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Improved signal-to-noise in fluorescence scattering by means of nonlinear 
pumping with a frequency modulated dye laser 

M. J. Forrest and FL J. Winfield 
Culham Laboratory/Euratom Fusion Association, Abingdon, Oxfordshire OX14 3DB, United Kingdom 

(Presented on 18 March 1992) 

Laser-induced fluorescence (LIF) is a well established technique used to determine the neutral 
hydrogen density in fusion plasmas. There is a requirement to extend these measurements to the 
Divertor section of large plasma devices, but this is problematical due to the high levels of stray 
laser light and background plasma emission. Here we describe a method, based on harmonic 
saturated spectroscopy which depends on the nonlinear response of a saturated atomic system to 
discriminate against intrusive noise sources. For a pump laser modulated such that the intensity 
varies as I=Ic sir? wt, the Fourier transform amplitude coefficients of the resulting fluorescence 
scattered signal take on finite values. Therefore selective frequency detection at, say, 4w makes 
possible high rejection of the dc component of plasma emission and also stray light at the 
modulation frequency of the laser. Excitation to the required atomic level is by a flash tube 
pumped frequency modulated Balmer Beta dye laser at 486 nm, with detection at the same 
wavelength. The optimization of the nonlinear pumping process, i.e., the degree of saturation for 
the most efficient production of detectable harmonics, is outlined. Also the anticipated signal- 
to-noise levels for the pertinent plasma conditions are given. 

I. INTRODUCTION 

Laser-induced fluorescence (LIF),’ as a technique for 
measuring neutral hydrogen density in fusion experiments, 
combines the facility to give spatial, and some temporal 
resolution together with reasonable signal-to-noise proper- 
ties. The principle of the scheme is well documented but an 
outline, is given here. 

Essentially the technique relies on the ability to excite 
a resonance transition in hydrogen which reradiates by 
fluorescent emission either at the same wavelength (on the 
same transition) or at a shifted wavelength (on a coupled 
transition). Since reradiation is into 477 steradians stray 
laser light can be rejected by a suitable geometrical ar- 
rangement of the pumping and viewing ports (and addi- 
tionally, in the case of a shifted transition, by spectral fil- 
tering). 

LIF essentially measures the upper state population 
density but if the excitation laser is made sufficiently in- 
tense the population of the upper level ( nk) and lower lever 
(Q) will be in the ratio of their statistical weights (gk and 
gf), i.e., 

nk gk -=- 
nf 8f’ 

(1) 

In this situation the fluorescence signal is proportional 
to the lower level population n,. In atomic hydrogen sev- 
eral schemes have been proposed with laser excitation of 
L,, L, and L?13. Of these the Lyman series requires lasers 
operating in the VUV region where there is an absence of 
strong sources. The Balmer p transition at 486 nm has the 
virtue of being accessible by a standard dye laser, but the 
disadvantages of not originating from the ground state. 
Since the population of the n = 2 level is much less than the 
ground state, some modeling is required to relate the mea- 
surement to the neutral density. 

In a complex plasma vessel two sources of noise must 
be considered. Firstly there is the presence of background 
plasma emission (which is present in all high-temperature 
plasmas) which may be exacerbated by the fact that the 
viewing geometry may also see plasma at higher tempera- 
tures and densities than the region under measurement. In 
a complicated vessel it may not be possible to arrange for 
laser and viewing dumps to be incorporated into the system 
and so stray laser light may also be a considerable problem. 
In this paper we propose a technique to improve the signal- 
to-noise ratio in a LIF neutral hydrogen density measure- 
ment by the use of harmonic saturated spectroscopy’ and 
this will be described below together with the experimental 
apparatus to be used in a forthcoming experiment. 

II. HARMONIC SATURATION IN A HYDROGEN 
PLASMA 

If a laser is modulated such that the intensity I varies 
as 

I=I, sin2 Lot, (2) 

where I0 is the peak intensity and w is the modulation 
frequency, a Fourier transform (FT) would give only two 
amplitude coefficients Cc= 1 and C2w= l/2. Figure 1 (a) 
shows the temporal evolution of the laser pulse and Fig. 
1 (b) the corresponding Fourier transform. An arbitrary 
envelope has been given and this appears as side bands to 
the FT components of interest. The same would be true of 
the fluorescence signal in a LIF experiment if the response 
of the atomic system was linear. 

However in LIF the fluorescence signal can be made to 
show saturation as I approaches 1, (the saturation inten- 
sity for the transition). In this case the FT will show higher 
order components. 

