure the H/D/T species mix and Zoimpu-
nas to the plasma center at frequencies well above the iofy content of the plasma. However, the large variation of
cyclotron frequencyw;, so these waves should be able t0 5gnetic field across the plasma causes the NMR resonances
pe_netr_ate to the plasma center to rotate the nuclear spin pgs several species to overlap, e.g., at a given NMR frequency
larization. However, these fast Alfven waves normally havei,e 4 resonance would be at a radius 1.06 larger than the T

only a small component of polarization in the direction per-ragonance. Also, each of these species would probably need
pendicular toB (which is needed to rotate the nuclear polar-iy pe highly polarized to be measurable. Thus it does not

ization of °He), although this would probably be sufficient seem feasible to use NMR to determine the species mix in-
given the large rf power available in existing tokamak ex-gjqe the plasma in a tokamékowever, this technique might

periments (~1-10 MW). Due to the complexity of this pe ysaple in a linear plasma device with a unifddin
propagation the magnitude of these waves cannot be accu-

rately predicted, therefore the rf pulse amplitude would havg- g rface measurements  (without plasma )

to be varied in order to calibrate the angle of spin tipping ) ]

(see Fig. 1 Similarly, the small fluctuating magnetic fields NMR techniques could potentially be used to measure
caused by the nuclear precession during the FID inside th&1€ surface composition of the first wall in the absence of
plasma center should be able to propagate to the rf antennR§&Sma. These surface layers are typically composed of
to be detected. This would most likely occur through the~10—-100um-thick coatings of lowZ elements, several of

conversion to fast Alfiven waves near the center, although th@/hich have NMR responsesee Table ), e.g., tritium, Li,
efficiency of this process is not well known. Be, and B. This measurement could use the near fields from

the normal rf antennas, or specially designed rf drive/pickup
coils positioned using a remotely controlled arm inside the
D. Magnetic field fluctuation measurement vessel. These fields should fully penetrate these coatings

Perhaps the most interesting NMR application to a toka-SinCe the rf skin depths at 100 MHz &ré50 um in stainless

mak would be a measurement of the internal magnetic fiel&teel apd 2 mm in carbon. The NMR glgnal levels would be
fluctuations. As noted in Sec. Il C, transverse magnetic field%100 times lower than for a fully polarized plasisee Sec.
fluctuationssB, in the NMR frequency range are the most 111 B); however, the noise from ICE wogld be ab_sent, and_the
likely source of nuclear depolarization inside a hot plasmal\_”vIR pulse C(_)UId be repeat_ed many times during a toroidal
thus if the decay time of the spin polarization can be meaicleld pulse _to Increase the S|g_na|-to-n0|se level.

sured, then this might be used to inf&B, . However, since A special app!lgatlo.n of this rr_1ealsuremen.t could .be qsed
the nuclei in a tokamak circulate rapidly around a flux syr-to evaluate the tritium inventory inside a fusmn device like
face, this would measure the averag, over the’He ion JET or the International Thermonuclear Experimental Reac-

orbits, rather than its local value at the NMR resonance. tor. Tri.ti_um has the largest magnetic mome”t of any nucleus,
In principal, this spin decorrelation time could be mea-and tritium levels as low as 0.1 mCi have been measured

sured as a function of minor radidsy varying the applied rf gsmg N,MRE Thhs tec?dnlgue Cﬁgld p((j)ten.tlall)ll( scan owRr
frequency or bandwiddh or as a function of the fluctuation y varying B, and could be calibrated using known tritium
frequency at a given radius using different species, e.g., ]

as concentrations in the vessel. It might also be possible to
for low and T for high frequency waves. The frequency spec

use the nearly constant vertical field instead of the toroidal
trum of this 5B, measurement might also be “fine tuned” by field for such measurements. Wall samples could also be re-
varying the parallel wave number of the rf driving waves,

moved from the chamber for analysis in a conventional

thus varying the effective NMR frequengylhe response of NMR spectrometer.

the net polarization to a knowéB, could be calibrated by

introducing known rf waves via the external antennas; irfA‘CK’\]OWLEDGMENTS
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