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REVIEW OF SCIENTIFIC INSTRUMENTS VOLUME 74, NUMBER 3 MARCH 2003
Raman calibration of the LHD YAG Thomson scattering
for electron-density measurements

I. Yamada,a) K. Narihara, H. Hayashi, and LHD Experimental Group
National Institute for Fusion Science, 322-6 Oroshi-Cho, Toki-City Gifu-Ken 509-5292, Japan

~Presented on 8 July 2002!

We have calibrated the LHD yttrium aluminum garnet~YAG! Thomson scattering system by using
anti-Stokes rotational Raman scattering from air for the measurements of absolute electron-density
profiles of LHD plasmas. The air Raman calibration was carried out at near atmospheric pressure
and room temperature. Total uncertainty in measured electron densities is estimated to be615% or
less. Electron densities obtained with the calibrated YAG Thomson scattering show good
agreements with those measured by the LHD millimeter-wave interferometer. ©2003 American
Institute of Physics.@DOI: 10.1063/1.1538362#
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I. INTRODUCTION

The Thomson scattering system is one of the most r
able diagnostics for the measurements of electron temp
ture and density profiles of fusion plasmas. For electr
density measurements, the Thomson scattering sys
should be absolutely calibrated. The absolute calibrations
ing rotational Raman scatterings from gaseous hydrogen
nitrogen have been proposed and applied.1,2 The hydrogen
Raman calibration may be more convenient because
wavelength shifts are larger and the scattering characteri
have been well established. However, filling huge fusion
vices like LHD with a large amount of gaseous hydrogen
very dangerous and not recommended from a safety poin
view. Accurate data on the Raman cross section and w
length shift for molecular nitrogen and oxygen have be
also reported as well as gaseous hydrogen. Therefore
have calibrated the LHD yttrium aluminum garnet~YAG!
Thomson scattering system by using the rotational Ram
scatterings from air (N2 :O2578%:21%). In this article, we
describe the calibration procedure and error estimation,
show some examples of electron temperature and den
profiles measured by the calibrated LHD Thomson scat
ing.

II. RAMAN CALIBRATION

The experimental setup is identical in both the Thoms
and Raman scattering measurements, except that the
vacuum vessel is filled with air in the Raman calibration.
detailed description of the LHD YAG Thomson scatteri
system is given in previous papers.3,4 The Thomson scatter
ing uses several YAG lasers and Thomson scattered ligh
analyzed with polychromators that have five wavelen
channels. Figures 1 and 2 show the spectral responsibil
of a polychromator together with the Thomson spectrum
effective cross-section distributions of the rotational Ram
lines for molecular nitrogen and oxygen, respectively. Sin
the effective cross section of Raman scattering falls expon

a!Electronic mail: yamadai@nifs.ac.jp
1670034-6748/2003/74(3)/1675/4/$20.00
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tially as the wavelength shift increases, the Raman sign
can be detected by only channel 1 in the polychromato
Signal intensity of Thomson scattering detected by chan
1, ST, is written as

ST5ALneE sT~Te ,l! f 1~l!dl
dIT

dV
, ~1!

whereA is the whole instrumental coefficient that is identic
in both Thomson and Raman measurements,L is the pulse
energy of incident laser,ne is the electron density,sT is the
cross section of Thomson scattering,f 1 is the spectral re-
sponsibility of the channel 1, anddIT/dV is the angular
distribution of Thomson light

dIT

dV
5

3

8p
sin2 b, ~2!

where b is the angle between the polarization of incide
laser and observation direction. The coefficientA includes
the solid angle, scattering length, and other optical effici
cies of optics used such as the transmissivity of the v
window. We use the Thomson spectrum that includes
second-order relativistic effect to evalua
*sT(Te ,l) f 1(l)dl.5 A similar equation is given for Raman
signalSR:

SR5ALFnN(
J

wJ
NsJ

N~lJ
N! f 1~lJ

N!