In the first instance a two-level approximation can be 
applied to the atomic hydrogen system as in Fig. 2. Here 
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FIG. 1. (a) Frequency modulated laser pulse; (b) Fourier transform of 
laser pulse. 

the populat ion of level k ( nk) under  the excitation of laser 
radiation tuned to the l-k transition is 

dnk 
dr=nlRik-nk(Rk,+Akt-tXT), (3) 

where Rkl is the stimulated em ission rate, RI, the excitation 
rate, and  Akl the Einstein A coefficient. XT accounts for the 
removal of populat ion from nk by collisional excitation or 
deexcitation. 

and  

"k 

xT 

: 

hk Rkl Akt 

nt ,***a 

FIG. 2. Rate model. 

The ET is given in F ig. 3  (b) * The  occurrence of the 
higher order Fourier components (at 4w) which is absent 
in F ig. 1  (b), can be  seen. In a  diagnostic measurement  the 
amp litude at 4u  can be  related through equat ion back to 
the n=2 density which by the usual collisional radiative 
analysis, together with knowledge of the plasma parame- 
ters, can be  related to the neutral hydrogen ground state 
density. 

Ill. SIGNAL-TO-NOISE RATIO 

The advantages of harmonic saturation techniques are 
that the ET discriminates against quasi-dc background 
plasma em ission (which gives an  addit ion to the coefficient 
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FIG. 3. (a) Fluorescence signal; (b) Fourier transform. 

(5) 

By substituting Eqs. (2), (4), and  (5) into Eq. (3), +(l) 
can be  predicted. In order to use this scheme, condit ions 
are chosen such that no  simplification of equat ion (3) can 
be  made  and so to solve nk( t) an  iterative technique must be  
used. 

F igure 3(a) shows a  prediction of the time  dependent  
f luorescence signal FCt), which is proportional to &(t) for a  
laser modu lated at 5  MHz tuned to the Balmer transition 
in hydrogen by the way of example. 
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FIG. 4. Signal-to-noise ratio for background at different n2 density to 
observed volume. 

at w=O) and  also linearly scattered stray laser light 
(which give an  addit ion to the coefficient at 2~). For ex- 
amp le Frueholz et al.’ demonstrated a  40~ improvement 
in a  modu lated cw laser scattering experiment in a  sodium 
constituent of an  air-acetylene f lame using this technique at 
a  slow modu lation frequency (200 Hz). 

Assuming that shot noise dominates the detection of 
scattered light, signal-to-noise ratio (S/N) is given by 

(6) 

where F,.,, is the number  of scattered photo electrons, BN 
the number  from background plasma em ission, and  sN the 
stray laser em ission. A is the ratio of the effective FT  band-  
width to the total detection system bandwidth. F igure 4  
shows S/N values for different LIF n2  densities (i.e., n2  
densities contributing to the f luorescence signal) against 
different background n2  densities (those contributing to 

background plasma em ission) to show how the technique 
can discriminate against strong plasma background em is- 
sion. 

In order to optimize the signal-to-noise ratio the opti- 
mum laser intensity must be  determined. Lower intensities 
will increase the signal going into the lower order Fourier 
components while over saturation increases the higher or- 
der components.  It is desirable to maximize the amp litude 
at 4w. 

IV. EXPERlMENT 

The laser source for this experiment will be  a  commer-  
cial dye laser (3 J/pulse 1.5~,us duration) operat ing with 
couramin 480  dye. A three-prism dispersive cavity will be  
used to give a  narrow line width ( 1  nm) turnable output 
centered at 486  nm (for use in exciting the Balmer 0  line). 
Modu lation will be  by an  acousto-optic modu lator operat- 
ing at 5  MHZ. Techniques will be  emp loyed to maximize 
the modu lation depth and  to preserve the optical sine wave 
output. This is particularly important as any deviation 
from a  true sine waveform will generate higher order Fou-  
rier components which will reduce the effectiveness of the 
technique of harmonic rejection. 

The  detector of the f luorescence scattered radiation 
will be  by photomultiplier with a  band pass filter to reject 
non-Balmer fl radiation. The  scattered signal will be  ac- 
quired by a  fast digitizer for subsequent  Fourier analysis. 
One  of the lim itations of f luorescence measurements based 
on  the Balmer fl transition is that the measured n  = 2  pop- 
ulation must be  related back to the ground state density. 
This will be  done using an  in-house plasma mode l. 

‘M. J. Forrest et al. Rev. Sci. Instrum. 59, 1461 (1988). 
‘R. P. Frueholz and J. A. Gelbwachs Appl. Opt. 19, 2735  (1980).  
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