Lawrence Berkeley National Laboratory
Recent Work

Title

MEASUREMENT OF RADIATIVE LIFETIMES. |I: AN APPARATUS FOR MEASUREMENT OF
MILLIMICROSECOND RADIATIVE LIFETIMES OF GAS-PHASE MOLECULES. II: THE RADIATIVE
LIFETIMES OF THE BO”™ STATE OF 12 BY TWO ABSOLUTE ABSORPTION METHODS.

Permalink
https://escholarship.org/uc/item/8fz7v164

Author
Stafford, Fred Ezra.

Publication Date
1959-09-21

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8fz7v166
https://escholarship.org
http://www.cdlib.org/

- .
-
;4 — - j

e —
7 ~—
jlf

UCRL 8854
4 2 A

UNIVERSITY OF
CALIFORNIA

&nest O fauwronce
"Radiation
Laborator

MEASUREMENT OF RADIATIVE LIFETIMES

I. AN APPARATUS FOR MEASUREMENT OF
MILLIMICROSECOND RADIATIVE LIFETIMES
OF GAS-PHASE MOLECULES
II. THE RADIATIVE LIFETIME OF THE B O M
STA-/TE OF I,BY TWO ABSOLUTE
ABSORPTION METHODS
APPENDIX: DESCRIPTION OF ELECTRONIC

s
SYSTEM i
g )
. %.'J
TWO-WEEK LOAN COPY |
This is a Library Circulating Copy

which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545




DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



A

UCRL-8854

Chemistry-General
TID-4500(15th Ed.)

UNIVERSITY OF CALIFORNIA

Lawrence Radiation Laboratory
Berkeley, California

Contract No. W-TLO5-eng-48

MEASUREMENT OF RADIATIVE LIFETIMES |
I. AN APPARATUS FOR MEASUREMENT OF MTLLIMICROSECOND RADIATIVE LIFETIMES
OF GAS-PHASE MOLECULES .
II. THE RADIATIVE LIFETIME OF THE B o: STATE OF I,

BY TWO ABSOLUTE ABSORPTION METHODS

Fred Ezra Stafford

(Thesis)

APPENbIXz DESCRIPTION OF ELECTRONIC SYSTEM

Jerry M. Sakai and Fred E. Stafford

September 21, 1959

Printed for the U. S. Atomic Energy Commission



y

Printed in USA. Price $2.75. Available from the
Office of Technical Services
U. S. Department of Commerce
Washington 25, D.C.



A.

BO

C.

" D.

E.

-Da

MEASUREMENT OF RADIATIVE LIFETIMES
Contents
I. AN APPARATUS FOR MEASUREMENT OF MILLIMICROSECOND

RADIATIVE LIFETIMES OF GAS-PHASE MOLECULES

Introduction
Applications of Radiative—Lifetime Measurements
Instrumental Requirements
Review of Methods for Measuring Radiative Lifetimes
Methods that Require Knowledge of the Number of Molecules
Methods that Measure Time Directly and are Independent of
Knowledge of Concentrations
Description of the Apparatus
Optical Equipment
- Light Sources
Modulator
Light Detectors
Electronics
Frequency Conversion
Automatic Frequency Control
Calibrated Phase Shifter
Phase Detector
Evaluation of the Apparatus
Theoretical Considerations
Relatioh of Phase Shift to Lifetime Relation of Fraction
of Modulation of Fluorescent Light to Lifetime
Instrumental Sensibility
Relation of Uncertainty in Lifetime to Uncertainty in Phase
Angle
Phase Sensibility
Possible Systematic Errors
Experimental Tests of Sensibility and Accuracy
Summary and Conclusions
Acknowledgments

References

Page

10

15
1k

15
21

23
23
31
52
32
32
33
53

35

36
36

36
37
41
42
45
L7
48



-3-

* MEASUREMENT OF RADIATIVE LIFETIMES
II. .HE RADIATIVE LIFETIME OF THE B 0" STATE OF I

BY TWO ABSOLUTE ABSORPTION METHODS

A. Introduction
iNature of the Problem
Review of Measﬁrements of Ibdine Lifetime
B. Measurement of the 12 Visible Absorption
Introdugtign and Review
Experimental Technique
Results
Summary
C. Theory and Discussion -\
Treatme#t of the Data tp Yield Lifetimes
Theoretical |
Lifetime from The Total Band Absorption Data
Lifetime from the Absorption by a Single Line
Applications of the Lifetime Measurement
Direct Measurement of Lifetime
Theoretical Application
Energy Transfer by Collision
D. Acknowledgments

E. References

Page

Sk
Sh
56
29
>9

63

Th
T4
Th

81

86
87
87
88
88
95
Ok




&

e

MEASUREMENT OF RADIATIVE LIFETIMES

APPENDIX

DESCRIPTION OF ELECTRONIC SYSTEM

Introduction

Photomultiplier Assembly and Preamplifier

Mixer | \

Automatic Frequency Control, Local Oscillator; and
Isolation Amplifier

l-kc Amplifiers and Phase Shifter

Phase Detector

Phase-Shift Test Oscillator

Discussion

Summary

Page

97
38

101

104

109

115

119

124

125



-5

MEASUREMENT OF RADIATIVE LIFETIMES.
Fred Ezra Stafford
(Thesis)

Lawrence Radiation Laboratory and Department of -Chemistry
University of California, Berkeley, California

September 21, 1959
ABSTRACT
I. AN APPARATUS FOR MEASUREMENT OF MILLIMICROSECOND

RADIATIVE LIFETIMES OF GAS-PHASE MOLECULES

Knowledge of radiative lifetimes is valuable for application to.
problems in thermodynamics of high-temperature systems, kineties of
energy transfer, and electronic structure of molecules. Although
measurement of these lifetimes involves working with millimicroéecond
times and extremely low signal levels, various methods have been
developed and are summarized.

