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A TRIPLE GRATING POLYCHROMATOR FOR THOMSON SCATTERING*
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LawrencebBerkelevaaborétory
‘University of California
" Berkeley, California 94720, U.S.A.
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- Abstract

A high rejection, high»transmission,tfiple grating pblychromator with
crossed dispersion has been désigned and constructed for Thomson scattering
plasma;diégnosticsr Identical gratings,.collimating,vand field lenses
 were ﬁsed for all thrée stages. A méchaﬁically convénient_arrangement was
made possible by using the field lensés to adjust :the dispersion'of the
second Stage tb fhe requifed design value. The trénsmissién in. the péssA
baﬁd for light polarized perpendicular'to“the rulings of;the grating
was me;sured at.33% for the_instrumeng itself, ‘and ét 15% throuéh the
instrumeht,and six feet of attached fibre'optics. With the 30 nm pass
band sét at 4 to 34 nm'wa?elength'away from the ruby laser line, the’order
of lO-.ll of 694 nm light incident in thé input slit was presenf in éachv“
3 nm wide outﬁut channel giving a reiative rejection factorvof 10—10.

Introduction .

-In Thomson scattering measurements of plasma temperature only about,

10“1'3 of the initial rﬁby laser beam carries information to each'Spectrai’

channel‘of the detecting equipment._l A.véry high degree of discrimination -

*Work performed under the joint auspices of the Electric Power Research
Institute and the U.S. Energy Research and Development Administration.

tPermanent address: School of Physics, University of Sydney, N.S.W. 2006,

. Australia. R ' { ' | -



is reduired against the qnshifted 694 nm wavelength of the'ruby laser.
:For_éxample, the design of fhe Tormac plasma Veséel2 at the'Léwrencé.
Berkeleyxtabbratory is such that a high level of the 694 nm.wévelength
.light is scattereg from the‘apparatus and mixed with fhe Thbmsonlsignal‘ 
ét ﬁearby wavelengths; A solution to a similar-broblem-withltﬁe SCYLLAC
qusidn device.ﬁas been reporfed,3 Siemon's method uses a three—stage
ﬁdlychromator with extreme rejection of ‘stray light based on the vario-
illuminator,4 and eliminates the necessity of critically designed laser
beam optics and beam and viewing dumps. As shown by Van-Cittért and
by Siemon thié arrangemént-highly discfiminates (by a factor of 163 to
104 per stage) against the ﬁnwanted stray light, giVing dvergll a
rejecfion of between 109'and 1012.- |

The high rejection is a consequence of thé condition that only
ligﬁt‘which is correctly dispérsed by.the first stage of the‘polychro;
mator through the wide'in;ermediate slit is récoﬁbined (sofcalled Ccross
dispersion) by the second grating through a narfoﬁ slit between stageé 2
and 3. Stray light which passes the wide slit does not satisfy this '\
reqﬁiréd dispérsion‘cpndifion aﬁd is‘diffracted by the second grating
so.as not to-enter stage 3. Siemon's arrangement is muéh more efféctivé
than a wide pass band double or triple polychromator in which:eagh stage
further rediépérses the light, énd‘whgre all slits following the enpfénce
- slit must be wide. For this case stray light adjaceht to ﬁhe'pass.band
emerging from the first stage is only slightly shiftea‘in relative
position by subsequent stages £ﬁ£ still ﬁos£ly.§asses:through fhe iﬁ$£ru;_
ment, giving an overall rejection comparable wiﬁh a single stage alone.

The instrument described below is based also on the varioilluminator



principlé, It posseéées the considerable -constructional advantage that all
three stages are essentially identical. Each stage uées the -same typé_of
>high effiéiency replica.refleCtion.grating in conjunction Wich.a'céllimating
lens in # near Littrow‘ﬁouﬁting. A convenient layout of gratings and lénses
iswma&é possible by appropriate positibning_of the interstage field lenses,
:which édditional to their relay function are used to adjuSt‘the dispefsion
of the second stage.to produce the‘requisite accurate spectral rééombination
at the narrow slit between stages (2) and (3). Without these field (relay)
lépses,véevere losses of light wogld occur by'vignetting.. The field. lenses
aré placed close té the interstage slitsvand focusbthe collimating lens of
stage (1) on that of stage'(Z) and similarly that of (2) on (3). They thus
‘ensure that any light leaving one collimating lens aﬁd passing through the o
.interétagé.slit is incident on the next collimating>lens.

The.layout_of fhe polychromatér”is sﬁown in Fig. 1. it'Shquld be notéd
fthat'thg field lenses éré axially diéplécéd”7.6 mm gwayvfrom tﬁe slitsvto
.correct.the disperéionvof stage (2)»to'the_¥equiréd design value 1in a way

which is analyzed in the next section.