1nO(
J

wJ
OsJ

O~lJ
O! f 1~lJ

O!G dIR

dV
, ~3!

whereJ is the initial rotational-angular-momentum quantu
number,wJ

N,O is the population of the initial rotational state
sJ

N,O is the cross section of the anti-Stokes rotationalJ85J
22 Raman transition, and ‘‘N’’ and ‘‘O’’ stand for nitrogen
and oxygen, respectively. The values ofwJ

N,O , sJ
N,O , and

lJ
N,O are evaluated as follows.6–8 Necessary molecular con

stants are listed for molecular nitrogen and oxygen in Tabl
The Raman shifted wavelength,lJ

N,O can be calculated from
the wave-number shift,dn5(4B026D0)(J21/2)28D0(J
5 © 2003 American Institute of Physics
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1676 Rev. Sci. Instrum., Vol. 74, No. 3, March 2003 Yamada et al.
21/2).3 The population of the initial rotational stateJ in
thermal equilibrium at a temperatureT is given by6,7

wJ
N,O5W21gJ~2J11!exp@2J~J11!hcB0 /kT#, ~4!

where gJ is the statistical weight factor depending on t
nuclear spin. Normalization factorW is determined from

(
J50

`

wJ51. ~5!

The differential cross section of rotational Raman scatteri
is written as

sJ
R5szz@~12r!cos2 c1r#, ~6!

szz5
64p4

45

3J~J11!

2~2J11!~2J21!

g2

lJ
4 , ~7!

wherer is the depolarization factor,c is the angle between
the polarizations of incident and scattered lights, andg is the
polarizability anisotropy.6 The Raman-scattered light i
largely unpolarized and the theoretical value of the depo
ization r is 3/4. The values of polarizability anisotropy a
estimated at the incident wavelength of 1064 nm by lin
extrapolation from experimental data.6,9,10and listed in Table

FIG. 1. Spectral responsibility of a five channel polychromator~dashed
curves! and Thomson spectrum~solid curves!.

FIG. 2. Spectral responsibility of the channel 1 and effective Raman c
sections for molecular nitrogen and oxygen. The air is assumed to be
posed with N2 78 and O2 21%.
Downloaded 03 Feb 2013 to 133.75.110.124. Redistribution subject to AIP 
s

r-

r

I. The angular dependence of the differential cross sec
for the quadrupole Raman transition differs from that of
pole Thomson scattering, and is nearly isotropic7

dIR

dV
5

3

8p

61sin2 b

10
. ~8!

In the Raman calibration, we filled the LHD vacuu
vessel with air and measured Raman signal intensity at
pressures upto 537 hPa to determine the quantity,SR/nAlR.
The air pressure was monitored with a capacitance man
eter installed on the LHD. Figure 3 shows the density dep
dence of the Raman signal detected by channel 1 in a p
chromator. The Raman signals from 300 laser pulses w
accumulated to decrease the statistical uncertainty. The
nal intensity is proportional to the air density as expect
The calibration coefficients for each polychromator are o
tained from the gradient of the fit line. The rejection of th
filters at the laser wavelength is.105, however, stray light
signal is observed at density zero since the stray light is v
strong and the rejection is not complete.

Finally, we describe the estimation of uncertainties. T
largest two errors are originated from the estimation
(JwJ

N,OsJ
N,O(lJ

N,O) f 1(lJ
N,O) that denotes the degree of ove

lapping of the spectral responsibility and Raman cro
section distribution. First, since the values of the polariza
ity anisotropy has uncertainties of64 and 65% for
molecular nitrogen and oxygen, respectively, resulting in
cross-section uncertainties of68.4%. Second, the polychro
mators observe only the blue-wing of the Raman spectr
whose cross sections are small as shown in Fig. 2. There
the value of(JwJ

N,OsJ
N,O(lJ

N,O) f 1(lJ
N,O) is very sensitive to

ss
m-FIG. 3. Density dependence of the Raman signals measured by a poly
mator. The calibration factor is defined by the gradient of the fit line.

TABLE I. Values used to calculate the Raman cross sections for gas
nitrogen and oxygen. The values ofg at 1064 nm are extrapolated from
experimental data.

B0 (m21)
~Refs. 6, 8!

D0 (m21)
~Refs. 6, 8!

gJ ~evenJ!
~Ref. 6!

gJ ~odd J!
~Ref. 6!

g(10230 m3)
~Refs. 6, 9, 10!