The instrument described here measures a change in phase produced
by the finiﬁe tiﬁe required for fluorescence. Exciting light is 65%
modulated at 5.2 Mc by a supersonic grating modulator. Tﬁe 5.2-Mc
fluorescence signal is beat to 1000 + .1 cps, and its phase is measured
by the use of calibrated phase shifters and a null-indicating phase
detector. The phase detector has a long time constant which causes it

to ‘average out" much of the noise that reaches it.

The accuracy and sensibility of the instrument for low-level signals
are limited by the phase-detector sensibility of + OoSOo With the

9 and lO"7 sec

present frequency of modulation, lifetimes between 6 x 10
can be measured within 20%. Measurement of the time of flight of light

shows that absolute accuracy is within this sensibility.



-6

II. THE RADIATIVE LIFETIME OF THE B O STATE OF I,

BY TWO ABSOLUTE ABSORPTION METHODS.

The lifetime of the level of iodine which combines with the ground
state to give rise to the visible-band system is determined to be 5 x lO'”7

sec + 20% from measurements of the integrated band absorption. This state

7

has been assigned the designation B o:o The value 3 x 10 ' sec is obtained

from absorption of a single line plus relstive intensities of only the first
18 members of the fluorescence series and is much more uncertain;
Consideration of the sﬁm rules for transition probability leads to the
expectation that variation of electronic-transition probability over the
band system is not large; and that the average value obtained from the
total band absorption measurements should be valid for w' = 26 in -
particular. However, the lifetime may be up to 30% longer than the value
stated because of the energy-cubed dependence of the fluorescence rate
and the extension of the fluorescence series far into the red.

Various data for vibrational-energy transfer and for quenching of
the B O: v' = 26, J' = 34 level are put on an absolute scale with this
lifetime. The cross section for collisions with various gases to -produce
vibrational transfer to states with v' = 24, 25, or 27 ranges between 1/3
and l/15 of the gas kinetic cross section. The cross section for quenching
by foreign gases ranges between 1 and 1/50, while that for self-quenéhing

is > times the gas kinetic cross section.
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’

List of Symbols Used

Part I

Bandwidth ‘ v
Frequency of modulation

Also, oscillator strength

Also, optical focal ratio

-Statistical weight

Light intensity

Rotational quantum number

- Rate constant

Phase shift produced by electronic phase shifter

Wavelength

Vibrational quantum number

Phase difference between reference and sample signals at detector
Lifetime

Phase shift due to lifetime of moleéular species

Angular frequency
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I. AN APPARATUS FOR MEASUREMENT OF MILLIMICROSECOND
RADIATIVE LIFETIMES OF GAS-PHASE MOLECULES. .

A. INTRODUCTION

Knowledge of radiative lifetimes df gas-phase molecules is of interest
for many reasons. However, both the signal levelé available and the range
of\lifetimes have made searching for this knowledge an extremely difficult
problem. Although lifetime measurements have been made previously, the
equipment, dating back over 30 years, has been designed primarily for
measurements on solutions.

The main endeavor of the present work has been to make feasible
measurements of extremely small signals from gas-phase molecules. Salient
features of the present instrument are the supersonic-grating light modulator,
precise frequency control, precision electrical phase shifter, and phase-
detector indicator with long time constant to average over random noise
fluctuations. The accuracy and sensitivity have been determined by measuring
the time-of-flight of light at extremely low levels of light intensity.

These results show that the instrument is capable of a wide variety of

measurements.

Applications of Radiative Lifetime Measurements
Measurement of radiative lifetimes provides data for many theoretical
and applied problems. These include quantitative analysis by spectroscopy,
kinetics of energy transfer and degradation, and knowledge of the electronic
structure of atoms and molecules.
One of the main purposes of this laboratory in developing this tech-
nique is application to high-temperature systems. One such is the accurate

determination of thermochemical data for gas-phase species. Measurement
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of thé rate of emission of radiation permits calculation of the rate of

absorptién‘(See Part II of this report). This is in turn used to infer

the number of molecules that are absorbing radiation in an equilibrium

<

situatiqn, hence solid-vapor equilibrium constants. These equilibrium
constants plus entropies from the accufately known spectroscopic data
permit much more accurate determination of thermodynamic data than
hitherto possibleol Other intriguing possibilities are the use of the
absorption coefficients to determine absolute quantities of mélecules
in the reversing layers of stars, in flames, and'iﬁ récket eﬁhaustso'

Very little is known about absolute rates-of energy traﬁsferq The
radiative lifetime of ilodine has beeﬁ used in Part II to convert to
ébsolute values the extensive determinations of relative values of cross
sections for vibrational energy transfer by collision. Future utilization
of solar energy will depend on the ratio of nopradiative to radiative
décay in the energy-conversion medium. In fact, extensive measurements
already'are being carried out on systems important in photosynthesis,
where the lifetimes of radiation are in the microsecond to millisecond
range. On the other hand, scintillators depend oh the extremely short
radiative lifetimes for maximum efficiency, and one chooses scintillators
that give efficient reconversién to radiative energy.

Information on the electronic structure of matter can be inferred
from lifetime measurements, since transition probabilities depend on the P
wave functions. Experimental data could be used to check calculations of
absolute transition probabilities based on assumed wave functions. Sum
rules for radiative transition probabilities should be checked by
measuring the lifgtimes of different bands in a given system as is pbssible

in the jodine molecule, for example. The nature of color centers in
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qrystals, and of conductors in semiconductors can be inferred from
measurements of lifetime as a function of impurities present. In fact,
any one of these experiments makes building a lifetime apparatus very

desirable.

Instrumental Requirements

It is possible to specify certain instrumental requirements set by
the systems to be studied. Once known, these can be met by alteration
of various parts of either the optical or electronic systems Qf the
total apparatus, whichever is more convenient. These key quantities
are the lifetime to be measured and the photon flux that constitutes
the signal.