Spectfal Dispersion and Recombination

The relation (see Fig. 2) between the iﬁéident:angle o, and fhe.firSt
order‘diffracted ahgle B, fér light of wavelength A nm 'sfriking_é plane'i
gratiﬁgbwigh g grooveé per mm is given by

sin B, = - sin o, + 10_6 Ag- : ‘ : )

The.anguiar dispersidn (for constént d).iS 

%%T = 106 g—1 cos B, nm.per'rédian o . (2)



If in the near Littrow mounting a collimating lens of focal length f; mm

is used, we get to a close approximation a linear ﬂigpersion.

19X . _ dx _ .6 PR - )
Fl 5@: = 5% " 107 (g £,) cos B nm per mm | (3)
where dx = £, dB, = linear displacement in the focal plane in mm.

‘For spectral recombination in the éecond stage of the instrument we
require a constant value of . the diffractéd anglesBz'for the-disﬁerséd_light
having varying angleé of inéidence 0. Thué for a collimating system of
focal length f, mm in the second stage we ﬂéVe fbr the required dispersion
at the input sli£ to stage 2 |

L 1 X

N R
9% fs Saé = 107 (g £2) cos. 02 S _ o (4)

Matching»these_dispersidns (3) and (4) we get the condition -

fr cos 0Oy ‘ ' '
= = — - o8 2B.80 _ 39 NS
1 cos B cos_20.76 . ‘ 7 L T

where o and § are given the values used in our instrument. Thus for f, =

260 mm we reguiré-sz: 244.1 mm.

Adjusfment of the Dispersion bz_ﬁse of a Field Léns

| As a ﬁuchbléss expensive and more convenient alterﬁatiVe‘to obtainiﬁg
the collimatiﬁg lens of precisely 244.1 mm focal length féquired to satisfy
” equation (5); we have‘uéed in our instrument the. same readily obtainable
260 mmn focal leps as in stages (1) and (3), and displaced the field‘lenses
adjacent to slits‘(Z) and.(3) to give~aﬁ equivalent conditibn. With the.
'arrangemenﬁbshown in Fig. (3) consider 'a light fa§.£¥;;eiling Back~fr§m
gfating 2 throqgh the cpilimating lens and field leﬁs to slit (2). Thé
optical transfer matri#'ﬁ from‘the grating t§ the slit is given Ey

+
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_ Where a énd_b are the distances shown in Fig._3 and P and S are the powers
at the collimating and field lenses. A ray with dispiacement vy mm and angled
at ¢ radians to the optic axis at the collimating lens will arrive at the
plane of the slit with a displacement x mm and an angle 6 radians where
( | (o Y
o ey y 4wy, ]
Le)‘ - Il(b) {\le y +. m22 b
A parallel beam of light (constant ¢, variable.y) incident on thé 
collimating lens will focus to the point x = m12¢ in the plane of the slit
if my = 0 that is 1f‘

= _ A ___l—,aS - ‘ : ' )
- my, = a-+b- abs 5 T (?)

Using the condition in eqn. (7) we then have

: _1-a8 _
X =m¢ =5 ¢ =10

‘where f2 is the ratio between tbé angular and linear dispersion as used in

éuqations (4)_and (5). We thus obtain

-PEf
1 2 :
a = g-— < = 7.64 mm
1 1 1 ¢
b i P + g Psz-'- 251.86 mm

‘a + b =259.50 mn



1 . ‘ -
where - 260 mm,j% = 125 mm and f2 = 244.1 mm as used in our design.

Input Mirrors and Output Fibre Optics-

The ruby 1aser'beém'fravelé'ﬁorizontally,throhgh tﬁe TORMAC plasma‘
vessel where a plasma vdlume.30 mm long, 3 mm diameter scatterg light by:-
90° in the horizontal plane into the polycﬁromator. A collection lens System
forms an imagé of tﬁe écattering volume 10 mm high_l mm wide after a dduble'
reflection from two mirrors éach at 45° to the vertical which aré immeaiately
before the entrance $lit. The two reflections-cdmbine to give é 900'
reflection in tﬁe hdrizontal‘plane and to rotate the image and the light
polérization.by 90O to match the poiychromator input slit. |
T The diffraction gra?ings are blazed to havé %n'éfficiencyvof over 802v
in first order for ligﬁt hofizontaily polariied.(thét is perpendigular/to'
the rulings), and an efficieﬁcy of about SOZ for vertical‘polérizatibn.
The:éfficiency is expréssédﬁas a percentage of the reflection'fromian aluminum
mifrqr (90% reflectivity). Overall the poiarization properties of thé_
polychromator are aﬁ advantége as they effectively haive the unpbiérized
baékgréuhd plasma 1ight withoqf the}introdﬁctién of 'a separate polarizer intq
the éystem.
. The:polychromator output light focusseé onto a 10 mm x 10 mm close
packed:érfay of plastic light guide fibres;‘eachvapproiimaﬁely lvmm diaméter,
" set in a bléck-epoxy résiﬁ. The ;ibres are separatéd'ét their output . ends

