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7
An outdated model d Air Analyzer was used in this exper-

imental investigation as a basis to estimate the capability of

2 ?
d spectroscopy and to develop a d Raman Spectrometer. The

2
first d Raman spectra, observed by Darling and Williams

before this study, used a strong 800 milliwatt argon laser

(4880 A), which gave a signal-to-noise ratio, S/N = 1. With

extensive electronic modifications, the present investigation

has resulted in a reduction of the noise to a level where

Raman spectra using the same scattering cell are observed with

a 3 milliwatt helium-neon laser (6328 A) and S/N = 1.

2
A d Spectrometer is an instrument for direct, instantan-

eous recording of the second derivative of the profile of an

optical spectrum line. It derives an especially high sensi-

tivity from intensity modulation of the light transmitted

through the spectrometer followed by amplification of only

the second harmonic component of the photodetector . A phase-

lock technique is then used to determine the cosine component



of this second harmonic, since the leading term of the cosine

coefficient is proportional to the second derivative of the

line profile.
-3

Raman spectra are weak, scattered radiations, about 10

in relation to Rayleigh scattered radiations, where the Ray-

leigh radiation is 10" 3 of the incident, precollision intensity,

Raman lines appear only because some of the energy of the

photon-molecule collision appears as internal molecular vibra-

tional energy. The importance of the effect is that if the

Raman lines can be measured, internal molecular structure can

be inferred.

2 ...
The modifications and tests show that the d sensitivity

limitation is due to electronic circuitry, and several back-

ground noise sources have been identified. Interstage coup-

ling of operational amplifiers has involved different wave-

forms: square waves, fundamental and harmonic wobble frequen-

cies, power supply ripple, beat frequencies, power line tran-

sients, parasitic oscillations, and the peculiar waveforms of

regenerative and super-regenerative feedback. Because strong

Raman signal levels appeared to be the order of 1 microvolt

at the photodetector, the types of couplings and means to

reduce their contributions below that level essentially out-

line the noise problem.

The means used to reduce noise levels have been: buffer

isolation of each amplification stage from the power supply

through the use of long time constant filters; isolation of

each stage from the other by removing closed inductive loop



circuits and open capacitive circuits; stabilization (thermal,

mechanical, and frequency) to minimize excursions; and reduc-

tion of the amplitude of all waveforms to minimum values con-

sistent with reliable operation. A much quieter d 2 circuitry-

evolved, and further improvement appears possible.

2
At the present stage of development, observation of d

Raman spectra are marginal with a 3 milliwatt helium-neon

laser and cylindrical Raman cell. Acceptable operation with

S/N = 100 for strong Raman lines could be obtained with vari-

ous optional conditions: e.g., increase the helium-neon

laser strength to 50 milliwatts with no other changes; or use

at least a 10 milliwatt argon laser (4880 A) because the fre-

quency gives an increase of 2.83 in radiation and an increase

of about 12 for photodetector sensitivity. Changes in Raman

scattering cell efficiency cause linear scaling of any of

these factors.

2
An optional d circuit is presented where the lock- in

feature and second harmonic detection are retained, but the

"chopper" method of detecting the harmonic cosine coefficient

is replaced by a quiet cosine analog system which integrates

over the wobble frequency in a "Fourier coefficient" method.

An innovative, quiet, all-electric modulator is also proposed

which could be versatile in frequency adjustment, programmable

for synchronous operation, and workable at a lower power level



CHAPTER I

INTRODUCTION

This is an experimental investigation into the capability

of d instrumentation for detecting weak laser light scattered

by the Raman effect. The d principle of detecting optical

signals was devised by D. T. Williams [1], developed by R. N.

Hager, Jr. [2], and commercialized by the firms of Spectro-

metries, Inc., Tampa, Florida [3], and Lear Siegler, Inc.,

2
Englewood, Colorado [4]. An outdated commercial Model III d

Air Analyzer, designed for monitoring the optical absorption

of air pollutants, was modified and used as a basis for the

high sensitivity instrumentation required for Raman spec-

troscopy .

Prior to this study, J. W. Darling [5] reported a laser

Raman spectrum with the same Air Analyzer used here. Although

he used a strong argon laser, 0.8 watts at 4880 A, the result-

ing signal-to-noise ratio in the Raman spectrum was S/N = 1.

2
Reasons for the poor performance of the d instrumentation

were presumably a "high noise level" of the instrumentation

during operation. The observed "noise" was basically an

erratic wandering of the base line (i.e., zero signal level)

at a rate which was comparable to that of the scanned line

signal. The Raman spectra were major lines of carbon tetra-

chloride and toluene, and appeared at known locations.

1



The instrumentation problem of sensitivity and noise can

be appreciated from a relative scale of scattered light inten-

sities, where the light may be scattered by small particles

(Tyndall effect), whole molecules (Rayleigh effect), solids

(Brillouin effect), or by individual atoms in molecules (Raman

- 3
effect). Apparently the Rayleigh intensity, I

c , is about 10

that of the incident radiation [6], Brillouin intensities,

I
R , are less than Rayleigh intensities, l -g/ l

c
1S about 10

for carbon tetrachloride and 10 for water; and Brillouin

wavelength shifts are small. Raman intensities, I
R , are

smaller yet, I
R
/I

C
is 10 or less [6] depending on the vibra-

tion levels of the energy absorbed. Raman frequency shifts,

however, are greater than Brillouin shifts because modulation

from atom-atom rotation, bending, and elongation frequencies

are greater than for sound frequencies.

From simple theory of classical spectral emission, the

amount of radiation depends on the frequency. Consider a

steady, one- dimensional motion of a harmonically bound elec-

tron of charge e and mass m forced to vibrate by an external

electromagnetic wave of amplitude E
q

and frequency v [7],

[d
2y/dt 2

] + v
,2

y = [eE
Q
/m] exp(jvt),

which has the solution

y = [eE
o
/m][l/(V 2

- v
2
)] exp(jvt)

In general, for V = the electron forms part of a

dipole, p , which produces a radiation field E(r) at large r



and at angle 9 from the dipole axis

2 2
E(r) = (tt p v sin 9/e

Q
r c ) exp(jvt)

2
The radiated intensity varies as E(r) ,

so that after inte-

gration over all 9, the total intensity per unit time, I,

has a classical fourth power frequency dependence

a 3 2 4,, 3
I = 4 tt p v/3ecc o o

where £ is the permittivity of free space, and c is the
o

velocity of light. If the electrons are strongly bound,

their motion is modified by the molecular motion of frequency

v* and the Raman intensity I
R

is related to the incident

intensity

? 2 2 4
i
r
/i

c
^ (v - v r * v v ' << v

Comparing the argon laser (4880 A) data of Darling and

o

Williams with that for a helium-neon laser (6328 A), the

Raman intensities would be less by at least a factor of

(4880/6328)
4 = 1/2.83. Furthermore, scaling the power which

they used (800 milliwatts) as well as the photomultiplier

response, comparable results should be obtained with the 3

2
milliwatt helium-neon laser if the d instrument sensitivity

were improved by the factor (800/3) (2 . 83) (12 . 5) = 9430. The

value 12.5 is the relative sensitivity of the particular

photodetector used, obtained by the ratio of quantum efficien

cies at 4880 and 6 32 8 A (10%. and 0.8%, respectively).



Although complicated interpretations are necessary , the

usefulness of Raman spectra are their value in inferring

details of molecular structure. This usefulness, however, is

tempered by the smallness of the effect. Modern Raman spec-

troscopy [8,9] employs, simultaneously, laser excitation to

increase observable signal strengths, and a "double monochro-

mator" to reduce background. Even for carefully designed

monochromators , where careful attention is paid to internal

baffling and minimal scattering, large amounts of stray radi-

ation are always present. This radiation, as well as the

desired Raman radiation, escapes through the exit slit. In

double monochromators, the undesirable radiation is redis-

persed, reducing the interference. A good double monochroma-

tor presumably has a ratio of 10" between laser radiation

transmitted at 10 cm" , and the line center [10]. In d

instrumentation, the stray radiation which escapes through

the exit slit is identical, but modulated in time, and this

modulation is in synchronism with the Raman line.

? 10
However, in the d system, d and d are excluded from

measurement. This means that the stray light is a non-

contributor, unless it results from a virtual source corre-

lated with the grating position in the manner of an optical

"ghost." If such false lines should appear, then calibration

of their location (i.e., laser transmission without Raman

2

scattering present) identifies them, and the d sensitivity

to Raman spectroscopy is unimpaired. Therefore, the d



Spectrometer eliminates the need for a second monochromator

function, rejecting background interference by electrical

means .

