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ABSTRACT

Conveﬁtiqnal Thomson scattering using a ruby laser evidences

difficulty in scattered signal detection as electron densities drop

below 1013 cm~3. ‘Studies of piasmas of intérest,.such as 6-pinch

endloss flow, can require density resolution in that range. Use of

i . a Nd—Gléss Laser as a source and frequency doubling.the output can

' result in’increasesliﬁ the incident energy and quantuﬁ efficiency of

the detectors such that gains in scattered signal of greater than an
order of magnitude over a conventional ruby laser system can be‘achieved.
Due to the ~25A bandwidth of the Nd-Glass Laser line, however, the
électron teﬁperature information in the incoherent scattered signal

must be éxtracted from a Voight-Profilg; not from the usual Géussian

profile as when a rubyllaser is used.



~ INTRODUCTION®

i |
In a pulsed plasma experiment where electron densities on the order

-1 =3 : )
of 10 6 to 10 10 cm - occur, and where a synchronous detector technique
cannot be used, there are two possible alternatives for improvement of the

standard Thomson scatterlng technlqueg for diagnosing the plasma: (1) use

of a ruby laser with h1gh quantum eff1c1ency ERMA (extended red multialkali)

, detectors, or (2) use of an alternatlve laser source. With ERMA photo-

multlpliers, measurements around 1012 cm are possible with a ruby laser
source‘.2 However, at such dens1t1es the uncertainties in the den51ty
determlnatlon can reach about 50 percent.? The second alternative has

been suggested in the literaturea, and one case of the use of such a’

system for plasna diagnostics has been noted;h ﬁowever, the characteristics
of this diagnostic variation have not been developed Or"reported The
v1ab111ty of thlS approach to low electron den51ty diagnostics will be
establlshed in thls work, as 'well as the specification of the properAteehnique
for electron temperature evaluation. The method outlined here‘presumes the
use of an optical multichannel analyzer with an SIT having S-20 type photo-

cathode.response.

ADVANTAGES OF THE SYSTEM

\

Basically, three advantages accrue with the use Of:frequency

4 doubled Ndfglass.> One'princjple advantage, that -of improved detector

efflciency, had been noted by G. S. Voronev.“ In the case

‘considered here, the quantum eff1c1ency for an 5-20. photocathode increases

" from 0. 02 at 694.3 nm for a ruby laser to.0. 13 at 530 nm for a doubled



Nd-glass or Nd-YAG iaser.. A second advantage comes' from the larger laser
pulse energies bhat can be delivered. Ruby lasers can acbieveba maximum

of about:lS J for a 30 nsec'Q—switched pulse. However, a donbied glass
sysbem is cebable of-outpnt energies around 76 J; thisihmltlngvaluels arrlved
S at from'thedoubling crystal characteristics. U51ng CDA as the doubllng media
‘In a one pass conflguration,s the following parameters® are used for the
estimat;on of the doubled output energies available:. power conversion
efficiency;of 30 pefcent damage threshold of 300 W/cm , and crystal

face diameter'df 6 cm. With the presumption of ‘a 30 nsec pulse width, a
conservative output of 50 J will be used here. Wlth thlsdoubledoutput,,the
Nd-glass laser 1tse1f requires a 30 nsec Q-switched output of 170 J.
Consequently, a more reallstlc comparlson would be made w1th existing

or available components. Using an Apollo ruby laser with a 7 J output,fit
was found that if this laser was converted to use Nd—glass rods of the
appropriate size, an output of 20 J would be possible before doubllng

" this p:oducee a doubled output. of 6 J. The third advantage inherent in

a dbubled‘glass system is that for the same incident‘energy thefe is less
heating effect; and hence perturbation, on the plasma. This effect is

expressed byl

ATe n &nA )
— = 3.24 ——— W. . 1)
Te fiATS/Z 1 -

where Té is electron temperature in eV , n, is electron density in cm_3,
2nX is the Coublomb logerithm, fi is the incident frequency in Hertz; A is

: ; 2 - N - 1
the focused spot size in cm”, and Wi is the incident energy in Joules. Thus,

(AT, /T e) ruby = (figlaSS) = 1.7 - 2)
,(ATe/Te)doubled glass firnby :



