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ABSTRACT

When a pulse of intense light from a glant-pulse laser passes
through a plasma, a very small fraction of the light is scattered out
of the beam as a result of ("Thomson") scattering by free electrons.
Under suitable conditions the intensity of the scattered light is pro-
portional to the density of free electrons, while its spectral distri-
bution is related to the velocity distribution of the free electrons
through the Doppler formula.

Theoretical considerations, relating to the conditions of va-
1idity of the method, are discussed. Various mechanisms which could
interfere with the diagnostic technique are mentioned and their im-
portance considered. Design congiderations for diagnostic experiments
are then taken up, and signal-to-noise ratios calculated.

An apparatus for conducting scattering experimentg has been
constructed. Phenomenological checks indicgte that the observed
scattering is by free electrons. Measurements conducted at various
times in the development of an afterglow plasma indicate Doppler
broadening of the scattered light; +the broadening disappears as the
electrons cool during the first three microseconds of the afterglow.
Measurements of electron density as a function of time are made in the
afterglow, and are calibrated by means of Rayleigh scattering from gas
at a known pressure.

Two unexpected laser-plasma interactions have been observed.

The first is designated as "induced plasma luminosity" and the second
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as "giant scattering.” Both effects appear to be related to the

presence of hydrocarbon impurities in the gas.
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CHAPTER I

INTRODUCTTION

A, Historical Background

The scattering of electromagnetic waves by free electrons,
often called Thomson scattering, is a well-known phenomenon of physics.
In stellar atmospheres it plays a role in the transfer of energy; in
the terrestrial ionosphere it can be used to provide high frequency
radio communication. Yet while familiar on a large scale, Thomson
scattering has been something of a stranger to the laboratory, because
the crosg-gection for the process is inconveniently small.

In the x-ray region, scattering by electrons has been known
for several decades, and the spectral density of Compton scatiering has
been used as a device to study the distribution of velocities of atomic
electrons and conduction electrons in solids.[I-1] Interest in the
effect at lower frequencies was stimulated, more recently, by iono-
spheric radio back-scatter experiments vroposed by Gordon [1-2] and
carried out by Bowles.[I-2] [I-3] Among the results of these experi-
ments was the surprising observation that the spectral distribution of
the scatbered radiation was not Doppler-broadened to a degree consonant
with the known electron velocities of the ionosphere. This led to the
development of theories of scattering from plasma by Fejer, [I-5] [I-6]
Dougherty and Farley, [I-7] [I-8] Salpeter, [I-9] and others; at pre-
sent these theories seem adequate to explain experimental observations.

New possibilities for laboratory investigation of Thomson



scattering have appeared in the last few years, arising from the de-
velopment of the optical maser. Thomson scgttering of radiation in the
optical region has now become a subject of considerable interest, both
for the sake of experimental verification of the theory, and for its

possible applications, one of which is the subject of this thesis.

B. Nature of the Problem

On many accasions the experimental plasma physicist will wish
to diagnose the electron density and electron velocity distribution
within a given plasma. In general neither measurement is easily made.
Of the common diagnnstic methods, microwave interferometry is difficult
above certain densities, and provides a density measurement which is an
average over an inconveniently large volume whose dimensions are of the
order of a wavelength.

ements, on the other hand, suffer

; on the other hand, suffer
under numerous interpretive difficulties, may disturb the plasms, and
are difficult to perform so as to provide time resolution. Measure-
ments by mcens of Stark broadening of spectral lines are useful only
above certain densities, (their minimum lying above the maximum density
for microwave work); moreover, theoretical profiles for comparison are
availeble only for simple atomic structures, and even then are somcvwhat
doubtful. New diagnostic techniques, therefore, are badly needed.

It hag been pointed out by many persons that Thomson scatter-
ing of laser light could serve as a new diagnostic method. In concept

the idea is similar to radar: one sends out a pulse of light, and re-~

ceives the light scattered out of the beam by the electrons; the



intensity of the scattering indicates the number of scatterers, while
the Doppler shifts of the scattered light indicates their wvelocity
distribution. By this means one msy hope to perform measurements with-
in an infinitesimal volume having dimensions appreoaching the wavelength
of 1light, and without disturbing the plasma whose properties are being
measured; thig could be done even in the case of many plasmas whose
characteristics of geometry or ionization density make them unamenable
to conventional diagnostic methods. However, although the idea is
simple in theory it is difficult to carry out in practice. For plasmas
of moderate density, such a very small portion of the incident light is
scattered out of the beam that extensive precaubions must be taken, so
that the desired signal will not be masked by spurious reflections from
the walls of the apparatus. Moreover, even with the highly intense
laser light source, the magnitude of the signal is small enough to pose
problems in its detection.

At the time that this work was begun, Thomson scattering of
light in the laboratory had never been observed. Since the work has
been in progress, four experiments on the subject have been reported.
Fiocco and Thompson [I-107 have achieved the first observation of opti-
cal Thomson scattering. This was done using a 20-joule normal ruby
laser and an electron beam of 5 - 109/0m3 density. The same workers
have also reported scattering from the plasma of a hollow-cathode dis-
charge.tl—il] The latter observations have since been modified by the
detection of the presence of photoionization processes, which result in

additional luminosity that appears in addition to the true plasma



scattering.{I-12] B8cattering from a Theta-pinch plasma has been re-

ported by Fuenfer, Kronast and Kunze.[I-13] A preliminary report of

the present work, which includes one of the earliest observations of

thermal broadening and the first application of the giant-pulse laser
technique, has also been published.[I-1h]

In this thesis we begin in Chapter II with a review of the
theory of scattering from plasmas. Included in the discussion are con-
siderations of the limits of validity of plasma diagnostic experiments,
set by collective plasma scattering behavior, absorption of energy by
the plasma, and high-field effects. Scattering from neutral atoms and
positive jong ig also discussed, and the relevance of the former for
purposes of calibration is pointed out. In Chapter III we consider the
general experimental problem of detection of optical Thomson scattering
in the laboratory, with specific attention to the use of the giant-
pulse laser as a light source. Noise considerations for such experi-
ments are derived, and applications of the noise theory are pointed
out. The apparatus which has been constructed here is then described,
and various suggestions for the improvement of the method in future
experiments are presented.

Chapter IV reports the exploratory experiments which have been
carried out. One novel feature of the apparatus is its use of the
giant-pulse laser as light source. In addition to the advantages of
the scabtering method previously mentioned, the gilant-pulse technlgue
represents an improvement over previous work in that it allows measure-

ments to be made "instantaneously”, and hence is sultable for the study



of plasmas which vary in time. A further advantage of the glant-pulse

technique, to be seen from the calculations of Chapter IIT, is that
under conditions of interference from plasma self-luminosity, the glant-
pulse technique provides an improved signal-to-noise ratio over that ob-
tained when a normal laser of similar energy is used. The apparatus to
be described also is the first to be constructed in which spurious re-
flections from the walls do not interfere with the measurements. In
other work the light scattered Ifrom the plasma has been distinguished
from that scattered from the walls only by means of spectral separation
of the former through Doppler broadening; in the present work so little
wall scattering remained that separation of the signal by Doppler
broadening was not necessary, and hence "cold" plasmas could for the

first time be treated.
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CHAPTER IT

SCATTERING THEORY

A, TIncoherent Free-Electron Scattering

A familiar result of classical electromagnetic theory is the
phenomenon of Thomson scattering of radiation by free electrons.[II-1]
Let us consider the scattering by a single free electron of a mono-
chromatic, plane, linearly polarized wave whose electric vector at r,
the location of the particle, and in the particle'’s rest system, may be

written,

E=E_ cos (K r+ot+a) (11-1)

pve-—3

where ?Q is a constant vector, K is the propagation vector, w the
frequency, t +the time, and « an arbitrary phase congtant. We as~
gsume that the velocities acquired by the electron in the field are
always much smaller than the speed of light c, so that the influence
of the magnetic field on the particle may be neglected. In this casc
the motion of the electron is transverse to the direction of wave
propagation, so that the equation of motion of the charge in its rest
system 1s

mr = eE_ cos (ot - B) (11~2)

o

where P 1s another arbltrary phase constant. Since the charged
particle undergoes acceleration, re-radiation takes place. Let us

employ the familiar formuls for the differential power dI radiated



in the direction n by an accelerated point charge into differential

solid angle 40 [II-27:

2
e

aI = —— (¢ x n)° a0 (11-3)
3 i
16x"e ¢
o]
The "differential scattering cross-section" do 1is defined to be the
quotient of the time-average power radiasted into d0 by the time-~
average incident power per unit area. The latter is the time-average
[e 2
Poynting wvector, equal to ~% ag /Eo/ . Taking the time-average of
o

dT and dividing

5 2
e

do = | —— sin” § dn (I1-4)
bxe me
o
where do 1is the differential scattering cross-section and {§ 1is the
angle between the scattering direction and the electric vector of the
incident wave. The total cross-gection S equal to the integral of

do over all directions, is then

8 2 | 8
2
O-O = __; e s = ..3_ (T[I-O ) (II-5)
hﬂeomc

where T is the quantity usually known as the "classical radius of the

electron”. O called the Thomson cross-section, has the value

6.6 -+ 10727 cm®. This classical result is in agreement with quantum-
mechanical calculations, provided that the photon energy is much less
than the rest energy mc2 of the electron. Above such energy the Klein-

Nishina formula must be used. One finds from it that the differential



scattering cross-section in the forward direction retains its classical
value but the scattering in all other directions is decreased. Hence
the scattering becomes peaked in the forward direction and the total
cross-section is decreased.

Let us now consider an ensemble of such electron scatterers.
We shall first assume that there is no interaction whatsoever between
one particle and another; their positions and velocities are not cor-
related in any way. When such an ensemble ig observed from any di-
rection except the forward direction, the phase difference between the
waves emerging from any two of the scatters will be a random quantity,
taking any value from zero to 2x with equal probability. Such
scattering 1s called incoherent scatiering, and has the property that
the intensity of scattered radiation will be proportional to the first
power of the number of scatterers.* If in addition the scatterers are
in motion, monochromatic light which is scattered by them will exhibit
broadening according to the familiar Doppler formula. The problem of
finding the spectral distribution of incoherently scattered radiation

has been treated in the "slightly relativistic" approximation (terms of

* If the region of scattering is limited in size to dimensions on the
order of a wavelength, it is possible that "partial coherence" ef-
fects may still occur. Let the approximate dimension of the scatter-
ing region be a. Then for scattering angles less than cﬁma
partially coherent scattering will be in evidence, characteristically
leading to an increase in scattered intensity in such directions. (&
familiar example occurs in the scattering of x-rays by the cluster of
electrons contained in an atom.) Partial coherence effects might
conceivably arise in the cxperiments to be described if it should
happen that the ionization is localized in small regions or if the

laser light were only coherent over small areas. However there is no

. . P o - PN =
(=9 JL AL L L COQoNIL U + t1 L h &f t
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order v/c retained) by Papas and Lee.[II-3] Let f(BX,By,E:Z) be the
velocity distribution function of the scatterers (where BX = vx/c,

@©Q
etc.), such that j‘” f(BX,By,BZ) g, dfsy d8, = n, the number of

-
scatterers per unit volume. Then the results of Papas and Lee give

-

[oe3
[\
_ dQdaw r 0
W(e,p,0) A0dn = m Jj wo(e’q)) f(BX’By’ mOzl— cos8)
-

A sin ©

) 4, B, (11-6)

* l1-cosb

where WO(G,cp,a)) dw d) is the power scattered into the solid angle 40
and frequency range (w,w + dw) per unit scattering volume, © is the
angle between the incident wave and scattered wave directions, ¢ the
angle between the incident wave electric vector and the scattering
plane, W the incident wave angular frequency, and W( G,LP) d(i the
vower scattered into solid angle 4 by a single electron, which is
found to be

2

_c 2 . 2 2
W dQ = = E " r_ (1 - sin” 0 cos™ o) dQ

c 2 27 . . . . 2 2
+ TEEO T, LBX sin 2¢ sin 6 (cos® - 1)+ 2{3ysm9(3-3 sin 0 cos ¢
o - B sin®
2 2 o] 3
- sin” g - cos B cosTy) + g{m (T - cosd) lJ- zos8 [ X
0

X{(3 cos 8-1) (1 - sin” 8 cosch) - cos 8}] a0 (II-7)

If v/c << 1 and if we are not dealing with the vicinity of e=3‘2-, @=0,
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only the first term of Eq. II-7 (zero order in v/c) need be retained.