N2 1.993 102 5.743 1024 6 3 0.66
O2 1.443 102 4.733 1024 0 1 1.02
license or copyright; see http://rsi.aip.org/about/rights_and_permissions
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the relative position of the spectral responsibility to Ram
lines. The absolute wavelengths of the Raman transiti
have been accurately established, however, the absolute
sition of the spectral responsibility includes some unc
tainty. To decrease the uncertainty, we have carefully m
sured the spectral responsibility and the temperatures o
polychromators are stabilized with temperature-controll
cooled water for suppressing the variations of the filter ch
acteristics. We have estimated the uncertainty to be67%.
From the same reason, the error in* sT(Te ,l) f 1(l)dl is
expected to become larger for lower-electron temperat
The error increases rapidly smaller as the electron temp
ture increases and the Thomson spectrum becomes bro
The errors are estimated to be 4, 1, and 0.5% at 10, 50,
100 eV, respectively. The error in the determination of
calibration factorSR/nAlR is 64%. Statistical uncertainty in
ST depends on the detected photon number of Thomson s
tered light, and is typically65% or less. From the conside
ations above, total uncertainty has been estimated to
612–15%, depending on electron temperature and den
of plasmas.

III. ELECTRON-DENSITY MEASUREMENTS

With the calibrated YAG Thomson scattering, we ha
measured electron temperature and density profiles of L
plasmas. First, as a critical check for the absolute dens
measured by the YAG Thomson scattering, we evaluated
line densities from the density profiles, and compared w
those obtained from the LHD millimeter-wave~MMW !
interferometer.11 The MMW interferometer measures line in
tegrated electron density at a horizontal port as the Y
Thomson scattering, and so the line densities measure
the two diagnostics can be compared directly without a
assumption. Figure 4 shows the comparison between
densities by the YAG Thomson scattering and the MM
interferometer. The plasma stored energy and time seque
of the heating devices are also plotted in the figure. It
been found that the line densities by the two diagnos

FIG. 4. Comparison between temporal evolutions of the line densities
tained from the YAG Thomson scattering and measured by the millime
wave interferometers. The rapid increase of density at 1.0 s is due to
pellet injection.
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show fair agreements. In the plasma discharge, a pellet
injected at 1.0 s, and then the electron density jumped
significantly at the time. Both of the two density diagnosti
observed the temporal behavior correctly. Figures 5~a!–5~d!
show the electron density and temperature profiles of
plasma discharge at some selected times, which are als
dicated in Fig. 4. It is noted that the Raman calibration h
not yet been carried out for the polychromators that obse
Thomson light scattered at the major radius of 2.5–2.8
and then density data have not obtained yet in the reg
whereas entire temperature profiles have been observed
noted that a simple extrapolation was used for estimating
line-integrated densities. The data scatters in the meas
densities are somewhat larger than that for temperatu
This may be due to the fact that the temperatures are

b-
r-
heFIG. 5. ~a!–~d!. Time evolutions of electron temperature and density p
files. The observation times are also indicated in Fig. 4.
license or copyright; see http://rsi.aip.org/about/rights_and_permissions



te
e
y
a
th
tu

g
ty
te

G
n
a

m
lly
iti
ow
av
le

in
al

ns
lly
ce,

m.

ys.

i.

1678 Rev. Sci. Instrum., Vol. 74, No. 3, March 2003 Yamada et al.
tained by using five wavelength channels, however we de
mine the densities from only one channel. The electron d
sities are increased just after the pellet injection, especiall
the outer region, and the density profile changed from a tr
ezoidal shape to a remarkable hollow shape. After then,
density profiles become nearly parabolic as the tempera
profile, and the electron temperature is increased again
two neutral beam heatings. After one neutral beam heatin
terminated, the temperature decreases while the densi
maintained. Such time history of the discharge is consis
with those by other LHD plasma diagnostics.

IV. CONCLUSIONS

We have successfully calibrated the LHD YA
Thomson-scattering system by using anti-Stokes rotatio
Raman scattering from air for which the fundamental sc
tering properties have been well established. The air Ra
calibration is suited from a safety point of view, especia
on large fusion devices. The line integrated electron dens
obtained with the calibrated YAG Thomson scattering sh
good agreements with those measured by millimeter-w
interferometer. The detail temperature and density profi
measured by the calibrated LHD YAG Thomson scatter
will serve important information on the physics of helic
plasmas.
Downloaded 03 Feb 2013 to 133.75.110.124. Redistribution subject to AIP 
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