Range of Lifetime.

Lifetimes of interest range between lO_5 and 10-9 sec. Equation
(A - 1),

= 1.51 A% (g,/8)) (3/£) , (A - 1)

gives the shorteét lifetime fqr visible light as about 10-9 sec, since
both the oscillator strength, f, and thé ratio of ;tatistical weights
(gl/gg) are about unity, and the wavelength is about 4 x 1072 cm. It
should be noted that if this time is to be known within 1%, then the
path length traveled by the fluorescent light must be constant within
0.3 cm because the velocity of light is finite. The longest lifetime‘
of interest is set empirically by the fact that the transition must be
strong (value of oscillator strength, f, near unity) in order for it ta
be observed, and in order for the lifetime to be unaffected by collisions
and other perturbations. A usable criterion is that the oscillator
strength be greater than 10'“, resulting’in a longest lifetime of about

10-5 sec.
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The relation between lifetime and observed phase shift is given by

Eq. (A - 2) (Cf. Section C, Theoretical),

tan @ = 2nft, (A - 2)

where ¢ is the phase shift, f is now the frequency of modulation; and t
is the lifetime. For best use of the instrument, one wpﬁld like tan @
to equal unity. With frequencies such that tan'¢ is nqt equal to 1,

the phase angle must be known more accurately for a given precision in
lifetime. Furthermore, as 2nft becomes mugh greater than unity) the
gignal level decreases, since the decay is exponential_and resglts in

a decrease in the modulation of the fluorescent light. Thgs,_one should
choose a modulation frequency such that ant =1, If no’c,j accuracy and
effective sensitivity are sacrificed. o |

Signal Levels.

The amount of signal energy .available from mblecules wilth discrete
sﬁectra in the gas phase is extremely small, and on the order of 10 or
more smaller than that available from fluorescent material in solution.
Consider that we have a source of éxciting light of given brightness
teﬁperature (pr energy‘output per wavelength interval). Then, the
fluorescent energy must be proportional to this enérgy output times
the amount absorbed. The maximum absorption permissible is about 10%,
becausevlarger absorption:results in multiple absorption and reemission
which leads to a measurement of a diffusion rate rather than a lifetime.
The width of the absorption is determined by the Doppler widths of the 4
gas-phase systems and is on the order of tenths or hundredths of aﬂgstromso
In favorable éases, band systems or heads may be used,; and the.absorption

will be multiplied by approximately the number of lines present. Since
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the energy available is proportional to the area under the absorption
curve, and since solutions have smeared out absorptions tens or hundreds
of angstroms wide, signal levels for the gas phase are lower by factors
up to lOu.

In addition, the absolute amount of fluorescent energy available
is determined further by the optical "speed" of the light-moduiating
apparatus; by the attenuation of exciting and fluorescent light by
color filters; and by apparent attenuation of fluorescence yield by
transitions to which the photomultiplier is not sensitive.

The experimental situation, while difficult, is best when excitation
is at a band head or region of great line density, when the light sources
are extremely bright, and when the optics have a large aperture.
Excitétion over a complete band head is difficult becauée few light
sources of the proper specifications are available. At present, the
brightest light sources available seem to have about S,OOOOK brightness
terqperature,2 and the largest usable area of source is set by the ad-

mittance aperture of the supersonic grating at 1 mm x 25 mm. The

fastest optics feasible are between £ 1 and f 5, depending on the quality

of the lenses and the need for a monochromator for the exciting light.
Even when all of these factors are optimized, the signal level is
extremely low, and rather elaborate electronic techniques for handling
the signal are necessary. The instrument that will‘be described has been
tested and shdwn capable of measuring these short times even with the

small signals available.
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Review of Methods for Measuring Radiative Lifetimes

Although measurement of radiative lifetimes by direct and indirect
methods has a history of more than thirty years,zthere seems to be no
complete classification or review of the various methods. In view of the
great activity and interest in lifetime measurements, such a review is
in order. The main purpose of this review is to provide a framework for
keeping track of current publications, as well as a background for
evaluating the present apparatus. It will; therefore, indicate the _
methods,‘give references to characteristic papers; and, in the case of
similar techniques, indicate other important papers and groups of workers.

Reviews of methods, as well as of theory and of data, are given by
Fc'irster,5 Mitchell and Zemansky,u and by Pringsheim.sA Techniques
reviewed by these authors will be given only brief mention here.

Classification is according to salient experimental features. Tﬁe
main division is between methods that require knowledge of the number of
molecules or atoms present, and those‘which do not. For the most part,
the first group involves measurement of steady-state ér equilibrium
emission or absorption.intensities. The second group involves mostly,
direct measurement of decay lifetimeé° The latter group includes those

_methods that are essentially similar to the Becquerel phosphoroscope
common to bioclogical laboratories; those that yield a time-resolved plot
of fluorescent intensity, similar to the radiocactive-decay curves; and
those methods, such as the present one, that measure the phase shift of
a modulated light beam produced by the finite time it takes the molecule 7

to absorb and re-emit light.
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Methods that Require Knowledge of the Number of Molecules

The first method is measurement of the absolute absorption coefficient,
or Einstein B coefficient, plus, in some cases, the relative intensities
of fluorescences from the given upper state. This method is fully
discussed elsewhere with the measurements made on the iodine molecule.
Conversely, one can measure absolute emission intensities and, if the
upper-level population is known, calculate the first order decay constant;
or Einstein A coefficient.

Another method involves measuring the magneto-rotetion at the edges
of an atomic line origiﬁating in a populated level. Plane»pp;arized,
monochromatic light is passed longitudinally through a gas sample placed
between the poles of a magnet. The amount of rotation is a simple function
of the number of molecules, oscillator strength (f}, magnetic field, and
separation between the frequency of the absorption line and that of the
light used.