This leaves

che r02 (1 - 5in° 8 cog” ®)

W(8,p,w) dQ dw = dQdn X

lma)o (L - cos®)

[o] »
mo—a) p_sin ©

¥
X‘”‘ f@x’ﬁy’ o (1 - cosB) * T cos 8) 4By dﬁy (11-8)

In some circumstances it is possible to assume that the velocity distri-
bution of the scatterers is Maxwellian, in which case the electrons ve-
locity distribution is defined simply by a temperature T. In this case

the result of Papas and Lee for non-relativistic particle velocities is

nc®r °g ° % 2 2
_ o m=% 1 -gsin Qcos g
W(8,q,0) ddw = Ermo anT 1 - cos 8 X
2
me® (coo-a))
X exp | - dQ an (11-9)

)!(Dog AT (L - cos B)

wherc m ipg the clectron mass and # is the Boltzmann constant.
Equations IT-8 and II-9 are the basis of the method of plasma
diagnosis under consideration in this thesis. We apply the incident
wave (Eq. IT-1), and detect the energy scattered from the plasma. In
the general case of arbitrary ﬁarticle velocities the scattered in-
tensity and spectral distribution will be related to the electron densi-
ty and velocity distribution according to Eq. I1-8, and in the special

case of thermal equilibrium, according to II-9. One then "works



backwards" by means of these formulas to gain information about the in-
ternal condition of the plasma. The remainder of this chapter will be
concerned with the limits of validity of Egs. II-8 and II-9, with re-
spect to such possibly disruptive mechanisms as collective plasma ef-

Tects and perturbation of the state of the plasma by the incident wave.

B. Collective Plasma Scattering Effects

In the previous section we have considered the scattering of
radiation by electrons which are assumed not to interact with one an-
other. That this 1s an idealization is evident, since in a physical
plasma every electron does indeed interact with every other, through
the coulomb force. To determine the limits of validity of the inco-
herent scabttering theory it is necessary to consider the collective
plasma effects. An important result of such calculations, which are
summarized below, is that collective effects do not modify the inco-

herent scattering theory significantly when

Lige
-3:9 sin.g >> 1 (I1-10)

Here )\ 1is the incident wavelength and &D is the Debye length, equal
3

to  (uT/bune®)”

The scattering of radiation from plasmas has been considered
by numerous workers, including Buneman, [II-4] Douvgherty and Farley,
[II-5] Fejer, [II-6] and Salpeter.[II-7] The point of view taken by
all these workers is that the scattering is from sinusoidal fluctu-

aticns in the electron density. Let k = hﬂk_l sin (8/2). Then it is
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cvident that the amplitude of the scattered radiation is proportional
to the quantity Pre’ defined as

n
=-P.EF&

J=1

e ik 1 (11-11)
where lﬁ is the position of the Jjth electron, and k is a vector of
magnitude %k in the scattering plane bisecting the external angle be-
tween the incident and scattering directions. (The orientation of Xk
is actually irrelevant since the plasma is being assumed isotropic.)

The intensity of the returned light is therefore proportional to

<P P > (where <> denotes expectation value). The scattered
energy in the frequency interval (wb,mb + dw) (where @, is tne inci-
dent frequency) is proportional to < !Qe@n)lg >, vhere Q_ 1is the

temporal fourier transform of Py’
<«
— 1+ "'YT‘ -iwt -
Q,e(a)) _i at (t) e e (11-12)

(The Finite duration of the measurement ieg included in the quantity
Qe(w). The point of view taken is that the density fluctuations are
"turned on" at t = 0, and decay as e—vt, corresponding to a measure-
ment of duration ;a(QY)_l. Since eventually a time average is taken
with the duration approaching infinity, the manner of "turn-on" and
"turn-off" are unimportant.) The problem is then reduced to finding
the temporal and spatial transforms of the electron concentration under

the influence of the plasma fields. The following results are those of

Salpeter.
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It is assumed that nh 3 >> 1, which insures that coulomb

D
interaction encrgics are small compared with thermal energies, so that
a treatment based on an equilibrium Maxwellian distribution of veloci-

ties is possible. Mean free paths are longer than k' and A\ye An

importanl parameter o 1is deflined:

1
& = (1) ™" = A(ne®/bxr)” (sin 2ot (11-13)
Then it is found that
-1
< pkg* Pra” = ne2 (1 + ZCXE) 1':1 + (2 +}_)a2:|j (IT-14)

where Ze 1is the charge on each iqn. The limit & — o corrcsponds to
the case of Eq. II-10, and the incoherent scattering theory obtains.

As o 1is increased the total scattered power decreases and in the
limit o - © it is reduced by the factor Z{Z +1). The result ob-

tained for the spectrum of the scattered light is

o) 2
J 5 < lQe(‘“)t2> do = Fa(x) (%‘3 + 7 _._‘Z___g_ fﬁ(y) g—‘—’ (11-15)
:ﬂle’le e 1+ s
Here a)e and cni are defined as
%
o = (2T /n)
i (11-16)
. )
@, = (2k mi/M)
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where M and Ti are the ion mass and temperature; these quantities
represent the Doppler frequencieg that would be observed due to thermal
velocities if incoherent scattering were taking place. The quantity B

is defined by

> 7T

p = —— (I1-17)
Ty (1 + &)

X = mﬁme and y = my&i, and the function T is

-1
(I1-18)

2 2 2 P
. el dt] + ﬁah'xa o Ex

2
r(x) = e* J[1+0° P x e

O ¥

When the function | (Fig. II-1), which is applicable for the case

T. =T, Z=1, and m << M, 1is studied, the following behavior is
found. The integral over dw decreases by one-half as « ranges from
zero to infinity, as expected from Eg. I1-1k. For « <<« 1 the function
has the geuscian ghape expected of inecoherent gcattering. For o =1
the maximum at x = O has become less pronounced, and for larger values
the function near x = 0 is further diminished while a "spike" appears

24 3nTk2/m, that

and grows higher in the vicinity of (o - wo)2 R‘mp
is at Doppler shifts corresponding to the plasma frequency. Although
the maximum of this peak becomes large with increasing «, its width
decreases, so that the area beneath it is of the order of a_g times
the area.under the curve in the vicinity of the origin. 1In general the
spectrum is composed of the contributions of both terms on the right

side of Ey. II-15, whlch resull respectively from electrons moving

freely and from electrons whose motions are correlated with the ion
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motions. However if & << 1 the first term is dominant, and in general
the first term is adequate for values of (w - wo) large enough to be
observed with present techniques.

The structure predicted by Eg. II-18 has been partially veri-
fied by microwave ionospheric backscatter measurements. Tt also Ties
within the range of possible optical experiments, provided that dense
plasmas are employed, and such experiments will no doubt be performed
soon. In the experimente discussed in thise thegis, however, the
quantity @ is always less than one, and in most cases the incoherent
scattering theory will apply. In cold afterglow measurements, where
XD is particularly smell, correction by means of Eq. II-14 may be re-

quired.

C. Disturbance of Plasma by Optical Fields

In all of the foregoing discussion it has been assumed that
the state of the plasma being diagnosed is not altered by the optical
flelds applied. One may expecl Lhal for sullficiently high fields this
will not be the case. Disturbance of the plasma is, of course, highly
undesirable from the point of view of plasma diagnostics.

One may rirst inqulre whether any new density [{luctuations can
be created in the plasma. This question has been answered in the nega-
tive by W. H. Kegel, [II-8] who showed that within the validity of the
linearizéd Vlasov equation, no such fluctuations are produced, es-
sentially because the electron motions are transverse. When a magnetic

field is introduced the electrons experience z;xlgu forces, and densi-

Ly fluclbuallions are produced. For the case of a homogeneous constant
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magnetic field B oriented perpendicularly to the propagation direction

and electric wvector, the result is

2
n L 2
< |n(ko,cno)12> - B° B —5 = 4 -L—”%é (11-19)
w
(o]

where n(ko,wb) is the temporal and spatial fourier transform of the
electron density, n, the equilibrium density, E the incident field,
and @, the incident frequency. Without the magnetic field no density
fluctuations are introduced.

Another possible sort of disturbance of the plasma would take
place if itp groso propertice - dengity or temperature - were altered
by the incident light. This question is susceptible to analysis for
the case of a hydrogen plasma. One assumes thermodynamic equilibrium,
and sums the probabilities for bound~free and free-free transitions,
weighted by the appropriate level populations. The resulting absorption

coefficient per atom in the ground state, is

_ u

_ 6hﬂh melO e U1 1 ¥ 'y u5

= 33 3 3 i (11-20)
3J§ ch™# T u uN<u N 2u1

Here m and e are the electronic mass and charge, h the Planck
constant, u= hv/xT, Uy = Rhc/NzuT, and R is the Rydberg constant.
[II-9] The terms of the sum inside the brackets refers to transitions
from the iower photo-ionizable bound states to the continuum, and is to
include only the wvalues of N (principal quantum number) for which

photoionization is possible. The sum of the transitions from the fifth



19

and higher levels is approximated as an integral and combined with the
free-free transitions to compose the second term in the brackets.
Using formula II-20 we can calculate the absorption of energy from a
laser beam, which is E = n XTI, where n, is the number of atoms
in the ground state, I the intensity of the laser bemm, and 7T 1its
duration. Let us take T =5 &V, I = 108 watts/cmg, T = 10_7 second.
We consider the cases of electron density = (1) lolh/cc and (E)lOl@kc.
From the Saha equation we obtain the density of atoms in the ground
state to be for case (1), L.6 - lOé/cm3 and for case (2), 4.6 -lﬁlg<ﬁn%
For case (1) we find that the energy absorbed amounts to approximately
2 10"LL eV per electron. The absorbed energy per electron increases
roughly as the electron density, so that for case (2) we have absorption
of 0.2 eV per electron. (If we had chosen a twenty-joule normal laser
focused to 1 mm2 for our example, the result in case (2) would have been
Lo eV per electron, except for the fact that the assumed thermal equi-
librium would be disrupted in such an extreme situation.) The case of
helium is not so conveniently treated; however a few general con-
clusions may be reached. The upper states, at least, are hydrogen-like.
The contribution to the absorption of the free-free transitions, which
amounts to sbout 70% of the total absorption in the examples just con-
sidered, should also be very similar.

Since the density of free electrons should be very large com-
pared to the populations of neutral atomic levels, no significant in-
crease in the electron density can be expected. It is, of course,

quite possible that the assumption of camplete thermodynamic equilibrium
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is not a good one for a laboratory plasma. A situation which has been
observed in afterglows [II-16] is that the upper states of the atoms

(N = 6) and the electron cloud are in eguilibrium with each other, but
the populations of the lower states diverge widely from their equi-
1ibrium values. In this case the calculation of free-free absorption
will still be approximately valid, but if the population of the inter-
mediate levels should be large, there 1s a possibility that substantial
photoionization could take place. It is unlikely that the populations
of the upper neutral states could ever he large enough to produce much
change in the total electron density through sudden photoionization.
However an interesting observation of photeionizabion caused by a long
(~1millisecond) normal laser pulse has been made by Rose, Lidsky and
Thompson. [II-10] In this case it is thought that the density of
neubtrals in ionizable states is continuously replenished while photo-
ionization is taking place, so that an eguilibrium at an increased
electron density is established. In order to avoid such effects, short
laser pulses would be desirable.