A first requirement of the second derivative spectrometer

is the equivalent of a "wobbler" in the form of an oscillating

entrance slit to a single monochromator. The purpose of the

wobble is to produce a time varying signal in the detector

following the exit slit. The wobbler does this by moving

periodically across the path of light emitted from the laser,

and so causes the optical image at the output slit to move

periodically across the output slit. When the optical line

is centered at the exit slit, the wobble produces a second

harmonic of the wobble frequency. When the line is not

centered, a second harmonic still exists, its amplitude is

less, and recurrent waveforms occur twice over each wobble

period in a succession of even parity.

2
A second requirement for the d spectroscopy is proper

phase selection of the cosine component of the second har-

monic. This is accomplished by rectification in phase-lock

with the wobble frequency. In general, the phase of the

detector signal varies with respect to the wobbler (modulat-

ing slit) , and depends on the position of the spectrum lines

at the detector. Accordingly, for a narrow slit which covers

only a fraction of a line, only a phase increment is trans-

mitted, and this has a particular phase relative to the steady

state wobbler. In effect, a narrow slit scanning a line pro-

file with the wobbler under fixed conditions produces an ac



signal with a phase proportional to the displacement. A for-

ward wobble produces a signal which is followed by a similar

(but reversed) pattern when the wobble reverses, thus giving

a double frequency response. In general, phase-lock rectifi-

cation (i.e., "chopping") produces positive or negative sig-

nals corresponding to positive or negative second derivatives

of the spectrum line profile as the line is scanned.

To establish the relative importance between the phase

and amplitude of the signal due to transmitted light, consider

a mathematical convolution of a spectrum line profile with the

exit slit width of 2b at x . Let the transmission function

of the slit be rectangular, T(x) = 1, when x
±

< x < x
2

, other-

wise T(x) =0. x
2

= x
Q

+ b, and x
x

= x " b - See p igure 1

for the relation between these variables.

For a line with its maximum at x' , not located at the

center of the slit, x , the signal S(x
q ) which is transmitted

through the slit to the photomultiplier is

S(x ) = / I(x) T(x) dx
-00

x
2

= / I (x) dx
x l

A Taylor expansion of I (x) around x
q

is convenient,

ICx, xj - I
( ° } (x

n )
+ I

(1) (xHx - x
o )

+ t^I
IZJ (x ) (x - x r/2!

*• o y o



T(x) =

Transmission
Through Exit Slit

x=0 x,=x -b
1 o

Spectrum
Line Profile

x -x = a sin wt
o o

Modulation
(Wobble around x )

Figure 1. Transmission function and profile coordinate
scheme

.



where I^ (x ) is the n derivative of I (x) evaluated at x .

Integration over the limits gives

S(x
o

) = I
(0) (x

o
)[(x

2
- x

o
) - (x

x
- x

o )]

+ I
(1) (x

Q
)[(x

2
- x

Q )

2
-

( X]
_

- x
o )

2
]/2!

+ I
(2) (x

o
)[(x

2
- x

Q )

3
- (x

1
- x

o )

3
]/3! + . . .

If the point I (x ) is periodically displaced by an amount

a sin tot, then the limits of integration, x^ and X- , are

effectively

x~ = x + a sin u>t + b
2 o

x, = x + a sin tot - b .

1 o

The light signal transmitted is then

S(x
o

) = A
o

I
(0) (x

o ) + A
x

I
(1) (x

o
)/2!

+ A
2

I
(2) (x

o
)/3! + . . .

A = (a sin tot + b) - (a sin out - b)
o v

2 2
A

1

= (a sin tot + b) - (a sin tot - b)

Terms of the form sinn tot can be expressed as multiple fre-

quencies of the wobble frequency with the use of the



relation

sin
2n

tot = (l/2
n
)(l - cos 2wt)

n

To minimize the mathematical manipulations, and before

substituting for sin
n
cot, recall that the d instrument has a

capacitor following the photomultiplier so that no dc signal

levels are admitted, and it also has a tuned amplifier which

responds to the second harmonic of the wobble frequency. If

the mathematical operation E, is defined as the selection of

only the even second harmonics terms, i.e., excluding constant

terms (dc) , excluding odd harmonics (sines) , and excluding all

other frequencies, then the following terms appear for S(x):

E, -A = E, (2b) =ho h v J

E, -A, = E, (4ab sinwt) =
h 1 h v

E
h'

A
2

= E
h

(6a2b sin2wt + 2b3 ^
=

[- 3&2b ]
cos 2ut

E,*A- = E, (8a
3
b sin

3
cot + 8ab

3
sinojt) =

h 3 h *•

E^'A, = E, (10a
4
b sin 4

wt + 20 a
2
b
3 sin

2
wt + 2b

5
)

h 4 n

= [-5a
4
b - 10a

2
b
3

] cos 2ut

E,.-A r
= E, (12a

5
b sin

5
wt + 40a

3
b
3

sin
3
wt + 12ab

5
sinwt)

h 5 h

E. -A, = E^ (14a
6
b sin

5
cot + 70a b

3 sin wt + 42a b sin wtho h

+ 2b
7

) = [-7a
6
b - 35a

4
b
3

- 21a
2
b
5

] cos 2 cot
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2
The first d instrument terms of the photomultiplier signal

are then

E
h
-S(cot) = -a

2b[I (2) (x
o
)/2! + I

(4) (x
6
)/4! • (a

2
+ 2b

2
)

+ I
C6) (x )/6! (a

4
+ 5a

2
b
2

+ 3b
4

)v o

+ . . . ] cos 2cot .

This result does not agree precisely with that of Hager

[9], because the development and analysis are different. Here

the intensity distribution is integrated over the slit width

before the time variation is introduced. However, for a

specific profile (i.e., sin x/x) , Hager finds that the lead-

ing term of I *- -* (x ) for the second harmonic is proportional

to a
2

, which is an order of agreement. Otherwise, there is

no statement for comparison.

In general, extracting the second harmonic with a filter

mechanism, and selecting only the cosine component with a

phase-lock mechanism, results in an effective approximation

to the second derivative of the arbitrary profile function,

I(x). The mathematics indicates that only even order deriva-

tives are observed. Amplitudes decrease with order, and an

oversimplified measure of importance of terms is indicated by

the ratio of d
2

to d which, for an assumed Gaussian profile,

would be 6:1 at the center of the line.

To complete a description of second derivative instru-

mentation, it is necessary to provide for the line to be

scanned in order to correlate the observed intensity with



11

d (I(x)) whenever the line crosses the exit slit. A simple

technique of recording in synchronism with the moving grating

2
provides such a d profile of a line.

It is important to note that Fresnel diffraction patterns

are not considered here because the image of the first slit

is produced by optical focusing at the second slit while the

Fresnel patterns incident on the grating, for example, are

subsequently focused into a "line." Also, Fresnel patterns

after the second slit occur over the detector surface where

all of the light from the second slit is collected, and there-

fore the electrical output is not altered.

Because noise (i.e., erratic zero-signal level) seemed

2
at the time to be the major limitation in laser d Raman spec-

troscopy, the present investigation was designed to examine

practical noise sources and to eliminate unstable electronic

performance. The Model III Air Analyzer was used as a start-

ing point, and extensive modifications which evolved are

described below. The cataloging of Raman lines, derivations

of molecular structures from Raman line information, and

research into laser properties -- all of which have bearing

on d
2 performance -- have been essentially avoided because

they are extensive subject areas in their own right.



CHAPTER II

GENERAL INSTRUMENTATION d
2 RAMAN SPECTROMETER

Raman d instrumentation consists of the functional

parts: optical input, modulator (wobble generator), signal

channel, synchronous (sync) channel, second detector and

recorder output, as shown in Figure 2. Except for the Raman

2
scattering cell and laser, d instrumentation is the founda-

tion of the system.

2
Extensive modification of a d Air Analyzer resulted in

such improved d" sensitivity that Raman spectra of carbon

tetrachloride were detected with a He-Ne laser of 3 milliwatts.

The main limitation for Raman d spectroscopy has turned out

to be not the d
2
principle, or light scattered in the spectrom-

eter, but various electronic couplings in the form of cross-

talk between components. In particular, printed circuits

were used, a construction which offered means (but not the

only means) for undesirable interstage coupling. Accordingly,

observation of Raman spectra, after accomplishing some degree

of isolation between electronic components and their functions,

indicates that even greater sensitivity using the d principle

is possible. Redesign with hard wiring and with special atten-

tion to electrical decoupling techniques should produce

either or both an advance in the state-of-the-art for Raman

12
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Optical
Input

Signal
Channel

Second
Detector

LASER

SCATTERING CELL

RAMAN SCATTERING

SLIT

MONOCHROMATOR

PHOTO DETECTOR

PRE AMPLIFIER

TUNED AMPLIFIER

CHOPPER

DEMODULATOR

BUFFER AMPLIFIER

DIVIDER

BUFFER AMPLIFIER

RECORDER

FEEDBACK CONTROL

OSCILLATOR

DRIVER

DRIVE COIL

SENSOR COIL

SENSOR AMP

Modulator

SQUARE WAVE AMP

DOUBLER

DOUBLER AMP

Sync
Channel

^U~L

Figure 2 Functional block diagram.
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spectroscopy (sensitivity), or a considerable reduction in

cost for performance comparable to that of a double mono-

chromator.

