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The technique of Rutherford scatterifi@S) has been use(or the first time on a reversed-field

pinch) to measure the bulk majority ion temperature on the Madison symmetric(td&if). RS has

been in routine operation on MST since December 1999. The neutral beam source and electrostatic
energy analyzers which comprise the RS diagnostic were built by the Budker Institute of Nuclear
Physics(Novosibrsk, Russia The source is described in another pafdrashitovet al,, these
proceedingsand the analyzers are described. A data analysis routine has been developed which
yields accurate fits to the data, and estimates of errors in the fit parameters. Typical results are
shown. © 2001 American Institute of Physic§DOI: 10.1063/1.1321737

I. INTRODUCTION Il. APPARATUS

The use of a neutral beam to determine the bulk majority ~ The RS diagnostic consists of a 20 KV DINA-5F neutral
ion temperature of a gas or plasma, by measuring the smalkeam sourcéwhich produce a 4 Aequivalent-current beam
ang|e scattering of the beam atoms, was first proposed |ﬁf helium atoms for a duration of 3 ms, and two 12-channel
1972? This technique requires the neutral beam be approxi€lectrostatic energy analyzers, all of which were designed
ma’[e|y mono_energetic, with energy much greater than th@nd constructed at the Budker Institute of Nuclear PhySiCS in
temperature of the plasma. Some of the beam atoms wilNovosibrsk, Russigand delivered to the University of Wis-
undergo small-angle Coulomb scattering off of plasma iongonsin on time and within budgetA cross-section of one of
without being ionizedhence the nameRutherford scatter- the analyzers is shown in Flg 1. Scattered atoms enter from
ing), and will retain information about the ion velocity dis- below after being collimated by passing through two slits, of
tribution f,. In particular, upon the assumption thigtis ~ Widths 6 and 12 mm, separated by 33 ¢seven baffles are
Maxwellian, the ion temperatur; can be found from the inserted between these two slits, in order to reject atoms
width of the energy spectrum of the scattered atoms. In théeflected by the sides of the tubeThe atoms then pass
simplest case, a mono-energetic be@henergyE,) with  through a stripping cell filled with hydrogen gas, and some
zero angular spread, the energy spectrum of atoms scatter@te ionized. A few of the ions then pass throug1l mmslit
by ang|e0<1 is approximate|y Gaussian, with a varianke in the lower plate of the 45° electrostatic analyzer, and en-
and a centroicE, given by counter an electrostatic field perpendicular to the plates. The

range of the ionmeasured along the lower platis propor-
tional to the ion’s incident velocity. The voltages of the ana-

A=\2uEqTi6°,  Ec=Eo(1-pt?), (1) lyzer plates are provided by tapping into the beam voltage

source. This is done in order to compensate for any droop in
whereu=m,/m;. (There is an additional shift i&. caused the beam voltagéwhich is observed to be less that 10%
by nonzero bulk ion flow velocity, which will be neglected lons in a selected energy range are detected by a 12-anode
here) Typically, 6 is chosen to be about 10° as a compro-multi-channel platéMCP) with a current amplification fac-
mise between improved accuracy and decreasing signal  tor of 10%; the energy range for this set of experiments was
to the well-known 1/sif¥ dependence of the Coulomb scat- 0.75 <E/Ey,<1.1. The current from each channel is sent to
tering cross-sectign A complication arises for a real beam a solid-state current-to-voltage amplifier with a transimped-
with nonzero energy spread and angular divergence, since emce of 18 V/A, so that an incident ion current of 20 pA
this case a detector at a fixed location observes atoms whigiroduces an output voltage of 0.02 V, typical of the maxi-
have undergone scattering by a range of angleand thed  mum signal from a hydrogen plasma. Voltages from all 24
dependence in the Coulomb cross-section results in a nohannels are digitized at 1 MHz, while the beam voltage is
Gaussian spectrum. In addition, a real analyzer with a finiteligitized at 100 kHz; the digitizers are controlled via CA-
acceptance angle will record scatterings which have occurredlAC and data is stored on a VAX.
over a finite volume. RS has seen limited use by the fusion The source and the analyzers are installed on f&T
community, on the tokamaks T24JT-60% and TEXTOR?  shown in Fig. 2. The axes of the two analyzers can be tilted
and on the mirror GDT. or translated independently. For this set of experiments, both
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: ! FIG. 2. Rutherford scattering source and analyzers, as installed on MST.
10 T The scattering volume is the black region near the center of MST.
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FIG. 1. Diagram of Rutherford scattering neutral particle analyzer, showinghe channels. Before analysis, the signal from channel 12
(2) tilt adjust; (2) translate adjus{3) collimation tube;(4) stripping cell;(5) (the highest energy chanpés subtracted from each channel
hydrogen puff valve(6) 45° electrostatic energy analyzer, bottom plé; . der t th h t fluctuati After th
45° electrostatic energy analyzer, top plate; &)dMCP. n Or_er _0 remove these co er_en . _UC u‘"_’l |ons: er the
baseline is subtracted, the data is divided into nine @80