Another possible mechanism by which the optical radiation
could alter the density of the plasma is that of collisional ionization
by electrons. This effect was [irst observed by Damon and Tomlinson
[I1-11] in various gases at a pressure of twenty microns, using both
normal and giant-pulse lasers. The number of ions produced was on the
order of 1 7. Later studies by Minck [II-12] indicate that the process
is most effective at pressures of many atmospheres, and that the mecha-

nism is probably the same as that of microwave ionization, which is
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interruption of the oscillatory motion of electrons by collisions, and
statistical accumulation of energy on a random-walk basis. Muliiple-
photon absorption does not seem to be an important part of the process.
Posgibly the initial presence of electrons could enhance ion production
by many orders of megnitude; it is not clear whether the equilibrium
increase in density can be large enough to be significant. However, no
signs of collisional ionization have been observed in the present work.
In addition to the processes which have already been mentioned,
there is a wide spectrum of high-field effects which are only beginning
to be understood. One particularly interesting case, that of Thomson
scattering under conditions of high photon density, has been treated
using quantum electrodynamics [II-13] by Fried. His result for the

scattering amplitude is

-1

~ 2 2
AT A T (g k! Jze h (m c3) pr (I1-21)

where A.O is the.ordinary Thomson sc¢attering amplitude, € 1is the
unit vector in the direction of polarization of the incident beam, k'
the propagation vector of the scattered photon, ¢ the density of
photons, and A 1is the incident wavelength. We see from Eq. II-21
that in this theory the scattering in directions perpendicular to the
incident polarization has its classical value regardless of the photon
density. Moreover, with existing lasers no significant deviations from
clagsical behavior are to be expected at other angles. Many other

papers on high-field effects have also been published, but as yet none
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in which the effects are likely to be significant for scattering experi-
ments such as are being described, has come to the attention of the

writer.

D. Atomic Scattering

In addition to the scattering by free electrons, radiation
will also be scattered by neutral atoms when these are present. It is
expected that this effect, upually colled Rayleigh scattering, can be
used for calibration of electron scattering experiments, and so a brief
review and discussion will be included.

In the macroscopic point of view, the volume polarization is
related tc the applied electric field by the index of refraction. If
we are dealing with an isotropic medium (such as an inert gas) we can

write

B=E (e -¢))=Ee (I -1) - (11-22)

where N 1is the index of refraction, and P = np is the density of

atoms times their individual polarization. We now apply Eq. II-3 to
the particles individually, which are regarded as oscillating dipoles
peiﬂt. (Only the dipole radiation need be considered due to the atom's
small dimensions.) When Eq. IT-22 is substituted for p, and the

scattered radiation is integrated over the sphere, we obtain the total

scattering cross-section

o= %2- is x"“ . (¥ -1)

2 (11-23)
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where N 1is the index of refraction and n 1is the density of scatler-
ers and the pressure at which N is measured. This equation, with its
X—M dependence, is the Rayleigh Scattering Law. [II-1L]

The dependence of the intensity scattered at 900 on the
quantity (W - 1)2 has been verified by Rayleigh for such diverse
gases as alr, hydrogen, nitrous oxide, and ether vapor, with errors of
only a few per cent. LII-15] A more recent experimental study has been
carried out by George et al, [II-16] using a normal, focused ruby laser
as the light source. They report some rather peculiar results. Their
differential cross-sections are in the range twice to three times those
predicted by the Rayleigh formula; and in the scattering plane perpen-
dicular to the incident electric vector, they do not observe the
scattered intensity to be constant as a function of scattering angle,
but rather to increase in the forward and backward directions. The
authors have suggested that these departures from the Rayleigh theory
may result from some kind of coherence effect, but no firm explanation
has been established. [II-17] Further investigation is needed in order
to determine if some such hidden mechanism will introduce error in
density measurements.

There will also be scattering from the ions present in the
plasma. The Thomson component of this scattering is reduced from that
of free glectrons by the factor (m/M)2 and hence is negligibly small.
In addition there will be scattering (identical with that of neutral
atoms) due to two-photon processes. These may be expressed for both

atoms and ions by the semi-classical formula
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where the ay = (AE)R/E for trangitions to all other states R of the

atom, and the f, are the corresponding absorption oscillator

R
strengths. If o <<y Eq. II-24 may be approximated by
Ly 2
= Rl
O tom = co( Z’E’) (2 fR) (11-25)

where AE 1is an "average" transition energy. The sum E)ﬁR is equal

to the number of electrons in the atom or ion, by the Thomas-Kuhn-Reiche
sum rule. Since for the ground state of an ion AE  will be much larger
than for the ground state of a neutral atom, while X)fR is smaller, it
is evident that the scattering of an ion will be small compared to that
of a neutral.

There does exist a remote possibility that in the chacs of a
gas discharge, the upper levels of atoms or ions might somehow become
heavily populated at the expense of the ground state. If this were to
happen the quantities “ﬁf —(Sg in the denominator of II-24 would become
smaller, and the scattering would be increased. However, reported
intermediate level populations in the helium afterglow having densities
~10%3/ce  are of the order of 10°/cc, [IT-18] and only a most unlikely
resonance situation could increase the atomic scattering to compete
with the electron scattering. (No such resonance exists for the ruby

laser in helium.)
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CHAPTER IIT

PHOTON-ELECTRON SCATTERING IN THE LABORATORY

A, General Considerations

A photon-electron scattering experiment will typically consist
of the following elements:
(1) a source of photons with a monitor if necessary
(2) a source of free electrons
(3) a chember of some sort in which the interaction is to
take place
(4) a detector for the scattered photons, which will register
intensity, wavelength or both.
The two principal difficulties, which until very recently have made such
experiments unattractive or impossible, are those of
(1) obtaining a light source of sufficient power and surface
brightness to give a usable scattered signal intensity,
while
(2) preventing spurious reflections from the walls of the
apparatus from masking the very small scattered signal.
Actually the problems of the light source and the spurious wall
reflections are interrelated. Because of the small value of the photon-

25cmg), it is

electron (Thomson) cross-section o (which is 6 + 10~
seen that even disregarding all loss mechanisms, the usable scattering

cross-section will be of the order of

. = 0 nvQ sin © (IIT-1)
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where OT is the total usable cross-section, n the free electron
density, V the scattering volume, { the solid angle of acceptance
of the detector, and © the angle between the direction of observation
and the direction of the electric vector of the incident (polarized)
light. For such reasonable values as n = lolu/cc, V=1ce, ()= 10"2,
0= %, one finds that 0T~«6 J 10-13. Consequently the fraction of

the incident light reaching the detector due to reflections from the
apparatus walls must not be much in excess of one part in 1012, or
else the light scattered by electrons will be drowned out. An evident
precaution to forestall such wall reflections is to provide that the
incident.light shall pass through the apparatus in a nearly parallel
beam without striking anything at all, until it has passed a consider-
able distance away from the detector {(this prohibition includes glass
windows and lenses, which may scatter 0.1% of the transmitted light).
This places an important restriction on the source optics. Moreover,

it will be shown that the incident light must be supplied in a narrow
beam, in order that the scattering region may provide sufficient bright-
ness for the detector optics. Let us evaluate these considerations, in
order to arrive at light source requirements.

The appropriate configuration of the photodetector can be
represented by a sliit of length 4, width 2w, paraliel to the direction
of the incldenl 1ighl. The delecltor vpllcs accept light which makes an
angle of less than « with its axis. The angle of observation will be

taken as 900 with respect %o the incident beam, which is assumed to be

uniform and circular in cross-section with radius p 1in the scattering
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region. Let us stipulate in addition that because of lhe requirement
that the wall reflections be kept small, none of the source optics may
be closer to the scattering region than a distance f, which experience
indicates to be around 50 cm. The volume where a uniform lonlzation is
present is considered to be much larger than the region of acceptance
of the detector optics. The meanings of these quantities are illus-
trated in Fig. III-1, which shows a typical experimental arrangement.
Here the detector is equipped with a collecting lens of radius R, the
position of which is also indicated in the figure.

The ratio of power reaching the detector to incident power in

this case (taking the dipole scattering pattern into account) is then

P 2
S (o) B[R V1B e s @] (mmz2)
1

for the case %g < p, and

)

s _ 3 LR
5 =7 (no) = (11T-3)
i
bw - . bw .
for the case vy z p. Clearly it is desirable that ry z p, which may
be rewritten E%g =1, as ac=1R. (This condition simply means that

all power goes through the detectors region of acceptance and none
around it. Power can of course be sent around it also; then that
power is simply wasted and need not be considered.) Let ue assume that
w and o are given values for a suitable spectrometer; R 1is to be

kept as large as convenient, and b 1is to be kept as small as convenient
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since from Eq. II-3 the scattered power is proportional to R/bg. This

gives a maximum value for p:

o < b—;fg (TII-M)

In this case Eq. ITI-3 will apply. As we proceed, let us parenthetically

consider specific numbers in order to suggest orders of magnitude.

Inserting the values n = 10lu/cc, o=6 - 10'25cm2, R=2.5cm Q= X

\O

radian, £ =1 cm, b = 10 cm, we obtain

P = 2.4 » 10783

8 P, (I11-5)

The question next to be considered is, what constitutes an
acceptable signal level PS? This will depend on the conditions of the
experiment, particularly on whether it is carried out on a pulsed or
continuous basis. Let us suppose the most favorable situation, that we
have a monochromatic light source which we can operate continuously,
uging a synchronous detection system. Then the Timiting factor on PS
will probably be the background luminosity of the plasma. Calculations
of the emissivity of a fully ionized equilibrium hydrogen plasma have
been carried out by Berman, [III-1] who finde that in the spectral range
2-3 eV, the emissivity E of such a plasma having density 10lu/cc and
temperature 3 eV will be 2.7 - 10-4 watts/cc. If we take the slit
width w to be 100 microns, and the plasma is k em deep as seen by
the detector, then the power reaching the detector from plasma lumi-

nosity is
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P = E—p— (111-6)

If k= 1 cm, =7 - 10_9 watt. The signal power which can be de-

P
L
tected by a synchronous detector under these conditions can be esti-
mated by finding the shot noise power within its bandwidth. If the

bandwidth, B, is one cycle, and the guantum efficiency is 10'2, a

signal P, = - 10753

watt would give a one-to-one signal-to-noise
ratio. From Fq. TIT-5 we find that we require -Pi = 1.7 watt.

We shall now establish the requirements on the light source in
termg of its surface brightness. It 1s easily shown from geometrical

optics that the intensity at the image of a Lambert's - law light source

having surface brightnegs B, is
I = (II1-7)

where a is the radius of the lens producing the image and f 1is the

distance from the lens to the image (see Fig. III-1). Using ITI-% we

obtain

P P.R° 2
T = i . i - Ba
ﬁpg ﬂbQW%X2 f2

2.2

"R

B = Pi 3553 (III-B)
na b W

Values for all quantities en the right of Eq. ITII-8 have been suggested

cxcept for a, which we cen teke as 1 emj we find that the minimum
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source brightness would be 1.k - 107 watts/cmg.

Perhaps the brightest laboratory source of incoherent light
now available is the PEK labs super high pressure mercury arc lamp;
the brightness of this lamp over the entire visible spectrum is 250
watts/cmg. Even 1f one takeg the trouble of using the surface of the
sun as the light source it would be insufficient; the brightness of
the sun is-only about 2500 W/cm2. This analysis shows why the use of
incoherent sources ig unpromiging.

Recently, hawever, the advent of the laser has provided us
with a light source. of phenomenal brightness. It has been shown using
the Kirchoff integral, that for a laser of power P in a single TEMOO
mode, the maximum intensity that can be produced when the light is

brought to a focus is

(111-9)

where ) is the wavelength and the other symbols have their previous
meanings. [ITI-2] The laser is not, of course, a Lambert's- law source;
however, in order to compare it with incoherent sources, it will be
meaningful to consider an equivalent brightness B' defined by the use

of Egqs. II-9 and II-7. Thus
B' = 2.60 P )Cg (I1I-10)

There are available on the market helium-neon gas-phase lasers producing

3

5 « 107 watts at 6328X in a single mode. The equivalent brightness of
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such a laser is 3.35 - 106 watts/cmg. In addition to being extremely
bright, the laser light source is also nearly monochromatic and co-
herent, which opens an additional range of possibilities. Because of
the laser's monochromsticity, spectral analysis of the scattered light
may be performed. Moreover, because of the narrow spectral width of
the returned light, much of the broadband plasma luminosity can be
eliminated.