COMPARISON OF FREQUENCY DOUBLED SYSTEMS

i'
Nd—g£;3s is not ﬁhe oniy laser where déubling.fhe f;eque;cy of the
'output‘placés it.in a more efficient regimé of aetection. ‘fhé téB;1ation
below pfesents data for systehs:on a compérafi?e ba;is, first where the
maXiﬁﬁm reasonable output energy is'éaken forveach éysfém ana second
'where ;vailable off—the—shéif'rods and optics aré used.- Again the same
5-20 &eﬁectof response is presumed, and the same plasma paramete;s aﬁd laser

pulse width for both are assumed. The scattered signals are:

normalized to the ruby result:

Laser System Comparison--Ultimate Energy Output

- System - | Scattering Eneréy' Scattered Signal i
Ruby 4 15J o S : ‘e
Doubled Nd-Glass ' o030 21.7
‘Doubled Ruby 4,5 J | _ | 2.4
Doubled Nd-Yag (2 Amplifiers) 1.8 - 0.78 ' s

Laser Syétem Comparison--Available Enérgy (1 Amplifier)

'sttem | o Scattering Energyl Scattgréﬁ‘Signal
Ruby | ‘ 73 1
‘Doubled Nd-Glass ' ' 63 5.6
Doubled Ruby ° ’ 21y T 2.1

- Doubled Nd-Yag C0.63 0.56




INTERPRETATION OF SCATTERED SPECTRUM

While a doubled Nd-glass system can provide beneflts in scattered
signal magnltude, there is also one difficulty with this system ‘in standard
'1ncoherent Thomson scatterlng diagnostlcs, the laser 11ne 1s usually treated
as‘a delta functlon in wavelength Nominally, however, anuNd—glassu}aser has
a'bandwidth ofbabout 5 nm. Once the beam had undergone frequency douBling,
this bandwidth is halved to 2.5 nm; This bandw1dth is on the same order
as the Doppler broadened bandwidth of a scattered signal from a plasma
with a few electron volts in temperature.

Accordingly,dthe laser bandwidth should'be taken into account. To
do this, it can Be presumed that the electrons have a Makwellian velocity

distribution and that the laser line is Lorentzian in shape.7 " Thus, the

photocathode current generated by the scattered signal becomes!

oo [2E O = 21)2
| 17727 .28
2 A . 4a L' sin” ¢
r dQneLne A 2 ® 2 AA
Lpe =~ laxGt, ) ’p, 0 [ ax Z, 2 @
4 haZSinE'/; _ o (' - Ai) + AX

for 1A', Equation 3 becomes
c2{x - (\ - Xi)}z

Performing a variable change of x + Ay

exp|-
erQn Lne , 4azsin2 %(Ai + X)2 AX :
1 "———-—————Is(xE)IPd)\fdx ——5 - @
-\ x + A

: pc
| haZ/_sln 3 i

where'r° is the c13551ca1 radius of an electron, dQ is the solid angle
viewed by the detectlon apparatus, n, is the electron den51ty, L is the_
length of the scattering volume, n is the detector quantum efficiency, e

ls the electronic charge?fh is Planckls constant,.a is the electron thermal
speed or VET;7E;; 0 is the angle between incident-and scattered dlrections,
s is the unit vector in the scattering direction,'ﬁ is the unit vector

io

in the direction of the incident electric field; Pi is the incident laser



poﬁef, c is”the velocity of 1ight, dA is_thé width of theAdetectibn channel

in wavelength, A, is center of the~lgser-1ine, AX 1is the half bandwidth

i

At half maximum of the laser line, and A is the center of déteétidn cﬁéﬁnei..
The integral in equation (4)'takes on é familiér fﬁrm under ceffaiﬁ .

condﬂdonsz (l)A if x can be.ignoted compared to Ai’ aﬁd (2) if

" the lower limit can be extended from ;Ai to -,

"The coﬁditions noted above will now be discussed. It can be observed

:hat‘the valuesof x that contributes to the integralaie <<‘Ai, thus

permitting expansions in x/Ai. So, letting a be A - Ai and

\
- in 21
Mije =2 sing 7 s )

the integtal‘beéomes

_—-———-(x_o')z (1 +_}(_)—2
_— a2 Ay
- 2 2 X (6)
. —Ai x + AX
Expanding to first order in x/)\i gives.
o | 27 ¥ 2
Ax I dx ox [} (x - a) J(l + 2x(x - a) ) . 7
- 2 2 €XP 2 2 .
NEEEY 8 /e 28] /e