analyzer axes were tilted by 10.2° to the vertical, and eacﬁegmenmejecting data at the start and end of the bean

analyzer axis was translated so that the analyzer sight-lin/€"@9ed. The averaged data thus consists of nine 12-point
intersected the beam axis approximately 15 cm below MSTPECtra for each analyzer for each plasma discharge.
midplane. The scattering volume, formed by the intersection ~©ON€ signal of non-RS-origin was observed. This signal
of the beam and the analyzer sight-lines, has a radial extent

of about 30 cm, and is shown as the dark region near the g 04

center of MST in Fig. 2. All data presented here are from one b 0.03} 4

of the analyzers. Comparison of spectra from the two ana- g 0.02} i

lyzers will allow measurement of the poloidal ion flow ve- S 0’01 !

locity, which would cause opposite energy shifts in the spec- & Y-V!T i
y pp ay p 9 0 A&/

tra of the two analyzers. This shift is expected to be small

and was not obvious in the present data set. 12 14 16 18 20 22
Energy (keV)

I1l. DATA ANALYSIS

Typical raw data is shown in Fig. 3. The voltage from
channel 8 is shown as a function of time in the lower plot, g
and the energy spectrutaveraged between the times of the ©
two vertical line is shown in the upper plot. The beam o 0.02
G
>

0.04F¢

i
energy is represented by the vertical line in the upper plot. H

For each channel, a baseline is calculated both before and of :: ]
after the beam turns on, and a linear interpolation is then 14 16 18 20 22 24
computed and subtracted. Some of the fluctuations that can Time (ms)

be seen in the lower plot are due to fluctuations in the beam
density or the plasma density, and are coherent across all 6fG. 3. Typical raw data, and spectrum, from 200 kA deuterium plasma.
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0.030 T T T T sides of the port. Its spectral shape was characterized by
+ X Data 3 ] firing the beam into vacuum, so that the RS signal disap-
0.025F..-. AF T,=150 eV 7 peared. The non-RS signal was then subtracted from the data
 — MC, T,=120 eV i on the assumption that it was entirely responsible for the
< 0.0201 GF. T.=104 signal on channel &for which the RS signal is expected to
P — , To= eV . . R
° be very small. The spectrum shown in Fig. 3 is before sub-
g 0.015 i traction; the spectrum shown in Fig. 4 is after subtraction.
S 0.010k Great care was taken in determining the best algorithm
| to fit the data. Previous theoretical worK leads to the fol-
0.005 lowing expression for the energy distributid(E) of scat-
] tered atoms in the case of an ideal beam:
0.000 NVAVAVI )
12 14 16 18 20 22 z,2,e*|°1 [wE 1
Energy (KeV) fB=C"——| =2V Tt
meg | Eg Y uTisin"o
FIG. 4. Comparison of analytic fit"AF,” Eq. i =
dashed ling I\ﬁonte Carlo sim):JtIatioEr{“M’C,” gasé?’owltgq.T(g), 3/-v5|t$1 ﬁ'\é’ - (E_ Eo(l_ﬂ Slia 9))2
=120 eV, solid lind, and Gaussian fit‘GF,” Eq. (1), with T,=104 eV, X ex AuE,T, ) (2
I

dot-dash liné to data from a 200 kA deuterium plasma.
where the initial factolC includes detector efficiency, beam
attenuation by plasma, and probability of RS as compared
took the form of a peak centered between channels 2 and %ith charge exchange, all of which are assumed to be inde-
and became large when the analyzer was pointed to loogendent of the final energy of the atom. In order to account
directly at the port from which the beam emerged; it wasfor the finite beam energy spread and finite scattering vol-
attributed to inelastic scattering of the beam atoms from theime, we write

JE

sirf o’ ¥

f(E):fof deOdeef(Eoféf)ZIZAEé e (E-Eq(l-n sir? 0))2/4uEqT; 62 e—(ac—ﬁ)zleaz

where #, the beam energy centroid, is taken to be the digi-
tized beam voltage. The three parametersé@rethe effec- E;=
tive average scattering angl&fE,, the beam energy spread,

and A6, which includes the effects of the beam spatial
width, the beam angular divergence, and the acceptancéeé 40§Ti 1+(AE§/2,u?§Ti 05)(1—M Sir? 6,)?