Let us calculate the requirements on a cw laser light source
for a scatbtering experiment. Using formulas III-3, I1I-6, III-8, and
the Schottky shot-noise formula, we can eliminate the slit width w,
and calculate the power required from a source of given brightness for

one-to-one signal-to-noise ratio:

3
p2 s 1 32  befk E(AA)R
s - A e
S (HG)E 931,2 aciR (eQ)

(IIr-11)

where $ 1is the synchronous detector bandwidth, E the plasma emis-
givity in Watts/cm3angstrom, AN the optical bandwidth, e the
electronic charge and (SQ) the effective quantum efficiency of the
photocathode. Physically, the meaning of this formula is as follows:

if the source is bright, the width of the scattering region, proportional

to w, can be reduced. Then less plasma is within the detector's region
of acceptance and less power is required to overcome the luminosity.

Using Eq. ITI-10 we find that the minimum power of the gas laser is given

by

2 1o L Dbefk E(AN)BA

(min) = (n0)2 R (cQ) (T11-12)

P
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Thus if the experiment is arranged as described above, and (A\) is 10
Angstroms, B is one cycle, X\ = 6000X, (eQ) = 10_2, and Berman's
value for the emissivity is used, the minimum ac lager power is approxi-
mately 40 milliwatts.

In addition to the mode of operation described above, the cw
laser offers the possibility of detection by optical mixing, as has
been done by Cummins, Knable and Yeh.[III-3] In this technique a
fraction of the incident light from the laser is diverted and mixed
with the scattered light at the photocathode, creating what is es~
gsentially an optical superheterodyne receiver. Such e receiver can
have a tunable bandwidth on the order of a few cycles, compared with
the order of J_Ol:L cycles if the detector is tuned by means of a grating
spectrometer. The photodetector can have a large aperture (instead of
a spectrometer entrance slit) and an angle of acceptance of %u These
features, however, are not particularly useful in plasma scabtering
experiments. Because of the inefficiency of the optical mixing process
it 1s doubtful that any increase in sensitivity can be gained, nor can
the wider aperture be used effectively, since increased plasma lumi-
nosity noise will result. Moreover the Doppler shifts resulting from
moderate electron thermal velocities will result in intermediate fre-
quencies that are inconveniently high.

The brightest light source of any kind that is now available

is the "giant-pulse” ruby laser (see Appendix). This device is capable

(&)
of producing more than one megawatt of energy at 6943A with duration on
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the order of 5 10_8 second. Assuming that one one-hundredth the
power is in the TEMbO mode we find an equivalent brightness of

12 Watts/cme, roughly cne billion times the brightness

B' = 5.4 + 10
of the sun: However because the giant-pulse laser is useful only on
a pulse basis, the computations of signal-strength above, based on

synchronous detection, do not apply. Signal-to-noise considerations

in pulsed scattering experiments will be discussed in the following

section.

B. Noise Considerations in Pulsed Scattering Experiments

In the previous sectlon some general comments on signal levels
in scattering experiments were presented, using as an example a case in
which both plasma and light source were constant in time. We now con-
sider the case in which the light source is a glant-pulse ruby laser
supplying a light pulse some fifty nanoseconds in duration. The de-
tector, in this case, will receive a burst of scattered light super-
imposed on the background plasma luminosity (which may now alsc be
varylng in time; in most cases the variation will be very slow com-
pared with that of the incident pulse). At first thought, one might
suppose that the limitation on signal strength in this case is reached
when the scattered signal becomes smaller than the "de" background
signal; however, the background signal current is not in fact de, but
contains shot noise, and it is the shot noise which presents the limi-
tation. Additional difficulty in measurement arises from the fact that

the scattered-signal current itself contains shot noise.
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Two different expressions for the signal-to-noise ratio of an
electron mulbiplier are found in the literature; these are based on
two different fundamental conceptions of the secondary emission process.
In practice the difference between the two is not very important, since
the greatest part of the noisge ig introduced not in the multiplier but
at the photocathode.

The first point of view is that secondary electrons are emitted
in such a way that for each primary electron the number of gecondaries
is given by the Poigson distribution. This postulate first arose from
the early experiments of Hall and Williams [III-4] and seems to have
been perpetuated by its inclugion in Zworykin's paper describing the
photomultiplier tube. [ITI-5] If the postulate is correct, then one
can justify the following assumptions:

(1) Secondary emission from any anode follows the shot-effect
law, ZEE = 2 e@:is, vhere is is the average emitted
secondary current, e the electronic charge and ® the
bandwidth;

(2) Shot noise from any ancde is multiplied by subsequent
stages in the same way as the signal is.

One then finds by straightforward calculation that for a dynode chain

having any number k of dynodes,

(/M) = (/W) n-1 (IIT-13)

out

where (8/N) are input and output signal-power-to-noise ratios, n is

the average dynode multiplication factor (assumed the same for all
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-‘—
L) is assumed much greater than one. [ITI-67

dynodes), and 1 "
While formnla TTT-13 42 to he found nearly everywhere in the
literature, the fundamental assumption is not only difficult to Justify,
but not even well supported by later experiments. An altogether more
satisfactory (but less known) theory is that of Shockley and Pierce.
[TIT-7] They stated that the multiplication factor n is a statistical

quantity, described by the statement that the fraction of primary

electrons multiplied by the factor =n is an Thus

o]
o B =1 (11T-14)
n=0 1
and
[oe]
i, Eom By =i

where ip and is are the average multiplier input and output currents.
Each group of electrons corresponding to an integer value of n con-
tributes to the noise current a fluctuation which is the same as would
be produced by its current in if composed of "large' electrons each

having charge ne. Thus this contribution is

(1, - i)° = 2ne i@ = on®ep_ 1% (III-15)

where In is the instantaneous current. The total mean-square fluctu-

ation is ohtained by adding the sguares of’ its parts:

(IS - is)2 = nZ:'o (In - in)2 =2 eip B 2 12 B (I11-16)
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Evidently

tl

Aip (II1-17)

%on“ g =n°=(n)° + o0 (I11-18)

where 02 is the variance of the multiplication process. Substituting

these relations gives

2 _ =2 2 2 C o= 2

Al = 70 AJ.P + o7 Aip = 2e1p63 (n2+0) (111-19)
Thus the noise current from the multiplier is the noise current input
times the average multiplication, vlus another contribution having to
do with the irregularity of the multiplication vrocess. The same result
can be obtained by calculating directly the autocorrelation function of
the sum of the individual electron currents. [III-8]

From Eq. ITI-19 it is easily shown that for a sequence of

identical dynodes having overall gain g large compared to one,

——— 2
- - S o i
ALT = Alp g~ (1 + irzﬁ—:“fj) (I11-20)

The quantity 02 is of course strongly dependent on the experimental
conditions. (Reduction of Zworykin's measurements gives a value of
02 = % sz. [IT1-97) Let us denote the quantity in parentheses in Eq.

TI1-20 by the letter C, thus:
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(I1T-21)

Putting this into a form which can be compared with E¢. II-13 we obtain

(s/m),, = (s/m), c™* (I1T-22)

In the photomultiplier the input current fluctuation is simply

.2 .
Alp = 2e i B | (111-23)

where ic is the sverage photocurrent and € is the fraction of photo-
electrons captured by the first dynode. Combining Egs. ITI-20 and
ITT-23 gives

.2 B 22 ..
DT L = 2e e Bg” Ci, (II1-2k)

as the final result to be obtained from the Shockley-Pierce theory.
Eq. ITI-2L4 will be employed in what follows. (Note that if a Poisson
distribution is assumed, so that o° = n, then III-24 reduces to
III-13.)

We shall now derive a signal-to-noise ratio for a pulsed
scattering experiment. Assume that the photocurrent ic is composed
of 'iL, which arises from the plasma luminosity and is slowly varying,
and ie’. which comes from light scattered by electrons. A measurement

can consist of measuring the value of eg(ie+ iL) at the instant when

the laser output is known to be greatest, and subtracting a measurement
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of egi, at the same time in the development of the discharge. Both

L
meagurements are drawn from independent gaussian distributions, the
first having standard deviation g[K(ie + iL)GE% and the second
g[ij;e]%, where K 1is the constant 2e8C. The standard deviation of
the measurement is thus e% gK% (ie + QiL)%. The expectation value of
the measurement is egie; hence if we define a signal-to-noise ratio

R such that R equals the expectation value of the measurement divided

by the standard deviation of the measurement, we have

1
grR ie
R =

F ot )
e L

The result (ITI-25) is based on the tacit assumption that the
detector is equipped with a filter which gives virtually undistorted
response for frequencies less than 8, and high attenuation for
frequencies greater than 8. In practice this is the amplifier of the
oscllloscope. One might expect that a better signal-to-noise ratio
could be obtained by a suitable filter, such as a gating circuit follow-
ed by an RC network. In fact it can be shown that if the signal pulse
is square and the shot noise is "white", the best result is obtained
from a perfect integrator. Let us suppose that the photomultiplier
output is gated and applied to a circuit whose impulse response is
h(t). The response to a square current signal pulse of magnitude egi
and duration T, at times t =T, is

T

s(t) = egi j n(t - x) dx (111-26)
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The signal will be assumed to have white shot noise imposed on it, and
we now find the variance for a measurement of s(t) corresponding to

noise with spectral density S(w) = (gﬁ)'l eeg2 Ci -
I T
5% = EEJ h(t - x) £, (x) dx J h(t - y) £,(y) dy] (1TT-27)
© )

where fi(t) is the random process noise input to the circuit and E
is the expectation value operator. We then have

T T-x

o° = J h(t - x) dx I h(t - x - 7) R(7) ar (111-28)

o -X
where R 1is the autocorrelation function, which we take to be
R(T) = ee:g2 Ci 8(7). For convenience let us assume that the measure-
ment will be made immediately after the optical pulse hag ended, that

is, at t = T. Then we have

B 12
o = eeg2 ci J Lh(x)J dx (111-29)
0
For a single plece of scattering information we shall need two measure-
ments: first one of signal plus plasma luminosity (i = ie+ iL), and
then, to subtract from it, a measurement of the luminosity only

(i =1 (If the plasma is non-reproducible the measurements are con-

L>'

veniently made simultaneocusly by two photomultiplier tubes.) Defining

a signal-to-noise ratio analogously to Eq. III-25, we obtain
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= 3 . hix) dx
R= 8. & Te o ) (I11-30)
O eEcF (1 +21)% [Fn(® ax?
€ e L L£ J

The choice of the function h(x) which will maximize R 1is thal of
h(x) = constant. This implies that the detection circuit should be a
perfect integrator. In practice it may be convenient to use a load
consisting of a resistance r in parallel with tThe capacitor c.JG It
the time-constant rc is called 9, we substitute h(t) = % e §

into Eq. III-30, obtaining

i 1 I
R - (2¢)= le 82 (1 - ¢ 9)

- - T (ITI-30A)
(eC)® (1, + ziL)? (1 -e )

ol

Regarded as a function of a normalized bandwidth (%), R is mono-
tonically decreasing. The low bandwidth limit, corresponding to ideal

integration, is

1
1 .
lim R = ——p S (1)
T ., (ec)® (i, + 2iL)é
B

wjf-

(I11-31)

The 1imit for (%;) - o 1g zero; however, R 1is still greater than
T
90% of its maximum at (7;) = 1, and so any time constant greater than

T will suffice. This may be important if signal strength is low, as
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the signal amplitude is proportional to c"l.