The index of refraction of a gas changes rapidly at the edges of a.
line; and the resulting anomalous dispersion may be measured interfero-
metrically by the Roschedestwensky "hook method." This method has
yielded some of the best f values for atomic lines yet obtained and is
currently being used very widely in Russiao6 A Jaﬁin interferometer is
crossed with a stigmatic spectrograph, producing a sét of hock-shaped
fringes. The spacing of these fringes is simply related to the f value,
the wavelength, and the number of absorbing atoms.

Another method, suitable for aébms with lifetimes less than LLO"’7 sec
is the measurement of magnetic depolarization. If excitation is by
polarized light, the fluorescence also will be polarized. However, if

the excited atoms are caused to precess at a known rate by a magnetic
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field, the fluorescence will be depolarized. Measurements of depolarization '
as a function of field strength can then be related fo the time spent in the
excited state. This method is best for lifetimes shorter than 10'7 sec.
Rotational depolarization may be measured for large molecules with short o
lifetimes ( < 10‘”9 sec ). This is particularly effective in solutions.

A variant of the absolute-absorption eXperiment which avoids the
necessity for exact vapor-pressure data is absqlute absorption by a
molecular beam as developed by Kopferman and Wessely7 and by King and
co~worker508 The density of molecules in the absorbing section of a
molecular beam is measured directly'at the time of experiment by weighing
the efflux of the beam. The technique is quite difficﬁlt, but seems to
-have given fine results. So far, it has been applied only to atomic
.species, but it could be applied readily to molecular species 1f the
vapor-phase composition were known and if the spectra were simple
enough..

Relative emission intensities ofva number of atomic species in an
arc between electrodes of known composition were measurgd by Allen and
Asaadag Oscillator strengths were calculated on the assumption that the
gas-phase composition was the same as that of the solid electrode.

Methods that Measure Time Directly and Are Independent of Knowledge of

Conqentration

The phosphoroscope was first described by Becquerel in 1867010 It
consists essentially of two gateé or shutters that may be made to open
periodically for a known period of time and staggéred from one another by ¥
a given "phase difference.” The first gate admits the exciting energy,

the second permits observation of the fluorescence after a specified time.
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The earliest devices, which are still widely used for times longer than
a millisecond, employ mechanical shutters. An example of this type of
shutter is two slotted discs rotating on the same axis, the slots of
one disc being out of phase with those of the other. The intensity of
flu&rescence is measured as a function of the phase difference of the
slots and the speed of revolution. interpretation of these results is
somewhat complicated, and Pringsheim should be consulted for referencese5
Instruments intended for times as short as millimicroseconds employ also
inertialess shutters such as Kerr cells,ll supersonic gratings, or grids
that pulse an electron beem that provides excitation energy.,h Highm'
speed phosphoroscopes, or fluorometers using Kerr cells were designed
by Gaviola12 and by Szymanowski,l5 while Maerckslh describes one using
a supersonic grating. In all three of these instruments, the phase
difference between the two shutters is varied by changing the length
of the light path over a range of 10 meters. Using a Kerr cell to
pulse his exciting light and a photocell operated on pulsed direct
current, Ziock measured output current of the photocell as a function of
the time interval between the pulse of exciting light and the pulse
sensitizing the photocello15 These results were then compared with
theoretical curves for various lifetimes.

An extremely active group in the use of phosphoroscopeé ("taumeter, "
"ultrataumeter”) is that of Tolstoiol6 These workers have designed |
unique mechanical shutters aﬁd electronic equipment that they have used

5 7

between 10~ and 10” sec. Their work covers a very wide field of
application and appears to be quite careful.
Time resolution methods involve populating some excited level

with a pulse of energy and observing the fluorescent intensity as a
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function of time. The resulting decay curve is similar to those for
nuclear decay. The main difficulties for millimicrosecond lifetimes
are obtaininé a sufficiently well defined or square pulse of exciting
energy, for which light and electrons have been used, and determining Yy
an.accurate time scale.

Earliest workers used the thermal veldcity of gas molecules to
obtain time resolution since néither displacement of the fluorescence
in a vapor Jjet nor broadening of a sharply defined fluorescence beam
by Brownian motion is observed with iodine, the lifetime must be longer
than lO‘6 sec. A sophistication of this technique is to determine
fluorescence idﬁensity in a molecular beam as a function of distance
from the éxciting‘light 5eam. This method is severely limited, as
molecular speeds are on the order of lOu or 105 cm/sec. However, in
some instances, it is possible to expand the time scale by using
eithe; rapidly moving canal rays-or molecules thaf were accelerated as
ions and under%ent éharge transfer. |

Alternatively, one can pulse the light source electronically and
obtain time resolution by using fast recorders or oscilloscopes.
Calvin and his co~wqfkers describe a system that uses a flash tube
for excitation and both oscilloscopes and mechanical recorders in
parallel to measure, simultaneously, decay times ranging from milliseconds
to secondsal7’18 A specially developed hydrogen flash tube Vith a milli;
microsecond decay time in cdnjunction with an oscilloscope as time
resolver was used by Brody to measure millimicrosecond-lifetime
solution fluorescenceo19 Accuracy.of 30% is obtained. Whetstone
describes another pulsed light source that might be useful for this

type of measurementoao
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In order to avoid the necessity of obtaining special pulsed light
sources, other workers have used well-defined pulses of electrons to
supply excitation-energy. This method has the difficulty that highly
energetic electrons are needed in order to make their transit time less
than the time to be measuredo Such energetic electrons can cause
dissociation or ionization, as well as excitation to levels higher than
that of interest so that one observes an intermediate stagevof a cascade
process. However; Heron, McWhirter;, and Rhoderick used this method
successfully to measure lifetimes of excited helium on the order of”
lOm7 seco21 Bennett and Dalby also have used electrcen excitation plus
a variable-delay pulsed photomultiplier for time resclution to measure