The arrangement and circuitry described below is not an

ultimate, but rather the specific system in use when the 3

milliwatt He-Ne Raman d
2 spectrum of carbon tetrachloride was

observed. Additional specific changes have been made, but the

principles are the most important to record, because redesign

alone is insufficient to avoid relocating some of the sources

of undesirable noise, instability or crosstalk.

Optical Input

Optical input is derived from a 3 milliwatt He-Ne laser,

Model 132, made by Spectra Physics [11]. The laser emission

enters a cell, as shown in Figure 3, which was used by Darling

and Williams for detecting Raman scattering from liquids.

The glass cell has aluminum vacuum-evaporated on the exterior

surfaces and acts as a multiple-reflecting surface to increase

the effective path length of the laser radiation through the

sample liquid. A void of 1 mm by 5 mm in the vacuum coating

allows the laser energy into the cell. Although this is

neither a sophisticated nor efficient Raman scattering cell,

2

it serves the purpose of evaluating d Raman spectroscopy.
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51 mm 40 mm

19 mm
diameter

-1

To d Raman
Spectrometer

\ Slit C0.1(0.1 mm)

Laser
(Vertical polarization)

Figure. 3. Raman scattering cell
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Modulator

The starting point of the modulator is the vibrating

entrance slit of the monochromator . The slit moves physically

on the order of a slit width, 0.1 mm, across the optical path

of light emitted from the Raman scattering cell. This causes

an intensity modulated signal to pass through the monochro-

mater to the photodetector. Accurate control of the slit

vibration is critical.

A driver coil and a sensor coil are attached to the slit,

and both of these coils are electrically included in a feed-

back loop with a free-running oscillator. The object of the

feedback loop (collectively this is the modulator shown in

Figures 4 and 5, and wobbles the slit) is to maintain constant

slit oscillatory amplitudes by varying the oscillator drive

power. The oscillator frequency is about the same as the

natural mechanical frequency of the slit assembly, nominally

45 Hz.

Both frequency and amplitude stability are essential for

d
2 Raman spectroscopy because of the necessary averaging of

the rectified second harmonic component of the optical signal.

For example, each line scan occurs over a finite time inter-

val so that variation in the integration limits of the recti-

fied signal equates with amplitude variation. Measured vari-

ation in the modulation frequency was less than one period in

4
10 min, i.e., one part in 2.7 x 10 .
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The sensor coil output is a sinusoidal voltage, derived

from sinusoidal slit motion carrying the sensor coil through

a local magnetic field. The sensor amplifier, U2 , inverts

the signal which is then rectified to obtain a negative bias

with a long decay time of several seconds (5 yf x 1 M = 5 sec),

This negative bias regulates the input of a field effect tran-

sistor \vhose output in turn adjusts the bias of the electronic

oscillator Ul. The power output of Ul is thus reduced if the

sensor voltage is excessive (large oscillation amplitude)

.

A 10 K potentiometer in the common leg adjusts the frequency

of Ul by changing the time constant of its feedback.

Signal Channel

Raman scattered light which is transmitted through the

entrance slit goes through a quarter-meter Ebert monochroma-

tor, Model 82-410, manufactured by Jarrel-Ash [12]. Details

of the monochromator arrangement are shown in Figure 6. Opti-

cal transmission through the monochromator occurs if a diffuse

light source is placed before the slit but within an angle

defined by the mirror diameter to focal length, 38/250, or

about ±5 degrees around the optical axis. Omnidirectional

Raman scattering originating in this region is accepted for

transmission, so that for a given laser excitation, normal to

the slit and to the optical axis, the amount of Raman radia-

tion reaching the slit is constant provided the sample and

the excitation fill the acceptance region. Since the entrance
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Phot omul tiplier

n
Exit Slit 38 mm dia.

Mirrors

Speed : f 6 . 5

.

o

Grating : Dispersion = 33 A/mm, 11,000 lines/mm,
Blaze at 5000 A, Plane and 64 mm x 64 mm.

Modifications : Baffling at B,J; Felt at A,K;
Opaque paint at A,C , D ,E , F ,G ,H.

Figure 6. Quarter-meter monochromator
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slit causes a Fresnel pattern to appear across the mirror and

grating surfaces, more intense lasers cause more intense pat-

terns, which in turn cause more stray radiation backgrounds.

Attenuation of the stray radiation is accomplished by addi-

tion of baffles and absorption materials.

The grating is a replica, made from the "sandwich type"

construction where the master (typically ruled Au or Al) is

coated with separation oil, then aluminum is vacuum-deposited

on it, and a sandwich is formed when the entire assemblage is

epoxy-glued to a glass base. The replica surface is then

formed when the master and oil are removed. It is not uncom-

mon to find spurious light penetration into the thinner parts

of the groove structure, but it has been observed here only

under direct illumination with the 3 milliwatt helium-neon

laser and did not jeopardize its use for Raman spectroscopy.

The electrical part of the signal channel consists of a

photomultiplier , a preamplifier and an amplifier tuned to

double the wobble frequency, as shown in Figure 7. The photo-

multiplier output is negative, showing short negative noise

pulses of about 10 yseconds' duration and 1 yvolt amplitude.

Groups of pulses form into a negative waveshape in synchronism

with the motion of a spectrum line as it crosses the exit slit.

Two waveshapes are generated for each wobble, and these wave-

shapes "fuse" together when the center of the spectrum line

appears at one end or the other of the slit. Thus a "phase

effect" appears in the photomultiplier waveshape, and con-

tinues into the following tuned amplifier.
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The photodetector is a seven-stage photomultiplier

,

Model 9783B, made by EMI [13], and operated from an 800-volt

battery which is by-passed with 0.125 yf. This photomulti-

plier has a characteristic quantum efficiency of 15, 17, 10,

and 2% at 2000, 3500, 4880, and 6000 A, respectively. At

6800 A the efficiency is 0.1%, essentially zero. The noise

level according to the manufacturer is about 0.1 na of aver-

age dark current. The observed peaks of 1 yv across 100 K are

0.01 na, which generally agrees because of 101 on-time. The

d instrumentation handles the noise output easily, but not

the low signal response at 6328 A (1% quantum efficiency).

A quantum efficiency of 15%, factor of 15 increase in sensi-

tivity at 6328 A, can be obtained with a more expensive end-on

linear photomultiplier, Model 965 8B, from the same manufac-

turer.

The preamplifier input is also the photomultiplier load,

but the circuit frequency response can be low, 45 Hz. An

important point in the preamplifier design is to discourage

high frequency amplifications and also regenerative feedbacks,

because they are both sources of unstable operation. To accom-

plish this, a 0.01 yf capacitor is placed between the output

and input terminals of the amplifier U5 , and a 14 K resistor

is put in series with the input to decouple feedback through

the printed circuit from the following tuned amplifier stage.

In fact, without these decoupling means, a "super-regenera-

tive" action of the preamplifier occurs when a signal results

from any convenient transient and quenches itself in such a
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way as to contribute false signals which are completely

unacceptable for Raman spectroscopy. The frequency response

of the preamplifier prior to degenerative feedback was

broadly peaked at about 10 KHz, which became the character-

istic frequency of the "super-regenerative" action. Super-

regenerative action is not necessarily undesirable, since it

exploits the high gain which appears near resonance, but

practically it is unstable and a source of considerable noise.

The tuned amplifier is a double-tee filter connected as

an active amplifier. It has a gain of about 500 at twice

the wobble frequency, a bandwidth of about 12 Hz, and an excep

tional stability. It seems to respond to harmonics, but it

works well in the signal channel. It is a very interesting

device and its performance will be pursued further.

Synchronous Channel

The purpose of the synchronous channel (sync channel)

,

which is represented in Figure 8, is to provide the proper

phase for rectifying (chopping) the tuned amplifier signal.

Phasing is referred to the sensor coil, actually the sensor

amplifier, so that changes in wobble frequency do not influ-

ence the phase relation between the signal channel and the

chopper. The sync channel consists of a square wave ampli-

fier, double r, and double r amplifier. It is important that

the sync channel introduce no jitter or unstable operations,

because changes in the chopper limits influence the time
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constant integrator as effectively as variations in optical

signal strength.