It is interesting to compare the result III-31 with the result
ITII-25 obtained for the case of an instantaneous peak measurement. If
we take the bandwidth 8 as (2T)'l so as 1o distort the pulse only

slightly, III-25 becomes

i

ie

=
+ 2iL)2

wjr-

(LE1-32)

(R) = —=

. = (1)
inst. (2eC)

Wi

(i

e

which is the same as for the integrated measurement, except for a factor
of (2)%. An additional consideration which favors integration, however,
is that if instantanecus measurements asre made with restricted bandpass,
the rise times of the signal pulses (which vary slightly from one pulse
to another) may affect the peak response.

Variations on the above two measurement schemes are of course
possible. One may wish to integrate the noise only or the signal only,
as convenient. Further improvement of the signal-to-noise ratio may be
possible through the use of a filter designed with the consideration
that the signal pulse is not really square. In that case the noise will
vary with the signal in a complicated way; presumably an optimum filter
can be designed if the exact shape of the signal pulse is known (possi-
bly it could be derived from the monitor phototube). It would appear,
however, that little is to be gained from further refinement in this
direction. The most effective method of gating the incoming signal
would be by means of an electronic switch actuated by the monitor photo-
tube. An alternative scheme, used by Funfner, Kronast and Kunze,

[ITI-10] makes use of two photomultipliers, one detecting signal plus
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luminogity, the other luminosity only; the outputs of the tubes are
then subtracted electronically. This method is useful if the plasma
luminosity is large and non-reproducible; however because of shot
noise and phototube imbalance Funfner et al were unable to reduce the
bandwidth below one megacycle.

Let us now point out a few interesting applications of Eq.
ITII-25 or III-31. First consider a case in which the electron density
n of the scattering vlasma is increased without limit. It is clear
that the scattered signal will increase in proportion to n, while (at
least for an ideal plasma) the luminosity increases in proportion to

n2. [III-1] Nonetheless, replacing ie by n and i_ by n2 in Eq.

L
IIT-25 and taking the limit as n - «, we find

i

=
1im R = S (I11-33)
n —» o 2 KB

Thus one does not necessarily expect to encounter an upper 1limit on the
density of the plasma to be diagnosed.

Next suppose that iL is large compared with ie. Then if the
total energy of the laser pulse (c:ieT) is kept constant, but the peak
power (= ie) is increased and T reduced, an improvement in signal-
to-noige ratio is expected from Eq. ITII-31.

Suppose that a filter transmitting 10% is placed before the
photodetector, attenusting both sgignal ie and plasma Iuminosity
current iL by this factor. We see from Eq. III-25 that the signal-

to-noise ratio is decreased by (10)7% = 32%.

-
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An obvious suggestion for improving the signal-to-noise ratio
is that of placing a polarizer before the detector, in order to dis-
criminate against the unpolarized vlasma luminosity (the scattered light
at 90o being, of course, completely polarized). Measurements made at
the ruby laser wavelength on a high-quality Polaroid HN-32 polarizer
show that the maximum ftransmission for polarized light is 72% and that
the transmission for unpolarized light is 38%. Multiplying i and

€

iL by these fractions, we find that R', +the new value of R, 1is

72 i
£ (III-34)

R' = - T
(.72 i, + .76 iL)§

Let us consider the ratio R'/R as a function of a parameter p, de-

fined by i, = pi,. Then

p N

1+ 2p z

R'/R = .72 (m (111"35)

When p= 0, R'"/R= .85. When p - », R'/R - 1.16. The case R' =R
obtaing when p = .71l. Thus whether or not an improvement is obtained
from using a polarizer depends on the signal levels involved. With the
HN-32 polarizer, the improvement is never very great.

As a final application of photomultiplier noise theory we shall
now digscusg an experimental situation in which two photomultipliers are
used, one as detector for the scattered light as discussed above, the
other as a monitor to meter the peak power of the incident light. In
making measurements of the secattered light it is of course desirable to

normalize to unit incident light intensity; the evident way of doing
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this is to divide the one measurement by the other. Let us call the
peak output of the gcattered light detector vl and that of the monitor
V2' The two quantities are independent random variables with gaussian
probability density functions Py and Py having mean values a; and

a, and standard deviations o, and O The quantity being measured
is the ratio of scattered to incident light, given by the random vari-
able Vl/v2’ which we shall call x. We ghall now discuss the sta-
tistics of measurements of x.

First it is necessary to find the prohbability density function

of x. Referring to the sketch of the v —Vé plane, Fig. III-2, we

1
see that the domain of x < 1 1is represented by the shaded area, and

the corresponding probability P (x < 1) is thus
h p, (v;) py(v,) avy av, (111-36)

integrated over that area. Let us assume at the outset that a2/02 is
greater than, say, 1.7; this condition guarantees that more than 99%

of the total probability lies in the right-half-plane, and consequently
the contribution from the left half will be neglected. The probability

distribution function is

) EVp
P(x) = J f pl(vl) pl(vz) dv, dv,
Vg—to ‘V'l.—- Py .1
> o (111-37)
- _(Vz“ae) {vy-e)
® 2
-1 o 20222 201?
= (27(0152) J J e e dvl dv2

V2=0 'V'lz -0
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and the probability density function of x 1is

il

p(x) = = B(x)

-1
26,2 2y (111-38)

i

v: (o’l2 + 02 X

(Eﬂc ) J v, €xp Ec 5

-v2(2a2c52+ 2a.0 x)+(02a2+ o2 2)] av,,

1 12 172 2%

To save writing let us define

2 -
(a,gcrl + a0, x) = f(x)
(111-39)
(07 +02x%) = g(x)
Carrying out the integration we obtain
1, 2 -2 o 2.7 -1 -1
p(x) = exp [—-e— (a.2 o,” * a 0; )J (2r) 00,8
(III-ho)

+ (81) % g 2 fF1~+E (fclloéla . Ej]exPLf (Ego )

L
where Eg(u) = 2 2 Lr exp (-t2) dt, following the notation of Jahnke
o

and Emde. If a, > 20, and a, > 20,, a good gpproximation is



50

32 2 2
Jile LA £
2 022 crf i 3 ?gclz 022
p(x) = e (2n) 2 £g” 2 e (11I-}M)

In order to see physically what these equations represent, let

us particularize to the especially simple case a = a

= a, O, = 0, = O,
1 2 ?

Now the approximate result for a > 20 in Eq. TIT-41 becomes

_(?_)2_1_ x-exe 1
a X+ 1 g 2 X2 + 1 (III—’-(—Q)

(X) = T e
F a(2n)? (x2+ 1)’3

The function appearing in Eq. IIT-42 is plotted in Fig. III-3, for the
cases a/o =2 and afoc = 7.

Tt will be seen that p(x) has certain rather curious proper-
ties. For the case a/o = 2, the most probable value of x:Ffvl/vg) is
nolb vne, even Lhough lhe mean values of vy and v, are the same.
Moreover, the mean value of p(x) not only fails to be unity, but fails
to exist, as the integrals for all moments of one or higher do not con-
verge. Thug if one is measuring X, 1t 1s useless Lo take Lhe average
of many measurements; while if one adopts the most frequently recorded
value, the number thus obtained will be incorrect. As a/o increases to
seven the probability density function becomes narrower and its maximum
moves toward x = 13 however, the mean value does not exist for any value
of a/o.

From the above it is evident that there is considerable danger

of error in using a photomultiplier as a laser monitor. Such difficulty
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can be easily avoided by the use of a high-current photodiode instead.
Since the cathode current of the monitor will then be many orders of
magnitude larger, the quantity a2/02 will become very large, and in

this limit we obtain from Eq. ITI-k1

2

1 (x - al/ae)
2 2

e (Ol/ae) (ITI-43)

. 1
lim p(x) = &=

ol

02—*0

80 that the probability density is seen to approach the expecled
gaussian form. (It is true, that for any value of a2/02 less than
infinity, the mean value still fails to exist. However as the limit
Oy = 0 is approsached, the probability that any individual measurement

will not be drawn from the part of the distribution which is gaussian

approaches zera.)

C. Design and Construction of a Scattering Experiment

The principles outlined in the previous two sections have been
put into practice in the construction of a pulsed scattering experiment.
Since at the time work was begun no lsboratory Thomson scattering of any
kind had been reported, the design which was settled upon was one which
would be most likely to demonstrate feasibility of the method. Great
care was given to the questions of plasma luminosity, scattering by
neutral atoms, and, particularly, to the reduction of unwanted wall re=-
flections. The results have shown the design to be superior to all

others which have appeared in terms of reduction of spurious scattering,
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although certain shortcomings have become apparent.

Construction of related experiments, for the purpose of ob-
serving scattering of light by gases, was undertaken by Lord Rayleigh,
[II1-11] and recently by George, Slama, Yokoyama and Goldstein; [III-12]
and free-electron scattering experiments have been reported by Thompson
and Fiocco [ITII-13] and by Funfer, Kronast and Khnze.[III—lO] George
et al were unable to separate the scabttering of hydrogen or helium from
the wall reflections, while in the experiments of Thompson and Fiocco
and of Funfer et al, the spurious reflections from the walls were so
troublesome that no measurements could be made near to the laser wave-
length. Both groups were forced to rely on the Doppler broadening of
the returned signal, tuning the detector away from the center wavelength
and subtracting out the component of the wall reflections which is
transmitted by the detector's skirt selectivity. Under such conditionsg
the spectrum of the returned signal is very difficult to determine. In
the apparatus to be described here less than one part in lolu of the
incident light is received at the detector through wall reflections.
Scattering from helium at atmospheric pressure is easily seen, and in
plasma scattering experiments very little correction has to be made for
spurious reflections.

A general diagram of the apparatus is given in Fig. ITI-k and
photographic views appear in Figs. III-5 and III-6. Light from the
laser is focused on a .030" diameter pinhole for collimation and then
passes through a second lens which again produces a converging beam,

the focus of which is not directly before the detector. (About one-half
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Figure III-5: General view of scattering experiment.



56

Figure III-6: Top view of scattering chamber.
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of the laser power is found to get through the collimator.) It then
passes through a Brewster-angle window made of quartz microscope slide
(having indifferent flatness but low scattering) and through a tube
containing eleven irises %" in diameter and 1.22" apart, whose inner
circumferences are sharpened to a knife-edge. (The ratio of the length
of the iris tube to its inner diameter has been found, in the course of
building three separate models, to be an important parameter in the re-
duction of spurious reflections.) The light then passes through the
scattering chamber through a second, identical, iris tube, and out of
the vacuum chamber, where its relative intensity is measured by an
I.T.T. FW-11JA high-current biplenar photodiode.

The scattering chamber is equipped with a horn light trap of
the kind mentioned by Lord Rayleigh. The horn is made of a blue cobalt
glass having fair absorption in the red, cleaned carefully on the inside
and coated on the outside with optical black paint. It provides a very
black background to be "seen" by the detector; in Rayleigh's words, "a
velvet cloth placed heside it appears a brilliant object." The alumi-
num electrodes are located in %" I.D. side tubes perpendicular to the
scattering plane and are 4" apart. Scattered light emerging at 90O to
the incident beam is collected by a 2" lens and focused by another lens
onto a horizontal slot about one mm high in front of the photocathode.
On the way to the detector it passes through an interference filter
equipped with a micrometer tilt adjustment, a corning 2-58 red filter,

infra-red and visible blocking filters, and a vertical polarizer. The

photodetector is an EMI 9558B photomultiplier. This tube has excellent
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stability and sensitivity and low dark current, but was found to have a
tendency toward saturation at moderate currents (see Appendix).