2 They seem to have corrected for the

the first nééative bands of NZOQ
effects of cascade processes and of overlap bands. Lifetimes measured
are on the order of lO“T sec. Wertheim and Augustyniak have used

pulsed electrons from a Van de Graaff generator to excite carriers in

8 25

semiconductors; lifetimes from 10¢5 tc 107" sec have been meaéured°
An altérnative method of obtaiping both time resolution and/or
square light pulses is that of rapidly rotating mirrors. Clades, Jones,
and Wickersheim have described a high-speed light-pulse shaperoeu High-
speed rotating mirrors are used also for mega-frame-per-second cameras
and for time-resolution work. Beams has described methods of suspension,
etco25 Tsui has described a system for time-resolved spectra usiﬁg a
rotating mirror and spark discharge026 Phillips has proposed a very
interesting lifetime apparatus using rotating mirror3027 The exciting
light is reflected from the rotating mirror and swept across the container

of sample. The fluorescent light is then reflected from the same mirror

face which sweeps it along the siit of a stigmatic spectrograph. The
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unique featuré of his arrangement is that the position at which the
fluorescent light from any given volume element of sample strikes
the slit (hence the position on the plate) depends only on the time
after the passage of the beam of exciting light through that volume .
. element. It is independent of position in the sample cell. The wave-
length dispersion permits in?estigation of many features simultaneously,
while the photographic recording permits integration of light intensity
over long periods of time.

The last method to be discussed, and the one that seems to be
most widely used at present is the phase-shift method. A difference
between the phase occurs because the atom or molecule holds the energy
for a finite period of time before reemitting it. The relation between
phase shift and lifetime, 7, is obtained by expanding the amplitude
modulation as a Fourier series and by assuming a first-order decay
law for fluorescence (see Section C, Theoretical). The result is,
as one might expect:

tan § = 2nfT ,

where § is the phase shift for, and f the frequency of a given Fourier
componént° In practice one uses only the fundamental, which'we shall
call the first harmonic.

Phase-shift methods may be classified further according to the method

of producing modulation. A mechanical method for producing modulation

AN

in the 105- sec"l range utilizing a rotating reflection grating has been

L)
gt

built by Brewer and co-workers928 A Kerr cell modulator (see also under
phosphoroscope method) for studying photoconducﬁion is described by
Harnik, Many and Grovero29 The most widely used modulator is the super-
sonic grating which has the advantage of wide spectral range and other me-

chanical advantages. (See also the description of optical components of
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this apparatus, Section B.) This has been developed extensively in

14,30

Hanle's laboratory, most recently by Schmillen, for use on solutions

and crystals. At Berkeley, Rollefson and Gwinn and co-workers designed

31,32

equipment for solution work, while our group is developing the

method for gas-phase application. In Russia, Tumerman was one of the
pioneers in using this methodo35 Bonch-Bruevich and co-workers have

been quite active on solution measurements and appear to have done
=36
quite careful work using and analyzing the method and its a.pplir::ations»5)+ 5

Venetta has designed a modification of the Rollefson apparatus for study
37

of biological fluorochromes under a microscope.
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B. DESCRIPTION OF THE APPARATUS

The apparatus is modeled after that designed by Bailey and
Rollefson,51 and by Kroman5? for solution work, and has been modified
and redesighed to make it suitable for measuring signals from gas-phase
systems. Work on the gas-phase apparatus was started by C. Geoffrey James
and Kenneth Lamers at the University of California and continued by
R. G. Brewer°28 The electronic portion of the equipment reported on
here and described in detail in the Appendix is a result of major
modification of Brewer's apparatus by Jerry M. Sakai of the Lawrence
Radiation Laborator& Electrical Engineering group and the author.
While in over-all principle-the apparatus is unchanged, almost all of
the details of the electronics and the physical design as well as the
pfinciples.of the frequency control meéhanism and the phase detector
are different.' These changes have greatly reduced extraneous noise
and have permitted the measurement of the time of flight of light to
be desbribed in Section C. This measurement constitutes a significant
trial of the apparatus because of the low light levels used.

The general scheme of the apparatus is shown in the block diagram,
Fig. 1. Light from the source passes through a supersonic-grating modulator
which modulates at 5.205 Mc. Part of the light is reflected by a
scattefer (ba;ium sulfate suspension chosen for its stability58) into
the "reference” channel photomultiplier. The remainder passes through
either a cell containing the sample or one containing a BaSOu suspension.
A phase difference between the outputs of the reference and sample channels
is observed both with fluorescent material and with sol in front of the

sample photomultiplier. The difference of phase differences is due to
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Fig. 1. Block diagram of millimicrosecond lifetime apparatus.
(For details, see Lawrence Radiation Laboratory
engineering drawing No. 4V9201).
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the finite lifetime of the flucrescent material and is measured by the use

of the calibrated phase shifters plus the null-indicating phase detector.

Optical Equipment

The optical part of this equipment consists of a high-intensity,
monochromatic light source; an amplitude modulator, sample containers,
and light detectors.

Light Sources

Light sources for this apparatus must have very special characteristics.
Their.brightness temperature or intensity at the wavelength of interest
must be extremely bright in order to provide an adequate signal and
signal-to-noise ratio at the photomultiplier. Furthermore, théy must
supply energy only at the wavelength of absorption of the sample molecule
because of the problem of scattered exciting radiation. For inStance,
if the exciting line were ten times as wide as the absorption, then
scattering of only 1% would give a component as large as the fluorescence.
This problem is ameliorated by observing only fluorescence of a different
wavelength than the excitation, and by using discrete line sources. This

also precludes the need for achromatic optics. For the present tests,

I

an AlOO-HY4 mercury arc was used with Wratten 77A and didymium glass filters
to pass only the green line. The problem of light sources is discussed
by Worden.,5
Modulator.
Light modulation is by the method described by Brewer,e8 by Bailey

and Rollefson,51 and by Kromana32 The essential details are shown in

Fig. 2. The light source, H, is imaged on the first slit, Sl’ which then

acts as an effective source, Light from Sl is rendered parallel by lens
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L, Glass lens, 10 cm focal length, 5 cm diameter
L, ,L5 Glass lenses, 20 cm focal length, || cm diam.
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Stainless steel reflector
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MU-15661