The square wave amplifier, U3 , converts a sinusoidal

input into a square wave by driving the input in excess of its

linear limits. Two zener diodes in the output increase the

rate of rise of the leading and trailing edges of the square

wave, but shunting capacitors are provided to reduce jitter

as the waveform crosses the zero potential level. Small

phase adjustments are possible with the 100 K potentiometer

input.

The doubler consists of two "peaker" RC elements which

effectively differentiate each edge of the square wave, thus

doubling the basic frequency. Adjustment of the resistive

elements is provided for balancing on and off conduction

times, so that equal duration pulses can be set. The trail-

ing edge of each "peak" has inherently less rate of change in

its decay, and can be a source of jitter in the operation of

the integrated circuit amplifier, U4. Practically, the vari-

ations are typically 5 microseconds which, over a half period

4
of 11 milliseconds, represents a variation of 5 parts in 10 .

Output from the doubler can cause ringing, a parasitic

behavior, in the following doubler amplifier stage, U6. The

ringing is reduced by changing the waveform to a softer,

sinusoidal shape by introducing 1 uf shunts across the zener

diodes in the U4 output. Further suppression of ringing is

accomplished by adding an 0.0005 uf capacitor across the feed-

back resistor of the doubler amplifier, as well as 0.001 uf
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across its output resistor. A sharp switching of the chopper

function is less important than consistent stable operation.

Second Detector

The second detector is a group of functions, as shown in

Figure 9, which starts with a second harmonic of the wobble

frequency of amplitude proportional to the optical signal,

and ends up with a dc signal proportional to the same optical

signal. Inputs from both the signal channel and the sync

channel are required for a dc output to the recorder.

The second harmonic output from the tuned amplifier is

rectified by proper timing (i.e., proper phase with respect

to the wobble) of the conductance of a field effect transis-

tor, Q5. This rectified signal, which may be either positive

or negative depending on the optical signal phase, is then

integrated (demodulated) to essentially a dc level by a time

constant circuit of 100 seconds (500 uf x 200 K) before enter-

ing the buffer amplifier, U8. At this point, dc signals are

relatively small.

The analog device AD/426 is a transconductance type

divider, in a mathematical sense. Two input voltages, Z and

X, when properly connected, result in an output Y, where Y =

2
Z/X. In the present description of a d Raman Spectrometer,

the AD/426 device is used as a variable dc amplifier, con-

trolled for convenience by the dc level, X, derived from a

1.5-volt, size AA battery. The divider was originally used
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in the Air Analyzer absorption spectrometer as a normalizing

device, in the mathematical sense, to compensate for changes

in light source intensity --ad function. This feature is

2
not useful for Raman d spectroscopy where maximum sensitivity

is always desired.*

The final stage of the second detector is a buffer for

isolating the AD/426 device and the recorder. A long time

constant of 25 seconds is introduced into the output to aid

in the integration of noise which may have appeared after the

rectifier time constant of 10 seconds. The total time response

of the dc section is the result of these two time constants,

practically about 30 seconds.

*A good description of a trans conductance multiplier/
divider can be found in reference 14. It is basically a

thermally well-balanced operational amplifier which contains
an additional control terminal to the usual operational am-

plifier. The output current is proportional to the voltage
at its input terminals; output current, Iq, is the product
of mutual conductance, gm , and applied voltage, X, I = gm X.

When gm ~ Y, then I ~ X-Y, an analog multiplication function.



CHAPTER III

INSTRUMENT RESPONSE

2
The d Raman Spectrometer has optical, electronic and

mechanical features to consider, but the chief innovative

advantage for Raman spectroscopy comes through the electronics

treatment of the light signal and background noise. Since the

Raman scattering intensity is about 10 that of the incident

light, a known optical sensitivity of the system should indi-

cate the laser excitation intensity, I, required to produce

usable signals. If the electronic noise level could also be

2
established at the same time, then the d performance should

be predictable.

Signal Intensity Calibrations

o

If the helium-neon laser (6328 A) of 3 milliwatts is

aimed directly into the acceptance cone of the modulating

slit, there will be a major one-line contribution to the

photomultiplier. Attenuation of the radiation by absorbers

or scatterers will then allow extrapolation to laser inten-

sity (upper limit) and noise levels (lower limit). Between

these extremes is the dynamical range of the system where the

Rayleigh and Raman spectra should fall to be useful.

30
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Three- by five-inch index cards turned out to be very-

uniform in quality, and when clipped together to form a mini-

mal spacing between the cards, made a convenient reproducible

variable strength scatterer. The scattering stack apparently

followed Lambert's law where the ratio of intensity leaving

the stack to that which enters is a constant per card. Assum-

ing that intensity, I, is diminished to a value I, after

passing through k cards, and that the decrease is proportional

to the number of cards,

dI
R
/dk = -al

k ,
a = constant

I, = I e
k o

-ak

Thus, the intensity recorded by the d system should be semi-

logarithmic versus the number of cards. This relationship

was consistent with signals which were electrically attenuated,

and for each of the intensity levels over the measured range.

Measurements of intensity are displayed in Figure 10 as

log
1fl

F ^ number of attenuating cards, k, in the scattering

deck. F is an intensity index, the product of recorder ampli-

tude, electrical attenuation, and divider voltage (analog

device AD/426 [15]] -- all in arbitrary units -- taken when

the stack was located 60 mm from the slit between the slit

and the laser.

The slope of a line through experimental points gives an

absorption constant of a = 0.95, and represents an average

9 5
output to input factor of c " = 2.5S per card. Extrapola-

4
tion to zero cards gives an intercept of 2 . 2 x 10 . The
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available excitation for Raman spectra, however, is a little

more than this, because the laser diameter of 1 mm covers

more than the slit width of 0.1 mm. A characteristic laser

line then, corrected for this overlap, would have an intercept

at 2 . 2 x 10 , up by a factor of 10, but with the same slope

as the experimental curve.

If the recorder noise level were a fraction, 10 that

of a fictitious recorder level due to total laser input, then

typical Raman radiation would appear at F = 2.2 x 10 with

S/N = 1. This assumes complete utilization of the excitation

radiation and no Raman energy loss between the scatterer and

2
the d signal channel.

Experimental results are in reasonable agreement with

this analysis. During the Raman spectrum run with carbon

tetrachloride, for example, there was a noise level of F =

3 x 10~ 2
, which should have given S/N = (2.2 x 10

_1
)/(3 x 10~ 2

)

= 7.3. The observed S/N was about 4, which appears to be a

very good agreement. But the agreement simply ignores losses

from multiple laser reflections in the scattering cell, losses

which are due to the optical acceptance angle at the entrance

slit, and losses due to the angular distribution of the Raman

radiation.

The helium-neon laser also has a spectrum of neon lines

of low intensity associated with the conventional gas dis-

charge, and Rayleigh scattering from these relatively weak

lines can compete with the Raman scattering from the stimu-

lated laser line. An estimate of their strength can be
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obtained by applying the absorber method of intensity cali-

brations. Experimentally, the factor F is about 10 for

many neon lines in this particular laser, so that without an

optical filter, the Raman lines must be differentially picked

out from the Rayleigh neon background. This also means that

the ratio of laser light to a typical neon background line is

about 2.2 x 10
4 /10* 1

* 2 x 10
5

.

Tuned Amplifier

The tuned amplifier is required to be sensitive only to

the second harmonic of the modulated light signal. The degree

to which d and d signals are rejected at the tuned amplifier

2
is thus critical for d performance. Experimental character-

istics of the tuned amplifier are shown in Figure 11. where

the tuned amplifier was effectively isolated, excited by a

test sinusoid oscillator, and the output measured with an

oscilloscope. The insert circuit diagram shows a test resis-

tance, R" , added as a parameter for evaluating the detuning

effect as the Q of the circuit becomes modified. Otherwise,

circuit constants are those used in U7 of Figure 7. Experi-

mentally, the center frequency for R" = is 86.2 Hz compared

with the 60 Hz power line frequency.

The tuned amplifier has a double feedback mechanism, a

so-called "double-T" filter, as pointed out earlier, and shown

in Figure 11. A patent for this double T-network was granted

to August ad t [16] in 19 38, and the first literature description



35

500

400

1300

200

100

6

1
vv

II



36

was given by Scott [17], also in 1938. The device has been

subsequently developed and miniaturized [18-21], but with

apparently limited applications, perhaps because it is most

effective at very low frequencies which are seldom used.

The objective of the following analysis is to develop a

mathematical model for the observed frequency response of the

tuned amplifier, and the purpose is to acquire perspective

for application of these data to the instrumentation. Two

steps are required for a simple model -- first, the reduction

of the double T-network to an equivalent double Il-network; and

second, the formation of an amplifier circuit which uses the

equivalent network [22].