Much consideration was given to the problem of a good blacking
with which to line the metal iris tubes. Most chemical blackings (such
as ordinary anodizing) are actually good diffuse reflectors. Velvet is
one of the blackest common materials but is obviously unsuitable to a
vacuum system. Soot is a good blacking, but it was thought undesirable,
as & possible source of loose particles which might cause scattering.
Finally it was settled to use optical Dblack paint. The thought of paint
in a vacuum system is somewhat depressing; but it has been found that
using a mechanical pump the vessel can be pumped down to the order of
five microns. Even if the partial pressure of impurities is not de-
creased when helium is flowing through the vessel continuously, the
impurity concentration will still bhe on the order of 0.1%, at which
level it does not seem to interfere with scattering experiments. No
paint is used on the walls of the glass scattering chamber. It seems
probable that some chemical coatings as black as optical-black paint can
be made, and if they do not absorb gases badly their use would represent
an improvement.

The choicc of the interference filter ae the tunable element of
the detector, in preference to a grating spectrometer, was made for
geveral reasons. As will be shown in the next section, a suitable
spectrométer must have straight slits, high dispersion, and a wide
angle of acceptance; guch an instrument would have to be specially

constructed, which was not thought worthwhile until the feasibility of
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the experiment had been established. Moreover il the detector has a
narrow entrance slit, the laser light must be brought to a focus in
front of the detector, as explained in section III-A. Not only does
this make alignment difficult, but alsc the high fields resulting from
focusing the laser might produce non-linear effects which would invali-
date the results. The properties of interference filters are discussed
in the next chapter.
Since the giant-pulse laser operates in a large number of

modes it is, at any rate, difficult to reduce the beam radius p *to
less than a few millimeters. Eq. III-2 then applies, the overall value

of the quantity on the right being approximately lO"3 no.

D. BSuggestions for Improvement of the Method

During the construction and use of the apparatus described
above, several improvements and refinements have suggested themselves.
The use of a gatling and integrating clrcuilt, 1n order to facllitate re-
duction of the detector bandpass, has already been mentioned in section
JII-B. Signal-to-noise ratios can also be improved by increasing the
incident light intensity from the laser. This however, is a risky ex-
pedient, since various high-field effects are known to exist or are
suspected of existing, and such effects might invalidate the measure-
ments. (See Chapter II.)

The use of a grating spectrometer as the tunable element in
the detector has been mentioned in section II-C. Such a modification

would provide greatly improved resolution in spectral measurements.
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However, in order to prevent inordinate loss of signal the spectrometer
must have certain suitable properties. Firstly the optics should be
designed in a manner which permits the use of a straight entrance slit
(a curved exit slit may be used if necessary); for definiteness we
shall assume that a Littrow mounting (in which the incident and dif-
fracted beams make the same angle B with the normal to the grating)
is employed. Secondly it is important that the linear dispersion %%
be large, Ilnasmuch as it is seen from Eqs. III-2 and III-3 that the
entrance slit width 2w must not be small., The efficiency of the
spectrometer must of course be as high as possible. Mederate over-
lapping of orders need not be a problem as the desired small wavelength
region can be selected by means of a broad interference filter.

A well-known equation for the dispersion of a Littrow mounting

is

= EE—§§EJ§ (TIT-hk)

=l

P, the focal length of the instrument, is determined by the height h
of the grating through h = 2P0, where as before Q@ 1ig the instruments
half-angle of acceptance (Fig. III-1). 1In order to obtain larger dis-
persion we must employ a large value of tan B. Because the groove
aspect must be greater than the wavelength in order to obtain concen-
tration of diffracted energy into the desired order, it is necessary
that

m

tan B < =

(IT11-k5)
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where m ig the order of the diffraction maximum to be used. Since
tan B is to be large we must work in a fairly high order. The grating

equation

%L = 2 sin B (ITI-46)

provides a relation between the grating constant a and the other

parameters. The optimum blaze angle © 1is obtained at © = B, and
using Fraunhofer diffraction theory (valid when the groove aspect is
much more than a wavelength) we obtain the following condition for a

wavelength A to fall within the blaze:

E%é cos B [sin (e - 5)]’< 1 (I11-47)

Tie separation of the orders is obtained by differentiation of Eq.

ITT-L6:
i (111-18)

The condition of working in a moderately high order suggests the use of
an echelle-type grating. It will be easiest to use a grating which is
available, and desgign around it. A replica ruled echelle of dimensions
4 py 8", having 270 grooves per mm and a blaze angle of 700 is avalla~
blerfrom_Bausch and Lomb. From Eq. IIT-L6 we obtain m = 10. Simul-
taneous use of ITI-LU6 and III-47 gives that the blaze will be useful
over a range 6500-75003, and that orders wlll be convenliently separaled

o]
by 7C0A. Using O = L as stipulated in section IIT-A we {ind

9



62

-1 o)
P = 45 cm, and from Eq. III-L4 we find (%% = 29.5 A/em. Since it
is not practical tc focus the glant pulse laser to a spot smaller than
3 mm with lenses of the necesgsary focal length, Eq. III-2 will apply

and the limit for small (%?) can be employed:

P 2 2
s _ 3R°4 aL 2

F-= 0o é—§;§—§ EX) (an) (TII-49)
i np e

where (AA) is the detector bandwidth (at the Z-power points). If we

o}
settle upon AN = TA as for a good interference filter we find that

g

==7- 1074 (no) (I1I-50)

i
The corresponding theoretical value of Ps/Pi for the existing inter-
ference filter assembly (not realized because of losses in the filters
and the fact that p is not made as small as possible) is 2 - ZLOm3 no.
Thus the grating spectrometer receiver, if carefully designed, will be
nearly as efficient as the interference filter.

In addition to the grating spectrometer, some other possibili-
ties for tunable optical detectors exist., Since fthe amount of light
from a diffuse source which can be put through any filter is roughly
proportional to the square of the product of the angle of acceptance
(o) and the aperture, it is desirable to maximize these quantities,
provided it can be done without degradation of the bandwidth. One such

device is the birefringent filter of Bernard Iyot.[III-14] This device

can have bandwidth as small as a fraction of an Angstrom with apertures
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of one inch or more. It can be tuned over a narrow range by changing
ite temperature (the coefficient for quartz elements heing -0.66
Angstrom per degree Centigrade in the red), by rotating the polarizers,
or by other means. Although the angle of acceptance of the filter in
ite eimplest form is not great, wvarious modifications have been sug-
gested which aftain angles of acceptance of more than half a radian.
(The latter modification may not, unfortunately, be compatible with
thermal tuning.) Lyot filters have been manufactured commercially by
the German firm of Bernhard-Halle. An extensive study of the filter
and some of its possible modifications are presented in a paper by

T. W. Evans.[III-15]

The signal-to-noise ratio of the experiment could be improved
if it were possible to perform it on a repetitive basis. Assuming that
the noise is predominantly shot noise and not due to non-reproducibility,
let us suppese we are interested in measuring a cathode current i
which repeats every TO seconds, and has duration T, thus having
average value 1= %% i. Superimposed on 1 is the usual shot noise,
but a gating circuit is used which removes the noise during times when
i is off. Then the average signal voltage across & parallel rec
filter having time constant 6 long compared with TO is simply 1ir.
From energy considerations it is evident that the noise power is simply

(T/TO) times its steady-state value:



6k

foe]
2 (o) eegCE e ]
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= (I1I-51)

The signal-to-noise ratio, again defined as the ratio of the expectation

value of the measurement to its standard deviation, is then

1

ol B
R = (%2-3) (III-52)

Comparing with Eq. III-30 we see that the quotient of the R for the
repetitive case by R for the case for single pulses is (G/TO)%.
(Since (G/To) is the number of signal pulses, III-52 is simply what
is expected from the law of large numbers.) In the present state of
the art To can be of the order of one-tenth second, so that with quite
reasonable integration times shot noise will cease to be a problem.

In addition to repetitive operation cobtained by multiple oper-
ations of the laser flashlamp, it is also possible to produce a train
of regularly spaced pulses from a single operation of the flashlamp.
LIII-16] Unfortunately the pulses obtained in this way until now have
been approximately two orders of magnitude smaller than single giant
pulses. However 1f sufficient signal level can be attained this tech-
nigue could be very useful for plasma time development applications.
Reliance on discharge reproducibility would then not be necessary.

As a final suggestion for possible future work, it has been
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pointed out by many persons that photon-electron scattering experiments
might be convenlently carried out in semiconductors. High densities of
electrons should be easily attainable. So long as occupation numbers
are kept low, and the electrons are in states having nearly constant
efTectlive mass, thelr hehgvior should not be different from that of

free electrons, and one may expect that the interesting collective
scatiering effects predicted for dense plasmas would be observable,

One possible obstacle is the scattering of the incident light by im-
perfections and thermal fluctuations in the crystal lattice. ILord
Rayleigh [III-17] found that the scattering of light by a quartz crystal
was elght times that of dust-free air, or eguivalent to that of an
electron density of the order of 5 - 1016/cc (part of this scattering
may be due to crystal imperfections); lattice scattering of this order
should not present much difficulty. The theoretical problem of scatter-
ing from anisotropic crystals is complicated in general; a recent
treatment is that of Duboc.[III-18] One would expect the lattice
scattering to be least severe in materials with high Debye temperature,

which if necessary could be refrigerated.
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CHAPTER IV

RESULTS OF SCATTERING EXPERIMENTS

The apparatus the design of which wasg considered in the previ-
ous chapter has been used to perform several experiments. The object
of these experiments is to test the concepts that have been mentioned,
establish the feaslbllity of the method, and determline its strenglhs or

inadequacies as a diagnostic tool.

A. Observation of Free-Electron Scattering

A typical arrangement of the triggering circults is illus-
trated in Fig. IV-1. In order to obtain stability in the time of the
laser pulse with respect to the initiation of the gas discharge, the
oscilloscope trigger was obtained from the discharge current pulse it-
self. Since a certain amount of "hash" was present at the time of
breakdown, a simple low-pass filter was inserted to give a triggering
signal that represented the actual rise of the average discharge
current. This resulted in laser timing that could be adjusted within
an accuracy of 0.1 microsecond. The delay at which the laser pulse
(approximately .05 microsecond in duration) was injected could be ad-
Justed, using the oscilloscope auxiliary time base, between one micro-
second and several hundred microseconds after initiation of the dis-
charge. ‘After the sweep of the osclilloscope (Tektronix 555 or 585) had
been initiated, the sawtooth from the oseilloscope was used to trip the

laser Kerr cell midway in the sweep.
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The signal input to the oscilloscope was obtained from an
E.M.I. type 9558-B photomultiplier. The output of this tube was passed
through a short length of low-capacity RG-T1 cable terminated in its
characteristic impedance. Measurements made using a capacitive load
were also tried; these were under some conditions rendered difficult
by the integration of background plasma luminosity photocurrent, and so
in general peak photocurrent measurements were used. The expectation
that such measurements would not have substantially greater variance
when made with the type 555 oscilloscope (rise time approximately .OLL
microsecond) was confirmed by comparison tests in which little, if any,
difference could be detected. That large errors were not introduced by
changes in the laser pulse waveform was indicated by the fact that the
laser monitor, whose output was usually applied to the second trace of
the oscilloscope, varied less than five per cent from shot to shot.
This monitor was a high-frequency, high current planar photodiode,
I.T.T. type FW-11LA, whose transmission line was also terminated in its
characteristic impedance.

The plasma itself was created by the discharge of a two-micro-
gsecond square pulse-forming network between cold aluminum electrodes,
in series with a resistor of the network's characteristic impedance.
Since the impedance of the discharge varies with current, the shape of
the current pulse is degraded somewhat. Gas pressures are those
measured using Hastings-Raydist VI-4 thermocouple gauge. The discharge
current pulse for a discharge in helium at 6 mm is shown on the lower

trace of Fig. IV-2. The upper trace shows the plasma luminosity of
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Figure IV-2:
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HEP

Upper trace: Luminosity of helium
discharge at 6 mm., (Increased light
reads downward.) Lower trace: Dis-
charge current, 20 Amperes per di-
vision. (Increased current reads
downward.) Time scale one micro-
second per division.