angle of the analyzer. These three parameters are determinéd— oo s 2

from fitting the data from scattering on room-temperature “n (0= N(Z=B) Zp)

hydrogen(or deuterium gas, for which the second exponen-

tial factor may be approximated as a Dirddunction. For Ez=0., A3=2A¢%

plasma, the broadening 6{E) caused byT; cannot be ne-

glected(indeed, it is the goal of the measuremeantd only  Using this equation, there are two free parameters to be fit to
the integral ovedE, is analytic. We approximaté~ 6. in  the dataf, andT;.

the 1/sif 6 term, and making use of the small angle ap-  Typical fits (corresponding to the data shown in Fig. 3

proximation find thatf (E) can be written are shown in Fig. 4. The analytic fit to E64) (AF, dashed
line) gives T;=150 eV, while a Monte Carlo simulation
\/;AZ based on Eq(3) (MC, solid line gives T;=120 eV, a
f(E)="foVE i ! i ]
JAZAZH AZAZ+ A2A2 slightly smaller temperature corresponding to a slightly nar
e rower peak width. Both fits reproduce the “tail” on the low-
—(A}(E;—Eg)?+ A5(Eg—Ep)2+A5(E;—Ep)?d) energy side of the peafchannels 5 and)6 but the Monte
X exp AZAZ AZAZ 1 AZA? ' Carlo fit typically has slightly smalleg?. Thus the result of

(4) the Monte Carlo fit is used as the measured valug; ofThe
Gaussian fit to Eq(1) (GF, dot-dash ling does not repro-
where duce the low-energy tail and gives a substantially higter
and lowerT;, than the other methods. However, the time
variations of temperatures from the three fits are similar, al-
= , lowing the much faster Gaussian fit to be used to provide
4In(1—-A6/6.) quick overviews of the data.

E__g A AG>—46,A0
1=~ Ve, N
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200 V. SUMMARY AND FUTURE WORK
<> 150f * i ) | Measurements have been made using the RS diagnostic
< 100t i [ | T T ; on a wide range of MST plasmas. The diagnostic has oper-
[ ated reliably in all conditions. A data analysis routine has
S0f ] been developed which rejects non-RS signals and provides
0 estimates off; with associated error bars. Measurements of
16 17 18 19 T; during scans of plasma density and plasma current in both

Time (ms) hydrogen and deuterium discharges have been made and are

FIG. 5. TheT s duri 200 KA disch in deuterium. £ being compared to measurements from other diagnostics.
. 5. TheT; measurements during a ischarge in deuterium. Error, . )
bars are estimated from the variangebetween the measured spectrum and Work has begun attempting to understand these measure

the Monte Carlo fit. ments using simple transport models. Comparison of the
spectra measured by the two analyzers will soon be at-
IV. ERROR ANALYSIS tempted, resulting in an estimate of the poloidal ion flow

velocity. Modification of the analyzers to improve signal

Itis difficult to calculate rigorously the error il from oyt decreasing’; resolution is under discussion.
the fit, because the errors in the 12 detector signals are not

known. We estimate the error in the fit by a statistical
method based on the variane€ between the measured
spectrum and the Monte Carlo fit. An ensemble of simulated
spectra is created. each of which has a varianeg g€lative V. G. Abramov, V. V. Afrosimoyv, |. P. Gladkovskii, A. 1. Kislyakov, and
. T L . V. I. Perel’, Sov. Phys. Tech. Phy$6, 1520(1972.
to the fit. The deviations Qf each pQII’It in a SlmUIatefd SPEC-2g | Berezovskii, A. I. Kislyakov, S. Y. Petrov, and G. V. Roslyakov,
trum from the corresponding point in the fit are assigned at sSov. J. Plasma Phys, 760 (1980.
random, subject to the constraint on the total variance. TheséE- V. Aleksandrowet al, JETP Lett.29, 1 (1979.
simulated data sets are then themselves fit, resulting in g/ XogtavztnaéiOﬁéﬂagfjlonéglgf(Ilnifzh 63, 3350(1992
range of simulated; measurements. The error inTif cor-  sx v_anikeev et al, Phys. Plasmag, 347 (1997.
responds to the median 50% of the simulaledmeasure-  7A. F. Abdrashitovet al, Rev. Sci. Instrum(these proceedinys
ments. Typical data from a 200 kA deuterium discharge are’R. N. Dexter, D. W. Kerst, T. W. Lovell, S. C. Prager, and J. C. Sprott,
shown in Fig. 5. The error in the fif; due to noise in the QEUiO'éTﬁceT;ﬂgg'J 1(3:%?925)@8 £72(1969
detector signalgindicated by the error barss smaller than 10k y_gurrell, A. F. Lietzke, and M. J. Schaffer, IEEE Trans. Plasma Sci.

the variation inT; during the discharge. PS-6 107 (1978.

Downloaded 02 Feb 2005 to 128.104.223.90. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