To develop an equivalent Il-network, consider an approach

similar to that of Stanton [18]. In steps of evolution, a

single T-network, Figure 12(a), can be expressed as a single

IT-network, Figure 12(b). Then two equivalent n-networks can

be arranged as a double Il-network, Figure 12(c), and finally

the double Il-network can be arranged as a single n-network

which has terminal impedances which are identical with the

original double T-network.

The general relation for the T-network to Il-network con-

version is well known and easily derived [23]. The result is

17 =ZZ =ZZ =HLtC2 ^B
A
3 CI

where H is defined for convenience as the function

II ,,z, + z,z 7
+ Z 9 Z Z .12 13 2 3
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For one branch (primed quantities) and the other branch

(double primed quantities), the composite equivalent n-network

(triple primed quantities) components are

Z
A

= W< Z
A

+ ZP

Z
B'

= W^B + Z
lP

Zg' - Z£Zg/(ZJ + Zg) .

To find the frequency where there is maximum gain, the feed-

back must be zero -- either Z"' vanishes, or Z^' becomes

infinite at some particular frequency. The first case is

denied because of the finite resistance of elements in the

circuit. However, Z" 1 has a denominator which can become

zero when both real and imaginary components vanish indepen-

dently. That is

Z"' = Z'Z"/(Z' + Z")

Z
B = Z

i
+ Z

2
+ Z

i
Z 2/ Z

3

= (R
x

+ R
2

)
+ j(R

1
R
2
/X

3
)

Z
B

= Z
l

+ Z
2

+ V
i
ZV V

i

= -(X
1
X
2
/R

3
) - j(X

1
+ X

2
) ,

where the real part of Z is R, and the imaginary part is X,

in general.

For resonance, the double condition for maximum Z„ is

(I) Re (ZJ + Z£) = R
x

+ R
2

- (X
1
X
2
/R

3
) =

(II) 1m (ZJ + Z-p = -(X
1

+ X
2

) + (R
1
R
2
/X

3
) = .
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For the actual double T-network used in the amplifier,

the values are R, = 357 K, R
2

= 88.7 K, R
3

= 73 K, C
±

=

.005 Mf, C
2

= .02 y£,C
3

= .024 uf. Either (I) or (II) can be

used for determining the resonant frequency under these cir-

cumstances, since one condition implies the other if all

circuit components are known and compatible. Assuming that

X *• x = 1/a) C at resonance, then using the nominal circuit

element values

,

(I) l/io
2

= (R + R
2

) C
1

C
2

R
3

3.256 x 10" 6 sec
2

(II) 1/w
2

= Cj C
2

C
3

R
x

R
2
/(C

2
+ C

1
) = 3.050 x 10" 6 sec

2
.

The average of these values gives f = o)
o
/2tt = 89.6 Hz, com-

pared with the experimental value of 86.2 Hz. At this fre-

quency, there will also be a theoretical upper limit, A, for

the gain.

The general condition for resonance found by eliminating

2
co from (I) and (II) is
o

l/x
3
R
3

= (1/Xj + l/x
2
)(l/R

1
+ 1/R

2
) .

To simplify computations, introduce the dimensionless

parameters, p, q, s, a, which are defined in terms of the

impedances at resonance,

p = R
1
/(R

1
+ R

2
)

q = x
1
/(x

1
+ x

2 )

s = (x
1

+ x
2
)/(R

x
+ R

2
)

a = w/co
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Then the values of the circuit components in terms of these

parameters are

R
x

- p R

R
2

(1 - P) R

R
X
l

X
2

3 R
l

+ R
2

= q(l - q) s^ R

X
]

_

= x
1
/a = (qs/a) R

X
2

= x
2
/a = [(1 - q)s/a] R

X 7 =
f R

x
R
2

)

h^ = [p(l - p)/sa] R

The n-network equivalent impedances in terms of these param-

eters leads to

Z
B

= R
l

+ R
2

+
j R

l
R
2
/X

3
= (1 + jSC° R

Z" = -(X, X )/R 7
- j (X

n
+ X

? ) = -(l/a2
)(l + jsa) R

= -a/a 2
) Z^

Z
A

= R
l " J X

3
(R

1
+ R

2
)/R

2
= (P/ saH sa

" J) R

Z
A

= R
3
(X

2
+ X

l
)/X

2 " J X
l

= (qs/a)(sa - j) R

= (qs
2
/p) Z^

Z'
c

= R
2

- j X
3
(R

1
+ R

2
)/R

1
=[(1 - p)/sa](sa - j) R

Z£ = -j X
2

+ R
3
(X

1
+ X

2
)/X

1
= (1 - q)(s/a)(sa - j) R

1 _I—3,1 s
2

Z'
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Substitution of these values gives the following simplifica-

tion for the single IT-network equivalent impedances:

Z\" - [(so - j)/(aW)] R

Z- = Z- [a/(l - O] j W = j 5 W Z£

= (1/sa) [(sa - j)] B R = B W V

s [1/(1 - q) + s
2
/(l - p)]" 1

K = a/(l - a )

W = (p + qs
2
)/(pqs)

a = co/u)
o

For the second step of formulating a circuit where the

n-network is included with the amplifier, the entire network

must be considered. For simplification, however, allow the

excitation source and the output system to be totally uncoupled

from the tuned amplifier. Figure 13 indicates the relationship

between circuit elements and circuit variables. The triple

primed quantities on the diagram indicate the equivalent

n-network values for the double T-network. The current

through the operational amplifier, which has amplification,

A, is

l
=

A h

l
Q

= l
B

+ l
C

T
l

= l
A - h

CVA - V/ Z
B' - V Z

C

V ZA "
(V
A " V^b'
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vw

Figure 13. Timed amplifier circuit model
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Substitution, and collection of terms in V. and V^
, gives the

gain, G, of the system,

G - V
C
/V

A
= A

r 7m Z"' + V

Z"» + A Z!

To retain conventional interpretation of a feedback amplifier,

introduce an effective amplification, A*, and an effective

feedback function, F*,

A* = A Z"' /Z£

C* - 7"' / 7'"

G* = A*/(l + A*F*)

Then the gain becomes a product of two functions -- effective

gain, G* , and a modifier function, (1 + F*)
,

G = G* (1 + F*) .

The insertion of physical resistors at critical locations

modifies the gain; for example, in series with Z^" or in

shunt with Z'" , Z"' , or Z"' . In each case, G* is different.Ad <-,

Resistors across Z'" or Z**' are least influential in the
a a

tuned amplifier of U7. However, a resistor of the order of

R' , R' = R + R
? ,

decreases the gain substantially, and should

be modeled into the circuit as a realistic value for the

internal resistance of the operational amplifier.

Consider the gain versus frequency characteristic where

the resistor R" is included, and let Z^' -»• Z*" 1

,
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Z
*m = Z „, R-/(Z'" + R')

- Z^ Z^ R«/(Z' Z^ + R. Z^ + R- Z')

The resonant frequency is shifted with the addition of R'

,

so that new dimensionless parameters are required. Returning

to conditions (I) and (II) , and requiring that the denominator

of Z*'" become zero at resonance,

(I-) R' [R
1

+ R
2

- X
1
X
2
/R

3
] +6=0

(ii») R' [-(x
1

+ x
2

) + R
1
R
2
/x

3
] + Y

3 = (R
1

+ R
2
)(-X

1
X
2
/R

3
) + (R

1
R
2
/X

3
)(X

1
+ X

2
)

Y = -R
1
R
2
X
1
X
2
/(X

3
R
3

) - (X
x

+ X
2
)(R

1
+ R

2
)

The coefficient of R' represents conditions (I) and (II),

whereas $ and y are corrections for shunting Z"' . To find

the resonant frequency, use X, from (II'),

X
3

= [R
1
R
2
/2RR

3
]

fRR
3

- X
X
X

2
)

X
l

+ X
2

Case R' = R + R = R.

Substitution of X, in (I') gives the relation for the resonant

frequency, oj
,

l/o£ tecCj + C
2

)

2
- 3 R C

1
C
2
R
3
/ 2

)

l/u.2

2 2 2 2
+ (T C

2
R
3

R /2 = .

Substituting values for the circuit constants gives
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1/w2
- 3. 828 x 10" 6

sec
2

o

f = 81. 4 Hertz
o

The peak of the response is broad, with its center at about

83 Hz when R' = 2 R, experimentally. The corresponding band-

width is about 20 Hz. These values compare well with £ =

89.6 Hz calculated for the case of R' = °°.

The peak gain was lowered from 500 to 2 70 by the addi-

tion of R' =1 M, which is considered as a justification of

the model performance in the vicinity around the tuned fre-

quency. Therefore, in summary, a suitable model for the tuned

amplifier U7 consists of a n-network with Z"' , Z*'" , and Z"'
,

where Z*'" is the effective value of Z"' shunted with R' = 1

megohm. A simpler first approximation model would ignore R'

(i.e., R' = OD
) , but would require the peak response to be

reduced by a ratio of Z*'" /Z''' . This simpler model also

would indicate correctly an appropriate frequency shift that

occurs near maximum gain.