" to give 10 bundles each of 10 fibres, and thus 10 channels each 3 nm wavelength -

" T wide, appropriate to the measurement of electron temperatures from 30 to 300.eV..: _-

The light channels are detected singly or in péiré'by photomultiplier

tubes at the end of the fibre optics.
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Performance of the Polychromator

The'focussiﬁg settings of the collimatiﬁg lenses, énd lateral positidning'
of.the field lénses were.first adjusted with the gfatings replaced by alﬁmiﬁized.
mirrors set at appropfiate aﬁgleé, using a ﬁigﬁ intensity white light so?ftc.
Under these conditions it is also easy to locate the images of the slit
formed by feflections from the frqnt and_back surfaces of ﬁhe collimating
lenses (togeﬁher with the field lenses) and to block this stray light by
positioning thin black wires. The image in white‘light at the final slit -
after the third étage was blurred to less than 0.1 mm; which is consistent
with the measured 3 seconds of afc resolution of the main lenses.

‘With the gfatiﬁgs in place and adjusted in angle to transmit 694 nm,
light of this wavelength was made ipcident on fhe input siit by the use of
a2 nmvwi&e.spike filter and a white light source. The measﬁred transmission
through ﬁhe instrument plus six feetvof fibre optics was 15Z. We estimated
the fibrefoptigs packing fraction as'0.9, a frahsmission Qf 0.9 per foot;
and an input and-oﬁtput factorrdue to feflection losses of‘0.9,vthus ah overall
factor bf (.'9)8 = 437% as the fibre optics transmission.'_lf we take thé_
transmission to first bfder of each grating as 74%, and of'each>léns surfaée
as 997 we get the‘transmiSSibn of the polychromato?»itéelf as (0.7353 X
(.99)16 ; 33%, and including.the'fibre optiés as 0.33 x 0.43 = 14% in close
agreement_wiﬁhvthe measurements.

For'the fejection measufements the pbiyéhrométdr was adjusteﬁ ﬁq transmit
a band fro@_690 to 660 nm and to reject 694 nm. A free.running fuby laser
suitably diffﬁsed by a'éround.giass screen was_fired‘into the monophroﬁator.:
The odtput was thenicompared to fhe input after it Qas attenuatea by a neutral

density N.D 10 filter. After allowance for the filter transmission at 694 nm,



and the poiychromator transmission facto¥ (15%) these measurements_showed'
s'relative stray light reduction of betWeen lO10 nndAZ)zlolo for all
channels. It has been pointed out to us by‘R. E. Siemon that it wouid
further reduce stray 1ight if the second fieid lens was placed on”thes
othef side of the slit.between stages 2 and 3. As this slit is narrnw,
 no effective chnnge.in diSpersion‘would’result, and the effect of
scattering from~tne surfaces of thisvlens wonld be reduced:

The transmission nf the-polychromatnr for’light polarized pafallel
to the rulings was less tnan 2%. Thus the instrument also performs as a

polarizer, reducing the background plasma light by .a factor close to 2.

Possible Developments

Some improvement in performance would still appear possible.’ Holoé
graphic gratings exist:which have considerably'lessisésttéred lignt nhan
the replicas of machined ruled nnes; togetner With-high efficiency in a
wide pass band.5 All collimating and field lenses could be coated to
giné‘less than %7 reflegtivity. Oveiallvit would appsar that a ihtés'
grating instrument could be éonstructsd with over 50% transmission in
;he_pass band'for fanoranle polarization, and avrejsction factor{apnrnaqhing
10-1‘2 foi light outside this band. Althongh our instrument has a 3bnm |
wavelength rssolufion defined by tne fibfs optics, the final inage is
blurred to less than 0.1 mm, giving a résolution capability of'0;3 nm
wavelength with suitabie finre bpticsi .This could nn-doubt ne inproved
-B§-nore caréfnl.opticni design.:iit wnuld'bé_simpleitn@;nd'tﬁn”n;_adfs‘
stages of sinilar design to our device and'thusvinprove the rejection_to

1 L . . R s
‘10 6 or more and still retain a reasonably high transmission.
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Figure Captions

Fig. 1.

Fig. 2.
Fig. 3.

Diagrammatic layout of the polychromator showing the relative
positions of the input mirror éystem, slits, collimating and -

field lenses, gratings and the output fibre optics.

Crossed dispersion with angles of incidence a and angles of diffrac-
tion B, with collimating lenses of focal length fl and f2. The

focal (slit) plane displacement is x.

The use of a field lens (Power S) to control the dispersion

produced by the collimating lensf(Power P). The lens power is

 defined as the reciprocal of its focal length.
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