Figure IV-3:

Upper trace: Luminosliy ol Argou
discharge at 5 mm. (Increased light
reads downward.) Lower trace: Dis-
charge current, 20 Amperes per div.
(Increased current reads downward.)

Time scale two microseconds per di-
vigion.
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helium at p = 6 mm, as seen through the 69M3K interference filter and
o vertical polarizer. Both traccs werce highly reproducible, at least
to reading accuracies of five and ten per cent, respectively. The rise
in the plasma luminogity Just after the cessation of discharge current
is thought to indicate the cooling of the plasma electrons, which re-
sults in an increased rate of recombination. Let us make an order-of-
magnitude calculation of the electron cooling time, assuming that the
electrone losge their energy by elagtic collisions occurring with an
average collision frequency v. Then if € 1is the average electron

energy our rough calculation gives

2m : (Iv-1)

where M is the atomic mass. The order-of-magnitude cooling time is

tc o oy (IV—2)

where v 1is expected to be proportional to the gas pressure. If we
insert M/m = (4) (1836) for helium, and take p=6mm, v=16 - 107/
sec, we get the order-of-magnitude result to = 0.5 usec. Fig. IV-3
shows the same quantities for a discharge in Argon at 5 mm. (Note that
the time‘scale is not the same.) The local maximum in luminosity oc-
curs later, presumably both because of the increased value of M/m for

argon and its low cross-gsection for inelastic collisions with electrons
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with energy of two volts or less. Increasing the helium pressure also
cauges the luminosity maximum to occur earlier, ag expected.

When the laser is fired into cold helium at 6 mm, no discharge
being made, the result is as shown in Fig. IV-4. The result of firing
the laser into the discharge at the time of the minimum of luminosity
is shown in Fig. IV-5. The vertical ﬁagnification of the upper trace
of Fig. IV-U4 is twice that of Fig. IV-5. The very small signal ré-
ceived in the case of no discharge is due to wall reflections (the
Rayleigh scattering from the helium is very much smaller); the ogeil-~
lations following the signal are pickup from the lager Kerr cell. 1In
both figures the upper trace is delayed with respect to the lower.
Careful comparison measurements between light scattered from the dis-
charge and intentionally increased wall reflections indicate that the
time of arrival of the plasma scattered light and the incident laser
pulse do not differ by more than .0l microsecond. Note alisc in Fig.
IV-5 that the shapes of the incident and scattered pulses are similar,
in that the rise of the pulse is more abrupt than the fall: this shape
agreeslwith published theories of laser behavior.[IV-l]

A Polaroid Type HN-32 polarizer (described in the prévious
chapter) was in placc before the sca‘b;tcrcd light detector, oriented to
transmit light having its E-vector perpendicular to the scattering
plane. When this polarizer was rotated 900, less than lO% of the former
signal was received. Thig is in agreement with the theory of Thomson
scattering which indicates that if the incident light is completely

polarized, the scattered light should be completely polarized.
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As the shutter of the giant-pulse laser, both a nitrobenzene
Kerr cell and a solid-state potassium dihydrogen phosphate (KDP) cell
were employed at various times (see Appendix). The nitrcbenzene Kerr
cell is known to introduce into the laser output a component of infra-
red radiation at 76603, through stimulated Raman scattering.[IV-27
When the Kerr cell was in use a dielectric-layer infrared blocking
filter was used to exclude this radiation. When the KDP cell was in
use, and the incident light presumably was purely at 69&32, the block-
ing filter was inserted and removed. The change in signal level was
equal to the small transmission loss of the filter at 69M3K. This
indicatcs thet no infrarcd radiation precduced in the plasma-laser
interaction had an influence on the measurements.

As a test to assure that a non-linear process of some kind
was nol laking place, a sequence of measurements was made, varying the
laser peak power and holding other conditions constant. Laser powers
were produced in the range one-half power to full power by varying the
pumping energy and ruby temperature. The polnts were taken using a
helium discharge at 6 mm, at 1.65 microseconds after the start of the
discharge, with the interference filter at normal incidence. The re-
sults are shown in Fig. IV-6, and seem to lie reasonably well on a line
through the origin.

A calibration of the scattered signal was obtained by filling
the scattering chamber with a gas whose Rayleigh scattering cross-
section is known. Using argon, the ratio of the Rayleigh scattered

intensities from the gas at .95 mm and 1.9 mm, averaged over two shots
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Figure IV-L:

Figure IV-5:

Upper trace: Received signal when no
plasma is present. (Increased light
reads downwards.) 0.5 mA phototube
current per division. Lower trace:
Laser monitor. Traces are not synchro-
nized. Time scale 0.2 microsecond per
division.

AE WA Y SIS VI P N S S W

Upper trace: Received signal when plasma
is present. (Increased light reads down-
wards.) 1.0 mA phototube current per di-
vision. (Note that scale is one-half that
of Fig. II-4.) Lower trace: Laser monitor.
Traces are not synchronized. Time scale
0.2 microsecond per division.
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apiece, was 1.88, the difference from 2.00 being within the random
errors (assuning the ratio of pressures is given correctly by the
thermocouple gauge). Scattering from nitrogen and air (which have
nearly the same calculated cross-sections) were of the same order of
magnitude. Scattering from helium at atmospheric pressure indicated

a cross-section two orders of magnitude smaller; the calculated cross-
section of helium is 1/70 that of argon. Using the argon scattering,
it was found that the electron density in the helium discharge at a
time eighteen microseconds after cessation of the current was 8.85- 1013
electrons per cubic centimeter. This is in good order-of-magnitude
agreement with the estimate of density obtained using the magnitude of
the photocurrent, the apparatus geometry according to Eq. III-2, and
estimated photomultiplier sensitivity.

In -order to observe the random velocities of the free electrons
experiments designed to detect Doppler broadening of the returned light
were carried out. The method was that of tilting the interference
filter of the detector by means of a micrometer screw. When tilted,
the center frequency of the filter moves toward shorter wavelengths,
the peak transmission decreases, and the passband widens. Fig. IV-T
shows Lhe approximate transmission curves of the filter for various tilt
angles, designated on the figure by the number of turns of the micro-
meter screw (henceforth simply called "turns"). These curves were ob-
tained Ly using a Jarrell-Ash %—meter monochromator as tunable light
source, with an optical configuration designed to simulate as closely

as posgible the configuration of the scattering chamber. However, the
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filter is highly sensitive to the angular distribution of the light
pagsing through /it , and go for actual determination of Doppler broaden-
ing it 1is safer to determine its transmission characteristic under the
actual conditions of the experiment. This is done by filling the
chamber with a gas which is an efficient Rayleigh gcatterer, and plot-
ting the power of this presumably monochromatic scattered light as a
function of turns. Such a skirt transmission curve, obtained from
scabttering by alr at a pressure of one millimeter, is shown in Fig.
IV-8. It should be noted that because the transmission characteristics
become lower and wider as the filier is tilted, the area beneath the
filter curve stays approximately constant. A curve of the prodact of
peak transmission and width at half-transmission point, obtained from
Fig. IV-7, is shown in Fig. IV-9. This is approximately the curve
which would be obtained if the scattered light were "white". It is to
be expected that if the light scattered by the plasma is somewhat
broadened, a. curve somewhere intermediate, between the curves of Figs.
IV-8 and IV-9, will be obtained.

Two graphs showing the plasma scattering data presented in
this way are shown in Figs. IV-10 and IV-1l. The former set of data
was taken at a time 2.2 microseconds after the start of the discharge
(which occupies roughly the time zero to two microseconds); the latter
at 3.0 microseconds. The scatter of experimental points is greater in
Fig. IV-10 than in TV-11 hecause each point on the former represents a
single laser shot, while in the latter each plotted point is the average

of three shots. In Fig. IV-12, these curves are again shown, together
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Figure IV-8: Experimental transmission curve of interference filter
for monochromatic 69U3A light, as a function of turns of micrometer

screw. (Solid line.) Scattering data from air at 1 mm pressure.
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with others at 1.65 psec and 2.7 psec. The scattering curves are shown
to scale with one another; i.e. the respective intensities are indi-
cated by the figure. Also shown on this figure are the experimental
skirt transmission curve for monochromatic light, Fig. IV-8, and an
approximate curve calculated from the data of Fig. IV-7, indicating the
expected shape of the gscattered light profile, assuming a plasma de-
sceribed by an electron temperaturc of one ¢V and an clcebron density
the same as the final density taken from the 3.0 microsecond curve.

The curve taken at 1.65 psec was made at a time when the dis-
charge current was still on. It indicates a scarcity of slow electrons,
as one might expect; presumably many electrons have such high veloci-
ties that their scattering is beyond the transmission region of the
filter. The 2.2 usec curve shows an increase in the number of both
slow and faster electrons. The curve at 2.7 psec shows a further in-
crease in slow electrons, but a decrease in the number of faster
electrons. The curve at 3.0 microseconds has almost exactly the shape
expected for "cold" electrons.

The curve for 2.2 microseconds has a shape similar to that
expected for a temperature of 1 eV. An interesting feature of this
curve ig ite high relative amplitude; if the total number of cleectrons
were constant, its amplitude should be that shown for the theoretical
1 eV curve. Possibly this can be explained by the observation that the
raster eleclruns are more likely to be lost through diffusion than the
slower, so that the former are removed. Using the reported value of

the ambipolar diffusion constant in helium (560 cm?/sec at 1 mm Hg,
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3000 K, [IV-3] and if we assume that this constant is proportional to
the electron temperature, that the ionization is initially contained in
a region whose characteristic dimension is on the order of cne-half
centimeter, and that first-mode diffusion takes place, then we find
that electrons at a temperature of 3 eV are lost with a characteristic
time on the order of one microsecond. (When the electrons have been
cooled to room temperature the diffusion time is on the order of one
milligccond ond hence diffueion is unimportant.) Thus it seems reason-
able that the number of slow electrons remain relatively constant, while
the energetic electrons are removed by their motion from the region of
intcrecaot.

The technique of the tilted interference filter is rather un-
suited to the precise measurement of electron velocity distributions;
it ig a very coarse regolving technique, in which different distri-
butions might give similar results. This work will be carried out to
better advantage when a spectrograph is used as the tunable detector.
However the data of Fig. IV-12 dcfinitcly indicates broadening of the
scattered light for times earlier than three microseconds, and thus

makes it seem very probable that the scattering is by free electrons.

B. Application to Afterglow Studies

A unique capability of the apparatus described in the preceding
chapter is that of meking scattercd-light deneity measurements on '"cold"
plasmas; that is, without reliance on Doppler broadening. This capa-

bility makes it particularly suitable to afterglow measurements.
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Although the purity of the discharge which has been described is un-
known, and is possibly not high enough to yield physically meaningful
information on afterglow processes, it has been thought worthwhile to
perform afterglow scattering measurements upon it, for the purpose of
demonstrating the feasibility or shortcomings of the technique.

It is assumed that for a cold plasma in which the parameter
o= (kxD)-l is small compared to unity (notation is that of Chapter
II), the intensity of the scattered light is directly proportional to
the number of electron scatterers in the detector's field of acceptance.
The laser is triggered at various times after cessation of the discharge
current, and the peak energy of the scattered light recorded. The peak
intensity of the incident light is registered by the biplanar photodiode
monitor, and the quotient is then proportional to the number of scatter-
ers. The experimental arrangement is similar to that described above,
except that the interference filter in the detector is permanently set
to normal incidence. The jitter in the time of laser triggering, as
hae been mentioned, is of the order of 0.l microsecond.

The result of such a set of measurements is shown in Fig.
IV-13. A curve was passed through these points freehand and, after
correction for collective effects according to Eg. II-1L, is shown
again on Fig. IV-1Y4.