Fig. 2. Light modulating unit--schematic.
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L_, passes through the supersonic grating G, and is focused by lens L5

2)
on the second slit. When the refractive index is uniform across the
supersonic grating, all of the light is focused on Sga A piezoelectric
crystal, X, sets up a standing wave G, in the water tank, and as the
rarificatione and_condensations form, the water acts as an intermittent
grating. Light is throﬁn into e diffraetion-pattern on either side of
the slit, causing a'deerease-in the intensity transmitted through 82 '
and the light issuing from 52 is modulated. Since the grating forms
and collapses at twice‘the frequency of the oscillator driving the
quartz transducer, x,_tﬁe;frequenéy ef:modulation is twice the oscillator
frequehcy° : o |

There are many papers On the supersonic grating and its applications.
A number of these are llsted here, and although they do not all" deal
with modulatign gn‘with,;;fetimes, they do;containvinformatlon on
producing’ﬁhe'supersqnie:graéing end on'associated_ﬁhenomena. The
grating effect wae deecfibe& firsf'By'Debyevand Sears59 and by.Lucas
end Biquafd,ho ‘Much‘work ﬁas then devoted to looking for a charge-
separation (Debye) effect'in salt selutions.jg-sl Bir studied the
coherence of lighﬁ diffracted by the grating and found that the frequency
of the light in diffreetﬁon order n was changed by'n times the
modulating frequencyo52 His wofk was confirmed theoretieally by Raman
and Negendra Nath who analyzed the effect of standing and traveling waves
perpendicular to transmitted light._55 Their.result for the angle of
diffraction caused by the standing wave is the usualigrating equation:
sin B8 % - nk/x*, where B is the angle of diffraction of the light in
order n, and A and x* are the wavelengths of the light and of the

supersonic wave. The shift in frequency, f, is given by f = fo + nf‘.
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Cady gives a review and list of references on crystal transducers,
while Brown and Frankel suggest an improved transducer mount.55
References mentioned in Section A should be consulted for applications

of supersonic gratings to the lifetime problem.

Sixty-kilocycle Modulator.

In addition to the supersonic grating modulator, a 60-kc rotating
reflection~-grating modulator is being readied for use and will be
incorporated into the present electronic equipment by modifying only
the automatic frequency control and the frequency reduction units.

Evaluation of Modulator.

Recent expérience with the supersonic grating modulator indicates
that the criterion for choosiné between different types of modulators
might be reconsidered and reapplied. Succinctly, the best modulator
for the lifetime apparatus is that which provides the largest signal-to-
noise ratio at the input to the elec‘tronicvsystemo The specification of
"signal-to-noise ratio" rather than "signal" should be stressed since
the discussion of instrumental sensibility will show that the signalato—
noise ratio rather than the amplification of the system limits the sensi-
bility of the apparatus. This criterion may be resolved into three
components -~- the spectral range, the optical aperture, and the efficiency
of modulation.

The spéctral range of the modulator is limited by the mate;ial of
construction of’the lens, window, and supersonic grating. This range
is limited to the ultraviolet by the opacity of quartz and air at 2000 A
and to the red by the insensitivity of photomultipliers beyond ~ 6000 A,
The present modulator uses water, while others have used such materials

25

as toluenelbr and xylol.
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By optical aﬁerture is meant the largest size source usable and
the apefture of the lens system. The largest size source sé far used
is 1 mm x 25 mm and is limited by overlap between orders of the
diffraction pattern at slit 2. The optical speed has been limited by
the quality of the lenses and difficulties in aligmnment to f 12, but
might be increased to f 4. Using the numbers of Brewer,28 who used
f 3 optics, the fraction of light emitted by the source that is passed
by £ 4 optics and reachesfthe sample container is 3 x 10"4° The
actual signal reaching the photomultiplier is smaller still by the
fraction of modulation and the efficiency of collection of fluorescent
light.

The fractional modulation of the light is a quantity that has not
been given sufficient attention. We will define quantities of interest,
relate them to experimentally observed quantities, and then criticicze
that relation.

‘Not all of the modulated light reaghes the sample cell, because of
geometrical limitations,'and therefore the total amount of modulated light
is used éo Judge the efficiency of the modulator. Only that part of the
light which reaches the sample cell‘is used to estimate the signal-to-
noise ratio by Eq. (C-12).

The fraction of energy modulated has been related to experimental
quantities in the following wayoal Assume that the light ié modulated
only at 552>Mc (first harmonic). Then the light pas;ed by slit 2 will
consist of a dec component and a 5.2-Mc component. The fraction of light
passing through slit 2 that is modulated is the energy in the 5.2-Mc
component divided by the total energy (dec + 5.2 Mc). Since modulation

is produced by periodic attenuation of the beam of light, and since,

1
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under the assumption of only first-harmonic modulation, the energy
removed is exactly equai to the energy in the 5.2-Mc component, the

following relation holds:

0
fraction modulated = i——L = SnerEy in 2:2-Mc component (B-1a)
I total energy in beam

The fraction of energy transmitted with the modulator off is

Io - I - energy in 5.2-Mc component (B-1b)

. v . =~ =2
fraction 10 energy transmitted with modulator off ’

where IO is the energy measured with, for example, éhe modulator off and
using a phototube with a long time constant, and I is the total energy
with the modulator on.