The diminished performance of U7 for varying R" is very

similar to that when R' is varied. This can be shown by

taking derivatives of G, letting AZg' = Z*m - Zg' , and

AZ"' = Z*'" - Z"' . The result is that R 1 R" ^ constant.

An unusual and unexpected effect in the tuned amplifier

performance is a phase shift between input and output which

depends on the amplitude of the input signal. The shift was

observed for a sinusoidal test signal input, and was approxi-

mately linear, 6 degrees over a 10 -volt output when the input
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2
was changed over 15 millivolts. For normal d Raman operation,

where signal levels of 1 microvolt or less are used, this is

an unimportant effect.

Random Noise and Interference

The following list of items have been considered, evalu-

ated or represent modifications leading up to a condition

where the Raman lines of carbon tetrachloride are observed

with 3 milliwatt laser excitation:

(1) Electrical transients: The insertion of a 1:1 iso-

lation transformer greatly reduces transient interference

which comes through the power line into the long time con-

stant stages of the operational amplifiers.

(2) Scan motor switching: Most switches were shunted

with a 0.25 uf capacitor. Special low-noise switches instead

of conventional wafer switches are suggested, but none were

used. Also, judicious relocations of the switches and

switched circuits were not attempted.

(3) Intermittent wobble: Some frequency drifting was

corrected by changing the natural frequency. Overheating of

circuit components was corrected by reducing the modulation

power demand. Phase "overcont rol" was corrected by electric-

ally loading the coil with huge capacitors (225 uf). Inter-

mittent mechanical friction between the drive coil and field

magnet was corrected by mechanical realignment.
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(4) Noise potentiometers: Noise was traced to potenti-

ometer components in the square wave amplifier (U3) and the

preamplifier (U5) , but the components were not replaced.

(5) Parasitic oscillations: The preamplifier stage

required strong negative feedback for the higher frequencies

(1 to 10 KHz) -- .01 nf was used for degenerative coupling.

(6) Jitter due to zener diodes: Corrective measures

were either to remove them functionally, or to by-pass them

with small capacitors.

(7) Operational amplifiers: These units were sometimes

unbalanced, or had irregular output in time, or simply "gave

up." Four out of eight positions have been replaced with

more than four units, although sometimes the units have

remained partially effective in operation.

(8) Power supply coupling: Each amplifier or transistor

acts as a load to the power supply -- a loading which varies

over each cycle. All circuits, particularly the drive circuit

with Q4 and Q3, are reduced to a minimum drain required for

constant, consistent operation. In this way, variations in

the power supply load not only reduce the demand on the power

supply regulator so that it works more effectively, but also

these variations are less of a disturbance to other circuits

located along the line between the load and the regulator.

Further isolation from the power supply is provided by RC

filters (47 uf x 1 KQ. = 50 ms ) at each of the operational

amplifier power terminals, including the dc amplifiers in the

second detector. Not one unit could be ignored in obtaining
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quiet operation. Power supply ripple has been less than 1

millivolt throughout the performance; 1 microvolt sensitivity

is required for the Raman signal channel; and ripple follow-

ing any of the filter units has not been measurable.

Isolation between each stage and the power supply serves

as a partial isolation between stages. However, several

interstage leads which appeared as printed circuitry on the

card were physically removed because they contributed to

crosstalk or feedback. An empirical approach to isolation of

troublesome circuit elements has reduced the noise level by

an order of magnitude.

(9) Feedback: A significant feedback problem exists

between the preamplifier and the tuned amplifier due to in-

phase feedback between the output and input of the combined

two units. If the inverting input of the preamplifier is

used for the photomultiplier signal, and a decoupling resis-

tor of 22 K is used between stages, the "noise" is reduced

by about an order of magnitude.

Interstage Decoupling

Since the Raman scattering produces small signals, sen-

sitive amplifiers are needed to record them. If an amplifier

system contributes too much noise, Raman signals would not be

observed. Random noise effects can be integrated out with

the use of long time constant circuits over many cycles, but

this can only be done when the events are of equal positive
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and negative content during the observation time. Interstage

coupling can be an effective source of nonrandom noise which

cannot be integrated, but since it is identifiable, it can be

minimized or eliminated.

For example, consider a 120 Hz ripple in the power supply

If either the wobble frequency, which is derived from the

mechanical vibration of the slit, or the 60 Hz power source

changes, then a beat frequency is generated. This beat could

appear at the chopper, which is located at the juncture of

the sync and signal channels, and the second detector would

proceed to average out positive and negative rectified por-

tions of the beat frequency wave forms. Since it is not a

Raman signal, the beat frequency ideally contributes nothing

to the signal channel if all frequencies are constant; but

practically, if the input to any stage of the signal channel

is not isolated, or balanced with respect to power supply

ripple or neutral potential (ground), or both, then the stage

accepts the beat signal as a real signal input. The beat

frequency therefore appears at the recorder, perhaps as a

regular tracing, but generally it is overwhelming to the weak

Raman line recording.

Other examples of interstage signal coupling include

square wave, fundamental or harmonic frequencies, parasitics,

and power line transients. The means of decoupling varied

greatly to accommodate the different waveforms. Successful

solutions have included negative feedback, resistor damping,

isolation, and stabilization (thermal and frequency).



CHAPTER IV

RESULTS AND DISCUSSION

The circuitry and instrumentation described in Chapters

I and II allow for the detection of a Raman spectrum of car-

bon tetrachloride, as shown in Figure 14. This is a poor

2
Raman spectrum, but it permits evaluation of the d method.

Generally speaking, the Raman lines for carbon tetrachloride

are strong lines, appearing with wavenumbers of 217 (70), 313

(80), 459 (100), 760 (20) and 791 (20) cm"
1

, the parenthetic

numbers indicating relative intensity at 4358 A excitation

[18]. These Raman lines correspond to Stokes lines at 6416,

6456, 6517, 6648 and 6661 A using helium-neon laser excita-

tion. Figure 14 is very similar to that obtained by Darling

and Williams, who used much stronger excitation, and obtained

corresponding Stokes lines of 4932, 4956, 4992, 5068 and 5076

O

A with argon laser excitation. For reference and identifica-

2
tion, a characteristic d profile of a highly attenuated

o

primary 6 32 8 A line is shown in Figure 15.

Figure 14 shows a series of reasonably sharp features

2
which arc spectral lines, or specifically their d" equivalent,

The largest features are marked A to K with wavelengths as

shown in Table I. The position of the Stokes lines of carbon

tetrachloride is also shown, and designated a to k. They

SO
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Features Appearing in Figure 14

52

Observed
Wavelength A A

Calculated Stokes
Wavelengths AA

A
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also appear in the table. It is evident that, the calculated

Stokes lines c, d and f fall near large features of the spec-

trum, namely the features C, D and F, respectively. On the

other hand, the features A, B, E, G, H and K which are

observed are not predicted as Raman derived lines of carbon

tetrachloride. Stokes lines i and j, which in fact may be

concluded to appear in the spectrum, are of low intensity as

predicted from the literature.

Wavelengths of lines can be determined directly from

the recorded data of Figure 14 by establishing a scale in

units of chart divisions. Eight chart divisions cover pre-

cisely 100 A, so that the wavelength of an arbitrary line is

o

determined by adding or subtracting from 6328 A, the laser

excitation indicated by the broken line. Wavelength scales

indicated on the figures are, therefore, only approximate.

Within some error limits, the large number of features

that appear in Figure 14 could perhaps match peaks of any

known spectrum, although there is apparently excellent agree-

ment in wavelength and intensity with predicted values for

some specific peaks. For this reason, it would be desirable

to seek confirming data that C, D and F of Figure 14 are in

fact Raman lines in the carbon tetrachloride or sample spec-

trum. Consider the following arguments:

a) Apparent Raman spectra may occur because of other

scatterers, where any feature that appears in the data could

be properly ascribed to the illumination source or to the

instrumentation. For example, helium and neon spectral lines
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may be elastically scattered; such scattering' would produce

Rayleigh lines of the laser gas with an intensity that could

be high enough to produce features as large as those of

Figure 14.

b) Corresponding to each Stokes line of any Raman spec-

trum, on the long wavelength side of the laser line, an anti-

Stokes line should also appear on the short wavelength side,

with a difference in wavelength from the laser light which

departs in a predictable manner from the difference observed

for the Stokes line. Features failing to show this differ-

ence in separation from the laser light might be expected to

originate from imperfections of the grating. Such features,

commonly referred to as "ghosts," are well known to be char-

acteristic of ruled gratings, and presumably also of replica

gratings from the ruled gratings. Their intensity is normally

negligible, but might be sufficient to show up here.