Also shown in Fig. IV-1l are the intensities of three spectral
lines of helium and the intensity of the hydrogen B line ()—%86]X) in
the afterglow. The relative intensities of the spectral lines are not

indicated in the figure; in particular the maximum intensity of HB
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is about 10% of the intensity of the strongest helium line, at 58752.,
at the same time. No lines of any other element were found, although
numerous very weak molecular lines are present. Diffusion should not
be an important process in Lhls alterglow, according to the published
value of the diffusion congtant in helium.[IV-3] This expectation is
confirmed by the observation that curves of luminosity change very
1little with gas pressure. Nor should attachment be of great importance,
as low-energy attachment cross-sections for typical impurity molecules
are thought to be in the neighborhood of 10_2O cmz.[IV-h] Nonetheless
it appears that impurities do play a significant part in the behavior
of the plasma, since hydrogen is somehow produced. Originally it was
thought that the shape of the hydrogen luminosity curve indicated pro-
duction of hydrogen in the afterglow; after the apparatus was taken
down the thought occurred that it might have been due to Stark broaden-~
ing of the line beyond the 1.52 width of the slits. Computations sug-
gest that the electron dengity indicated by the scattering measurements
would not be enough to account for the lumincsity curve, although a
density on the order of twice as large might be sufficient. This point
is being investigated further.

It is tempting to try to piece together a theory relating the
behavior of the various curves of Fig. IV-14. However, the processes
of the helium afterglow are poorly understood even for pure gases, with
no theory of recombination being firmly established. Considcring thc
additional uncertainty posed by the presence of impurities, any such

theory would be only conjectural and so has been omitted here. The
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electron density curve which has been obtained appears reasonable, and

serves to indicate the manner of data which can be obtained.

C. Discussion of Diagnostic Measurements

One evident defect in the data which has been obtained is the
gscatter of the points. The sets of data shown above are among the best
which were obtained. Typically the ratio of average value to standard
deviation was between five and ten, and of the order expected for shot
noise according to the results of the previous chapter. Occasionally
the scatter was worse, and this presumably was due to some unknown
eff'ect which caused the reproduclibility of the discharge to deteriorate.
If the discharge being diagnosed is highly reproducible, then the
scatter of the points should not be a great limitation, since it can be
reduced according to the suggestions made in Chapter I1I1.

The range of densitles which can be measured by the present

13 electrons per cubic centimeter. This is a

apparatus lies above 10
highly useful feature, inasmuch as conventional microwave measurements
become difficult at densities above 1013/cc, while the principal tech-
nique for dense plasmas, that of Stark broadening of hydrogen lines, 1is
ugeful principally above lOls/cc. Thus the Thomson scattering method
fills a "hole" in the range of plasma densities which can be measured.
The restriction that the density be above 1013/00 is however, incon-
venient for afterglow measurements, in which it is desirable to observe

the density over many decades. The lower limit is set by the spurious

wall reflections, and with sufficient ingenuity it can be improved upon.
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It should also be noted that the scattering method is suitable
to many diagnostic gituations that are difficult or impeossible by con-
ventional techniques. When the time variation of the plasma is rapid,
when its geometry is inconvenient, when the density is high (particu-
larly if the ions are not hydrogen), or ﬁhen measurement must be made
at a specific point, rather than over a volume, and without disturbing
the plasma: these are situations in which the trouble of making
Thomson scattering measurements may be worthwhile. In particular, the
plasma which has been used in these experiments would be very difficult
to diagnose by any other means.

One additional, and rather peculiar, deficlency in Lhe lech-
nique for afterglow measurements should be mentioned. It has been
found that measurements beyond 50 microsgeconds into the afterglow are
Ttroubled with very large spurious scatterings. Because they are not
ordinarily seen earlier than this, it has been thought that they are
due to the presence of particles which have been accelerated by high
fields at the electrodes. At times later than 180 microseconds the
probagbility that such a scattering will take place begins to approach
unity, and measurements become impossible. On the other hand it is
possible that the cause of these spurious scatterings is more subtle,

and perhaps related Lo the phenomena of the following section.

D. Other Laser-Plasma Interactions

While making the measurements described above, two unexpected

phenomensa were observed. The flrst was the observation that sometimes
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Figure IV-15:
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"Induced plasme luminosity" due to fifty-
nanogecond light pulse. In Fig. 15a the
laser was fired five microseconds after
cessation of discharge current; in 15b,
fifty microseconds after. Scale, two micro-
seconds per division.
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after the pulse of scattered radigtion the plasma luminosity did not
drop back to its previous value, but remained elevated, only gradually
subsiding back to normal with a decay time of from cne to two micro-
seconds.(see Fig. IV-15) The second consisted in the observation of
occasional "glant" scatterings several orders of magnitude greater than
the normal electron scattering. The two phenomena, which have been
mentioned previously in a preliminary report,[IV—S] will now be de-
scribed.

Both phenomena occur only when the laser is fired into the
discharge, and not when it is fired into the cold gas. Both seem to be
related to the presence of certain impurities. As has been noted, the
chamber in which the disgcharge is formed has on some of its interior
surfaces (far removed from the discharge region) a coating of black
paint which was applied in the process of reducing the wall reflections.
In normal operation the chamber is being pumped continuously, and a
constant flow of helium is kept passing through it, so as to keep the
concenbration of volabile Impurities down to less than an estimated
O.l%. The phenomena do not occur under thege conditions. However, if
the pump and helium leak are valved off and impurities allowed to col-
lect, then the induced luminosity begins to be noticed at an impurity
cancentration of around 0.3% and increases with the impurity concen-
tration thereafter. Various controlled impurities have been introduced
into the flowing helium in order %o try to reproduce the phenomenon.
Concentrations of more than 2% nitrogen, oxygen, hydrogen, and argon

failed to produce the effect; however, & concentration of 1.5% propane
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(itself containing a U4% bubane impurity and perhaps traces of water or
other material) produced an effect which seemed identical to that pro-
duced by the accumulated paint vapor. However the propane apparently
is less effective, as the required concentration is greater. When the
body gas into which the impurities are introduced is changed from helium
to argon, the effect is still observed but is not so pronounced.

The induced luminosity is always more pronounced when the lager
is fired into late afterglow than into the early afterglow, and decays
more slowly (Fig. IV-15). The effect does not seem to decrease in
magnitude when the laser power 1s decreased to half, indicating a sur-
plus of available photons. The spectrum of the induced luminosity is
not broadband, but centered either at the laser wavelength or at a
longer wavelength (because the photodetector is tuned by tilting the
69&32 interference filter, it has not been possible to tune to longer
wavelengths). It does not seem to be broadened significantly into the
region of wavelengths less than 69&32. When the discharge is observed
thmwugh a 5M6OX interference filter the effect cannot be seen. This
seems to eliminate the possibility that the induced luminosity arises
from a sudden increase in the electron concentration.

A similar phenomencn has been reported 5y Roge, Lidsky and
Thompson;[ IV-6] however, there are significant differences. In the
observations of these workers u long (x 1 millisecond) gulse ol lighl
from a normal laser was used, rather than a short (~ .05 microsecond)
giant pulse; the enhanced radiation persists milliseconds after the
lager light instead of microseconds, and the enhanced radiation is

reported to be broadband.
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The giant scattering phenomenon seems also to be related to
the impuritiesg in that it is more often seen when more of the latter
are present. Unlike the induced luminosity, however, it is not ob-
served reliably; sometimes it is present, sometimes not. As mentioned
in the previocus section cven when no impuritieg are deliberately intro-
duced, giant scatterings are sometimes seen. Because they are never
seen earlier than approximately fifty microseconds into the afterglow
unless impurities arc added, they have been thought to be due to
scattering from small particles emitted from the electrodes. However,
it is possible that the two effects are the sanme.

A hypothesis which seems bo agree with obgervabion is thab
there is, in hydrocarbon molecules, a pair of excited states separated
by the laser photon energy. When a burst of some 1018 photons is
applied, the populations of the two states become equalized, then
decaying to their eguilibrium values with the emission of light at
69h3g (or possibly at somewhat longer wavelengths if intermediate
transitions take place). In addition to the radiative transibtions the
upper state may be depleted by inelastic collisions with electrons,
explaining the shorter decay time early in the afterglow. The giant
scatbttering phenomenon seems more mysterious, and further investigation
is needed; no doubt a substantial number of interesting laser-plasma
intéractions remain to be uncovered, and perhaps this will prove to be

one of them.
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APPENDIX A

PHOTOMULTIPLIER RESPONSE CHARACTERISTICS

In the scattering experiments described in this thesis, the
signal current leaving the photomultiplier detector is typlcally in the
form of & pulse one to two milliamperes in magnitude, superimposed on
a slowly varying background current of one to two milliamperes. To
avoid errors resulting from non-linearity of the photomultiplier, the
latter was wired in a manner designed to minimize such effects.
Measurements were carried out on the phototube and its circuitry to
determine what degree of non-linearity remained.

The photomultiplier tube was an EMI type 9558/3, having eleven
dynode stages with, at the operating voltage of 1470 volts, an estimated
currcnt gain of 7 - 105. The wiring diagram ig shown in PFig. A-1. The
function of the capacitors is to stabilize the dynode voltages when
current is drawn from them. One expects that as the photocathode is
excited, electrons are lost from the dynodes, and, to the extent per-
mitted by the capacitors, the dynodes become more positive, and the
.gain of the tube increases. In order to ascertaln that this effect is
not a source of error, a testing arrangement as shown In Fig. A-2 was
used. Here the NE-2 lamp was used to produce a large current pulse
through the tube. Then a short 0.2 microsecond pulse was produced by
means of the Kerr cell, and the response to the second pulse as a
function of the fatigue produced by the first pulse was noted. It was

found that the percentage increase in sensitivity A was approximately
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proportional to the charge previously taken from the anode, Q, accord-
ing to the formula A = .0093Q, where Q is in units of (microseconds)
(milliamperes). This effect was therefore negligible in all of the
actual experiments.

It was also necessary to debtermine the linearity of the tube
at high peak currents. BReferring again to Fig. A-2, the color filters
were used to eliminate infrared radiation, confining the spectrum to
the region of calibration of the neutral density filters. (These were
found, by measurement at low current, to have their correct attenuation
values.) The tube was then calibrated using 0.2 microsecond light
pulses by means of test filters inserted as shown. The saturation
curve cohtained is shown in Fig. A-3. The dropping-off of gain is
thought to be due to disturbance of the current flow by space charge.
The corrections required for this effect, always smell, have been made
wherever necessary.

As a double check on the tube response an additional test was
made, closely simulating the actual experiment. A slowly varying light
pulse was produced by the neon lamp, and a short pulse of light through
the Kerr cell injected on top of it. The magnitudes of the two pulses
were noted separately, and note taken as to whether the response to the
sum was related to the response to the parts according to Fig. A-3.

Agreement was always found, within a few percent.
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Figure A-3: Saturation behavior of.9558/B photomultiplier.
Upper curve is ideal linear response.
Lower curve is actual response.
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APFPENDIX B

THE GIANT-PULSE LASER

The giant-pulse laser was originally proposed by Hellwarlh,
[A-1] and was first constructed by McClung and Hellwarth.[A-2] Further
studies of its properties have been carried out by McClung and Hellwarth
[A-3] and by Wagner and Lengyel.[A-4] A diagram of the unit constructed
for these experiments is shown in Fig. A-k,

The principle of operation is as follows. Initially the Kerr
cell or Pockels cell (both were used) is raised to quarter-wave plate
voltage, so that as light reflected from the righthand mirror traverses
the cell twiée, its polarization is rotated through 900. The unwanted
polarization is then rejected by the Wollaston prism. The manual
trigger excites the flashlamp, which produces a population inversion
between the 2E excited state and the ground state of the ruby. The
population cannot relax through laser action, because the feedback path
via the righthand mirror is not available. fter the inversion has
reached its maximum (about 400 microseconds) the voltage is removed
from the Kerr cell with a fall time of about .0l microsecond. Intense
laser action then takes place.and a "giant pulse" is produced.

The pulses emitted by this laser typically have peak powers
in the range one to five megawatts, and duration (at half-power points)
in the neighborhood of .03 microsecond. Oscillograph traces showing

typical giant pulses are displayed in Chapter ITI.
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