Equation (B-la) has been used to evaluate the performance of the
modulator. However two oﬁservationscaase suspicion on its validity.
First is the observation of spurious phase shift due to changing the
position of the reflector, R, which is discussed later. Second is the
reproducible observation of fraction modulation greater than unity. The
assumption that all of the modulation is first-harmonic is suspect and
should be verified experimentallyf It certainly may be very poor if the
quartz transducer, X, is being driven too hard. Similarly, the opacity
of the supe£sonic-grating medium may be increased by application of the
driving voltagga Seemingly unrealistic, but possible causes of such an
increase are stirring up of "dust" in the water, or formation of tiny
bubbles due ﬁo cavitation. Finally, the presence of standing or
traveling waves, chronologically out of phase with one another, has been
observed and is discussed in more detail later. If such standing waves

‘are always present somewhere in the tank along the path of the light



. 0.

beam, that is, the density of the grating medium never is completely
uniform, Eq. (B-la) could very readily give fractional modulation

greater than unity.

Spurioug Phase Shiftso

in the earlier measurements with this épparatus, we came across
a phenomenon that could limit sevefely fhe accuracy of the method. By
the use of a mirror tqbdiQert the 10Wef half of thelmodulated light
beam into the "reference" photomultiplier and a scatterer to divert
part of the remainder into the "sa@ple” photoﬁultiplier, phase shifts
up to 180O were 6bser§ed onvchanging the position of the reflector, R,
(Fig. 2)Iin fhe supersonic-grating water tank. Ciosé'examination of
the image of Siit 1 as the reflectér position was varied showed
diffraction jatterns‘firsﬁ‘only at thé top; fheh thé center, and then
perhaés the bpttom of the,sliﬁo Examiﬁation of‘the image of the éfating
itself showed that both sténding and travelingfﬁaves could be ' set up
in different parts of the tank depeﬁdiﬁg.on thévposiﬁion and orientation
of the réflectoro Alighment of the waﬁer tank and of the reflector
to produce any diffraétion pattern at all is difficult and precise and_
no further aiignment would eliminate the spuridus diffractions on
different parts of the slit image. |

A pinhole orifice mounted on a rack ahd pinion was used to investigate
this effect further. First the pinhole was set at the center of the
diffraction pattern and_the photomultiplier was moved behind the orifice.
The phase shifts produced with this sétup were measured and were no more
than 5° using a 10-stage 6655 photomultiplier with total applied voltage
of 900 v. This gives an upper limit to phase shifts caused by differences

in transit time for electrons from different parts -of the photocathode.
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Next, the pinhole orifice was scanned either horizontally or vertically
across the image. This produced continuous phase variation over a range
of 180°. At this time the water tank and optics were in such good
alignment that a broad and sharp diffraction pattern was obtained with a
narrow slit. Even with slits 1 mm wide, 65% modulation was obtained,
which tends to lower the effectiveness of the modulator. Furthermore,
the entire inside of the tank, except for the qﬁartz-crystal transducer
and the reflector plate, was lined with Styrofoam to deaden reflections
of the sound waves, and lens L2 was stopped down to about 1/4 in. wide
by 1/2 in. high.

This spurious phase shift was eliminated completely by making sure
that the light reaching each photomultiplier is sampled from over exactly
the same areas 'of the modulated light beam. This is accomplished by
the use of a low optical density (~ 10%) BaSO, suspension to scatter
light into the reference photomultiplier and by stopping down the
light beam so that all.of the cross section going through the "reference"
scatterer enters the "sample" container and is observed by the "sample"
photomultiplier.

Spurious phase shift due to the chromaticity of the optics and the
modulator is unlikely if only one wavelength is used during a complete
measurement. The phase difference with scatterer in front of the
"sgmple" photomultiplier should be measured using light of the exciting
wavelength.

This supersonic grating modulator is extremely sensitive to both
physical vibrations and alignment of.the optics. Modulation of 65%,
measured according to Eq. (B-1) was obtained with l-mm-wide slits and
f 10 optics. Using the same slits and f 20 optics (lens 1 was masked

down further), 100% modulation was obtained.
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The qﬁestion of modulation by the supersonic grating recently has
been studied in some detail by Bonch-Bruevich and Molchanov.35_ They too
have observed different phases of modulatioﬁ from different parts of the
modulator and report amelioration of the obsérved phase uncertainty by
sampling fof ﬁreference" and "sample" photomultipliers from exactly the
same sectiOns of the modulated beam. However, they do not indicate their
means of sampling. Phase stability of O,ho is reported over a 15-min.
period; however this might be improved, since their apparatus has no
provision for adjusting the orientation of the reflector plate, R, in
the water tank. These authors point out also»that this dispersion of
phase ovér pésition makes the effertive modulation less than that
measured by the technique indicated by qu (B-1b). Their grating material
is xylol, nbtiwater as;used‘in'our apparatus. |

Light Detectors

The light detecﬁors used were RCA 6655 photomultiplier tubes.
These have S 11 response and current gain of about 1064 They are
being replécéd by 7264 tubes thét have the same photocathode but 10°
greater current gain and much smaller dispersion of photoelectron transit
time (rise time).* The importance of the small dispersion of transit time
is evident; that 5f the higher gain is that it eitker reduces the burden

on the successive vacuum-tube amplifiers or permits operation with less

dark current.

*
The author is indebted to Mr. R. A. Berg for obtaining these tubes

f

and the associated circuitry.

©
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Electronics

The important components of the electronic system are shown in the
block diagram (Fig. 1). The output of the photomultipliers observing
the reference scatterer and the fluorescent material are fed into two
distinct and physically separate channels called the "refefence” and
the "sample" channels which are identical except for a radio-frequency
amplifier preceding the mixer in the "sample" channel.

Frequency Conversion

The 5.2-Mc signal from the photomultipliers is converted to i ke
without loss of phase information. ‘This is done for several reasons.
First; at 1 kc there is less chance of picking up stray signals from
the air and of coupling between the channels. Then, sinée.lérgefvalue
components must be used, stray capacitances in the calibrated phase
shifters are not important. Finally, narrow-band width filters (e.g.
i cps‘bandwidth) are readily made for the low frequency, and the l-kc
beat signal may be held within very close limits. The last two poinﬁs
are significant because'the random noise content of the signal is
proportional to the inverse séuare root of bandwith, and because phase
uncertainty in a narrow band-pass’filter caused by frequency uncertainty
is proportional to the absolute value of frequency uncertainty divided
by bandwith (Eq. (C-13)).