Both of the possibilities were investigated as described

below. With reference to the anti-Stokes lines, it is impor-

tant to note that the Stokes and anti-Stokes lines are differ-

ent in amplitude as well as wavelength. For example, appar-

ently the origin of the Raman spectrum is a nonlinearity of

the molecular polarization, p, with applied electric field, E.

Bulk polarization per unit volume, P, is an observable, the

average of all molecular polarization, P = <np>, and can be

defined as the difference between electric displacement, D,

and the applied electric field,
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P = (D - e E)/4ttv o

p = E [e
o
(k - l)/4irn]

,
e/e = k

' o

- <a>E

<a> is then an average molecular polarizability , where k is

the dielectric constant of a bulk of the material. For a

point charge model of a molecule, the dipole formed by charges

+q and -q at a separation distance d gives an electric field

at large r,

E = 2 q Ar/r 3
= 2 q p cos G/r

3

= 2 p/r

p = |q| d

e = 0, for all binary encounters.

For such an approximation, the molecular polarizability is

a = p/E
r

= r /2 .

For a general case where the charge is distributed in space,

however, assume that a = a(r) , and that a Taylor expansion is

possible around the equilibrium position, r
,

a(r) = a
Q

+ (9a/9r)
o

r +

Classical electromagnetic theory gives the radiated energy,

I , as

1 = 2[d
2

P/d t
2
]/3 c

2
.
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To formulate the time dependence of the polarization on time-

varying fields, the excitation is E = E cos vt. The dipole

oscillates with a frequency v 1 about r , and r = r cos v't.

Then

P = E cos vt a + (3a/8r) r cos v't + . .

\_o Jl° v oo
= E a cos vt + E r /2 (3a/3r) [cos(v - v')t^oo

J
oo^ v 'o L v J

+ cos (v + v')t] + . .

The first term accounts for the Rayleigh scattering, the

second for Stokes and the third for anti-Stokes scattering

of the incident radiation. Higher order terms exist, but

each order with less amplitude.

The anti-Stokes components represent higher energy pho-

tons than the exciting photons. This is because the molecule

originally is in an excited state and drops to a ground level

after the photon collision. The classical radiation depends

on the fourth power of the frequency, so that the ratio of

the intensity of the Stokes line is

anti-Stokes fv + v') 4 -hv'/kT
Stokes v - v

'

The Stokes bands (lower frequency) are always the stronger.

For carbon tetrachloride, for example, the use of the Stokes

bands at room temperature should give increased intensity by

factors of 1.11, 1.17 and 1.26 for the Raman lines 217, 315

and 45 8 cm
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Carbon Tetrachloride versus Toluene

After obtaining the Raman spectra data of Figure 14, the

system was changed -- optimized to make a comparison between

carbon tetrachloride and toluene Raman spectra. Figures 16,

17, 18 and 19 show the results of runs which cover the Stokes

and anti-Stokes ranges of each material. Except for changing

the material in the scattering cell, all instrumentation con-

ditions remained identically the same for both runs, but dif-

ferent from Figure 14.

Five toluene lines in the anti-Stokes spectrum were iden-

tified and marked A, B, C, D and E in Figures 16 and 17 --

o

6134, 6037, 5958, 5490 and 5888 A. According to the litera-

ture [24], the dominant lines in the region should be 6126,

o

6028, 5949, 5941 and 5879 A, which correspond to wavenumbers

521 (15), 786 (43), 1004 (91), 1030 (26) and 1208 (26) cm"
1

.

The lines were identified by using data from both Stokes and

anti-Stokes sidebands, and exploiting an asymmetry in wave-

length difference between observed wavelength and excitation

wavelength. Equal displacements for the Raman Stokes and

Raman anti-Stokes lines cannot occur because frequencies are

additive, not wavelengths. Other observed "lines" are remark-

able in that they are displaced the same amount above and

o

below the excitation wavelength of 6 32 8 A. Furthermore, it

is also remarkable that the equally displaced lines have simi-

o

lar amplitudes on both sides of 6 32 8 A where the photomulti-

plier characteristic is known to vary rapidly -- 3s quantum
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efficiency at 5828 A (500 A below) to <0.1% at 6828 A (500 A

above the excitation)

.

Reduction and interpretation of the data are, therefore,

difficult because of the interfering "lines" which are inter-

spersed with the Raman spectrum. If Figure 16 (anti-Stokes)

and Figure 17 (Stokes) could be superimposed with the aid of

a fictitious mirror with properties which (a) folded the two

figures so that the 6 32 8 line, A , became the origin for the

differential Stokes wavelengths, (A - A ), and differential
• ° s o

anti-Stokes wavelength, (A - A ), displacements, and
O 3.

(b) flipped the folds over to match the curved base line of

2 2
the d recorded pattern, then each of the d spectrum lines

would still remain unmatched. This is because the top of a

line has "one peak," and the bottom of the line has "two

peaks" as shown in Figure 15 -- i.e. , an overlay would also

be difficult to interpret.

However, an equivalent superposition can be carried out

using the tables constructed below, which reduces the data of

Figures 16 through 18. Estimates of peak amplitudes are

7
based on a mean measure from the top of a d line (maximum

2position) to the bottom of a d line (mean minimum of two

positions). This is not a very satisfactory amplitude deter-

mination for a complicated spectrum, but at least it keeps

track of large and small features.

A display of the toluene data in Table II appears in

Figure 20; similarly, carbon tetrachloride data of Table III

appear in Figure 21. There are lines within each set of



Table II

Light Intensity in the Stokes and Anti-Stokes
Regions of Figures 16 and 17 for Toluene

64

Anti-
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Anti -Stokes Stokes

Figure 20. Amplitude of apparent line§ on the Stokes and
anti-Stokes sides of 6528 A excitation for
toluene (Ref. Figures 16 and 17, and Tables
II and IV) .
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Table III

Light Intensity in the Stokes and Anti-Stokes
Regions of Figures 18 and 19

for Carbon Tetrachloride

Anti-
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Anti-Stokes Stokes

Figure 21. Amplitude of apparent lines on the Stokes and
anti-Stokes sides of 6328 A excitation for
carbon tetrachloride (Ref. Figures 18 and 19,
and Tables III and IV) .
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data which have the same frequency difference around the

laser center frequency, as well as unmatched lines which are

Raman derived. On these figures, Stokes lines appear to be

"shifted" from the anti-Stokes lines, but fit expected pat-

terns for Raman spectra, while the interference patterns do

not.

Apparently the origin of the interfering lines, there-

fore, is not Raman scattering, nor Rayleigh scattering of the

neon laser line background. The most plausible assumption is

that the particular grating has a type of "ghost" which results

from a periodic error in the otherwise regular spacing between

the ruled lines. This effect is generally small, and is not

objectionable. It has an apparent amplitude here of about

3
1:10 to allow for the Rayleigh line to be the size of the

Raman line. This type of "ghost" and others have been long

known [25,26].

The grating "ghost effect" should vary with the particu-

lar grating in use, but any effect should be reduced sub-
o

stantially if an optical blocking filter for 6328 A, or the

excitation frequency, were inserted between the exit slit and

the photomultiplier. Choice of bandwidth for the blocking

filter would be governed by the proximity of the Raman line

to the laser line, and choice of attenuation ivould be governed

by the "mortal size of the ghost." No filters were available

to reduce this interference here at the time of this measure-

ment .
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Table IV

Calculated Wavelengths Using Published Frequencies

Wavenumber Anti-Stokes Stokes

C^"
1

) C* a ) <>o -
X
a } <V ^ X

s
- V

Carbon Tetrachloride

217 (70)
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Slit Modulation and Stability

Both the amplitude and the phase change during operation

of the modulator, and. this action contributes to a recorder

response, although in different ways. A frequency stability

4of one part in 2.7 x 10 cycles has been attained with the

present mechanical system. This is good, but not especially

satisfactory because a line scan takes a relatively long time

of 0.5 minutes (1350 cycles). Such a variation represents an

uncertainty of 51 in Raman line amplitude due to a so-called

"stable frequency." Similar change occurs in the noise level

(i.e., where no Raman signals are present), so that the

recorder can experience amplitude excursions which depend on

frequency change as well as crosstalk.

In the present device, modulation amplitude is controlled

by a feedback system, where (a) the damping time is uncon-

trolled, and (b) crosstalk from the master oscillator feed-

back signal enters both the sync channel and the signal chan-

nel. Since the feedback is necessarily of different phase

from the sensor, and since the feedback phase varies accord-

ing to modulator needs, crosstalk effectively produces noise.

The modulator circuit is basically, stable, but improvement is

2possible, desirable, and would directly influence the d

Raman Spectrometer sensitivity.