This contains the term desired and the estimation of the first order

error. Examining only the error term with the substitution of

y={2=-29) ®)
: 1/e : :
-yields
20MA) w e Y (A +
ERROR % —143 ) f e ( )‘l/ey 0‘)}’ dy o .
mAL -A/Axl/e'(Axlley + o)’ + anl ' (9



Since A/Aklle is >> 1, the lower limit of this integral-can be extended
to -, Afso, the'y in the denominator will be set to zero and this will-
. . i

only servé to increase the value of the integral. Thus, equation (9)

becomes
280AN,, e_y2 (AX,, vy + a)yzdy
ERROR ¥ —— e 5 1/e'2 : (10)
' i =5 a4+ AT '
This integral can now be evaluated with the result.
ab) D
ERROR % —1— &% 5 l/e2 (11)
2/1 i a4+ A
This is a small term due to AX << Ai. Also, o is on the order of Axl/e
This establishes the validity of the neglect of x c¢mpared to Ai.
Next, the error involved in setting the lower limit of equation (4)
equal to -® can be shown to be even less than that of equation (11). 1In
this case,
‘ - 2 - dx exp|- (x ; o) o
AX. - dx . (x - a) AX A
ERRE AN B ew s el | Le /
A—Ai x +AX Akl/e - x2 +AAA2A
- )2
Y dx exp|- (x 7 )
— & f'i Ay /e
T 3 5 (12) .
X + AX
Thds, the error term to examine here is
T I 2‘”‘?[‘ 2 } o av
: —co x + A A i

l/e



ﬁetting y be (x + Ai)/Axl/e reduces equation (13) to

- | X L2
A o 9% e"p[‘ 6- D) ]
1l/e

ERROR %

A"AAlle - Y (14)
. i.2 A) -\ 2
1l/e 1l/e
Following Laplace's method® the error can be shown to be
BAAX, , A 2 T
ERROR ¥ —— 1/; 21}\/8 o (A/8ry ) (15)
w[A, + AX7]
i
Again since
A A >> Ak a BAy o . L (16)

the error term shown by equatibn (15)'can be ignored. When this is done,

equation (4) reduces to
~x - (4 - )

' : ‘ . €XP 2
rngneLne . 2 b Aazsin '% Ai 4 m
I .= — |§x(stio)| P dx | dx 5 3 = .(17)

pe haZSin;E VT —o0 x° 4+ AX

- This integral is readily recégnizable_on the Voigt integrél coﬁmonly found
in“sbéctroscopic studies. Since the laser bandwidth can be measured, and
ﬁenee is known, tﬁe width of_the Maxwellian contribution can Be détermined
from the tabulations of this integrél.9 Acéérdingly; an accurate vélue
éf Te can ‘then be found by accounting for the laser bandwidth.

The above application of the Voigt profile to the température determina-
4tion is unnecessary when the tﬁermal broadening is large enough to ensﬁre
that a 2.5 nﬁ width appears relativeiy narrow. In quantitative germs, this

means that



S AN, > 10 —2— L (8)
1/e 2/in2 :

Accordingly; this means that the temperature, Te” must be greater than
'100 eV in order to ignore the width of the laser line...At the other
extreme, the sepdration of the Maxwellian from the Lorentzian shape becomes

questionable when

AX a2 (19)

e " povimz
" or wﬂen Te is less tﬁah .01 evV. Thus, from .0l eV up to 100 eV, the analysis
using alVoigt integral holds and.should be used in evaluating the elecgfon ,
teﬁperature with a aoubled glass system. Above 100 eV the usual énal&sis
with'a Gaussian profile in temperature determination can be applied, while
beiow 0.01 eV it is not possible to distinguish‘temperature information inA

¢

a doubled élass scatte;ing syétem.

CONCLUSTONS

The advantages that a doubled Nd-glass laser system holds for low
density determination can be clearly identified. Using the maximum energies

for both laser systems and an S-20 photocathode response on the detectors,

the ruby laser can resolve densities down to v 1012

10

em™? while the doubled
glass can resolve densities &own to~ 5 x 10 cm?3. However, even if the

quantum efficiepciés of the detectpr at 694.3 nm and 530 nm could.be made

A\l

eq?al, Fhe doublgd‘glass laserﬂscattered signallwould still be about a factor
of 4 gregﬁerﬁphén the signal~frpm a ruby system. With the improvement. in
'éc;tte;gd energy, hpyever, there is the slight complication of using a,

Véigt profile for the élec;rdn temperature.determinatioq in the rangeAdf

0.01 eV < T < 100 eV.
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