To avoid the mechanical modulator problems, it may be

possible to consider the use of an all -electric one. Such a

device does not exist at present, but could be developed.
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For example, immediately after the second spectrometer slit

place a light amplifier element consisting of a photosensi-

tive surface which emits electrons. These electrons would

pass through an electric or magnetic field which is energized

at the wobble frequency. If the electron trajectories were

displaced in such a way as to scan a sensitive surface (e.g.,

a channeltron or electron multiplier), the electron beam wobble

would then replace the light beam wobble.

The important point to remember is that an effective

scan over the line profile is required, and not just an on-

off switch for the detector. In fact, it may be possible to

use a conventional photomultiplier if it can be modulated by

an external magnetic field up to a critical point where the

detector output remains independent of the position of a

light spot over its sensitive surface.

If an all-electric modulator were available, the limita-

tion imposed by the inertia or material coefficients of the

mechanical modulator would be removed. Frequency changing,

including electrical synchronous operations, are readily

available by state-of-the-art means. There is also the pos-

sibility of extending control with this method into the pulse

counting regime for high intensity signals by control of the

light amplifier sensitivity. Apparently pulse counting tech-

niques at high signal intensities are desirable for computer

purposes, but are very difficult to handle because too many

pulses jam the counters [8].
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Modified Sync Channel and Second Detector

2
Development of this d Raman Spectrometer has been

hampered by crosstalk from the square wave amplifier output,

2
and in fact the square wave may not be essential to the d

Raman operation. The purpose has been to supply a precisely

gated "chopper" signal to select out from the tuned amplifier

the cosine component which eventually appears at the second

detector (recorder). Consider an optional method which uses

cosine waveforms throughout as sketched in Figure 22.

For example, it is possible to use a second analog device

such as the AD/426 already mentioned, as a substitute for the

doubler function. The cosine waveform from the sensor would

be used as an input, and the same waveform as a second input,

so that multiplication of the input from both sources would

be the equivalent of a mathematical "squaring" operation.

The output contains an ac term of double frequency, and a dc

term which is blocked by a capacitor. Proper phase control

of the squarer output means that, at the electron multiplier

(or photodetector), only cosine terms are eventually selected.

A third AD/426 device, or its equivalent, could also be

substituted for the "chopper" function proper. If the

cos(2ut) output from the squarer were one of the inputs, and

the other input came from the tuned amplifier, then an analog

multiplication operation would result in the product of the

cosine component of the photodetector and the reference

cos(2u)t) function.
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Furthermore, if the output from the multiplier is inte-

grated, by the use of long time-constant components, the

mathematical result would be proportional to the amplitude of

the second harmonic cosine terms -- i.e., a second Fourier

coefficient of the line profile which appears at the output

of the photodetector.

The amplitude of the signal which appears at the photo-

detector is proportional to I (x) , x = x(t) as discussed in

Chapter I. Development of I (x) into component terms allows

the identification of second harmonic cosine terms, where the

Fourier coefficient contains the derivative contributions,

2 4 6
d , d , d , etc. In this optional "Fourier" method with

AD/426 analog devices, the mathematics is exactly equivalent

2
to the d square wave "chopper" method. Only the electronic

technique is different, potentially capable of producing much

quieter operating instrumentation with less noise background.



CHAPTER V

SUMMARY AND CONCLUSIONS

2Conclusions for this experimental study of d Raman Spec-

troscopy fall into essentially two categories, one which

2
records the state of d development at the time that the Raman

spectra were observed, and another which puts forth an esti-

mate for improved instrumentation based on results from the

study.

Raman spectra observed before and after the investiga-

tion show that a reduction in background noise can be accom-

plished by changes in the electronic circuitry. An improve-

ment of about, four orders of magnitude in the background

level has permitted at least three carbon tetrachloride and

three toluene Raman lines to be observed with a weak helium-

neon laser of 3 milliwatts. Apparently moderate background

levels still exist, and are attributable to circuitry, but

it is more fruitful now to redesign the entire system where

location of parts, couplings and components are made accord-

ing to improvements based on present performance.

In general, the photomultiplier has not been a major

source of noise, but has limited the Raman signal response.

The present unit has a quantum efficiency of 0.8° at 6 32 8 A,

which could be changed to one with about 15 % efficiency.

75
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Electronic coupling between amplifier stages has pre-

sented a major difficulty because levels of less than 1 micro-

volt interference are required. Operational amplifiers and

transistor circuits have been altered to offer minimum load-

ing to the power supply, thus reducing inductive coupling in

closed loop circuits, and capacitive coupling in open circuits.

In addition to the interstage coupling, an associated coupling

has been found between operational amplifiers and the power

supply. This coupling has served both to introduce power

supply ripple into the signal channels, and to allow varia-

tions in one stage to be conducted through the hard wiring as

an interference signal to another stage. A successful buffer

scheme has been devised which uses a series resistor with

capacitors across the amplifier power leads at each individual

amplifier. The time constant is as large as possible, 47 ms

(47 uf x 1 K) , twice the wobble period. Buffering of all the

amplifiers was needed, and succeeded so that contributions

from the power supply ripple of 1 millivolt in 15 volts

became relatively ineffectual.

Electrical noise sources have been traced variously to

multiple ground loops, switches, potentiometers and thermal

excursions. Insofar as possible, contributions from the

noise sources have been minimized by physical isolation or

replacement of components.

Modulator interference has been difficult to isolate

from the amplifier stages. The modulator feedback loop

includes a powerful transistor driver which is energized at
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a phase that depends on an error signal for synchronism. The

error depends on wobble amplitude and frequency, which in turn

depend on the wobbler material coefficients. The entire

modulator then becomes responsive to ambient air currents,

temperature, power supply coupling and circuit feedback.

Nevertheless, the frequency has been stabilized to one part

in 2 . 7 x 10 . Decoupling and reduction of the modulator

power have made a major reduction in the background noise.

A tuned amplifier is essential to the present system.

The particular type of tuned amplifier circuit is a double

T-network which is basically an active filter circuit. Per-

formance and analysis indicate that the feedback, input and

output circuits are unnecessarily dependent, and could be

improved if at least the feedback circuit included a buffer

for decoupling.

The Raman spectra have been influenced by optical com-

ponent performance -- "ghosts" due to grating imperfection

(periodic ruling line variation effect) , and contributions

from the neon background of the helium-neon laser. Both of

these optical difficulties apparently can be remedied with

filters; line transmission filter at the entrance slit, and

line blocking at the exit slit.

The present system would probably give excellent Raman

spectra if a 50 mw argon laser were used, and if a blocking

filter for 4880 A were inserted between the exit slit and the

photomultiplier. Assuming that the electronic noise back-

ground remains constant, the change to 4880 A improves the
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photomultiplier efficiency 10/0.8 = 12.5 X,. radiation effi-

ciency (6 32 8/4880)
4

= 2.83 X, power input 50/3 = 16.7 X,

giving an overall improvement of 592 X. The noise level

therefore would be approximately 1.6% of the Raman line

459 cm of carbon tetrachloride. Without the blocking fil-

ter, however, the grating imperfections would contribute

interference lines as large as the Raman lines.

2An optional design for a d Raman Spectrometer is pro-

posed which uses analog electronic devices to "square,"

"multiply," and integrate the output from a photodetector.

The method uses quiet low level sinusoidal signals, and the

mathematical orthogonal property of a Fourier integral to

select out the second harmonic coefficient, which in turn

approximates the d" profile of the Raman line. The method

does not require a tuned amplifier, although its use could

help noise rejection. The method is also compatible with a

proposed all-electric wobbler sampling technique.



APPENDIX A

WAVEFORMS OF SELECT POSITIONS IN
ELECTRONIC CIRCUITS OF d 2 RAMAN SPECTROMETER



Si)

Figure 2 3. Modulator, sensor amplifier output, U2
(10 volt/cm x 5 lis / cm) .

Figure 24. Master oscillator output, Ul (1 volt/cm
x 5 ms/cm)

.
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Figure 25. Modulator, driver output to coil, Q4
(0.2 volt/cm x 5 ms/cm).

Figure 26. Signal channel, preamplifier output, U5
(0.2 volt/cm x 5 ms/cm). A - right wing
of optical line, B - optical line center,
C - left wing of optical line.
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(a) Optical line center

(b) Optical line wing

Figure 27. Signal channel, tuned amplifier output, U7
(5 volt/crn x 5 nis/cm) .
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Figure 2 8. Syncchannel, square wave amplifier output,
U3 (10 volt/cm x 5 ms/cm) .

Figure 29. Sync channel, double r output, U4
(0.5 volt/cm x 5 ms/cm) . Unequal rise
and fa]] times are due to different RC
time constants in the wave shape gener-
ation .
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Figure 31. Sync channel, doubler amplifier output, U6

(10 volt/era x 5 ms/cm) .
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