Automatic Frequency Control

Accurate control of the l-kc beat frequenéy is obtained with a
servo mechanism called the "automatic frequency control” (AFC). In
this servo, the frequency standard,. which determines the accuracy and
stability, is the oscillator controlled by a tuning fork to + O.1 cps.

The sensing element of the loop is a phase detector, which produces
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an "error" signal proportional to the cosine of the phase difference
between the standard. and the reference-channel signalo As the reference-
channel frequency starts to change, the phase difference also changes,
changing the "error signal" which drives the contrql element, a variable
capacitance diode in the tank circuit of the beat oscillator.

Since the error signal is produced by a phase difference) there
is no steady-state error in the beat frequency which tracks exactly
the "standard" and therefore is constant to + 0.1 cps. Transient
errors are reduced by the amount of the loop gain, a factor of 100.

Calibrated Phase Shifter

In both the sample and reférence channels, the frequency—controlled
1-ke signal is amplified and.fed_into calibrated phase shifters. It.is
the setting .of ;hese componehts that ﬁltimately ié related to lifetime.
The values of the componeﬁts froducing the phase shifts are known to
1 part in 1ou, vhich is also the limit set by their variéfion with
- temperature. ' |

Phase Detector

The final element, common to both channels, is a long time constant
phase detector used as a null meter. It is this éomponent that limits
the sensgibility of_the instrumenta* With clean (signal-to-noise ratio
of 15 to 1) input, the sensibility for a single reading is 0.2°. With
practical signals, the sensibility decreases and will be diécussed later.
Since this phase detector is used as é null meter, it is éssentially
' independent of input-signal amplitudeo‘ Its long time constant of ~ 1

sec tends to average out random noise.

3

We draw the important distinction between sensitivity, which is given
in units of,_say, degrees per scale division, and sehsibility which is

the smallest increment that the instrument can sense.
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C. EVALUATION OF THE APPARATUS

Lifetime is related to phase shift by the solution of a differential
equation giving tan @ = w 7. Uncertainty of the knowledge of T depends
on the value of wt and on the uncertainty in measuring the phase angle,
¢o At present; the limiting uncertainty in measurement of ¢ occurs in
identifying the null point at the phase detector and is caused by the
noise components of the "sample" channel signal; the noise componenté
may be reduced by narrow band-pass electronic filters, in which case
phase knowledge eventually becomes limited by uncertainties in phase
caused by fluctuations of frequency. However even with the wide-band
system used here and with light levels corfesponding to those of
fluorescence from, for example, iodine, the phase may be identified
within O.Soo This means that lifetimes between 6.4 x 10'9 and lO°7 sec
may be measured with less than 20% uncertainty. |

The accuracy of thé instrument can vary greatly from run to run
because of possible systematic errors. However measurement of the

speed of light with extremely low light levels indicates that the

intrinsic instrumental accuracy is within the limits of sensibility.
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Theoretical Considerations

Relation of Phase Shift to Lifetime

The differential equation relating the time-dependent modulation of
fluorescence to any arbitrary, periodic modulation of the exciting light
and to the radiative lifetime has been solved by Bailey and Rolleféon.31

The general result is

&g
I(t) = 2

'ﬁ‘lm

(00) 27172

a sin (ot - ¢n)
Tl

*
Since the apparatus is tuned only to the first harmonic, Eq. (C-1) reduces

to

o

k
2 &
=+ (klz ~ 2 7o a, sin (wt - 9) . (C-2)

() = 5

In these equations kl is the sum of all depopulation rate constants,
radiative and nonradiative, and equals l/T, the reciprocal lifetime; k2
is proportiOnal to the amount of absofption of exciting light; ® is 2x
times the frequency of modulation; the a's are the Fourierlcoefficients
'describing the exciting light; and ¢ is the phase angle, which is related

to lifetime by

P = tan™T o T (c-3)

*
Higher harmonics are rejected electronically, but still might be
troublesome if present because all iight striking the photomultiplier

contributes to the shot noise.
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Relation of Fraction of Modulation of Fluorescent Light to Lifetime

It is interesting to note that the fraction of the fluorescent light
that is modulated depends both on the fraction of the exciting light
modulated and on the lifetime. The fraction of the exciting light
modulated is 2al/ao [cf. footnote in discussion of modulator, Part B,

Eq. (B-1)], where ao/2 and a, are the amplitudes of the dc and first

1

harmonic terms in the Fourier series. From Eq. (C-2) the fraction of
fluorescent light modulated is
- 2a k 2a
‘ 1 1 1 1
fraction modulated = = . (c-k4)
: %o (kl2 + w2)1/2 % (1 + wa're)l‘/2

Instrumental Sensibility

Relation of Uncertainty in Lifetime to Uncertainty in Phase Angle

Eq. (C-3) may be used to give the relation between uncertainty in
the measured phase angle and the uncertainty in lifetime. By differentiating
Eq. (C-3) and rearranging, we have

2 2
At L+ 19)0p
— = o o . (c-5)

where é term T A w has been dropped. A useful form of Eq. (C-5) is a
plot of é#l as a function of w 1 with.a N P as a parameter. The minimum
is (Atf1) =h AP forw T - 1.

Solving Eq. (C-5) for the upper and lower limits of T, 11)2 for

given values of 2% and of A P, we have

cnar (k) [ BT - e
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In using (C-5) and (C-6) it should be borne in mind that A § might vary
with 7. One such cause is the variation of modulation of fluorescence
with lifetime indicated by Eq. (C-4). According to the discussion of

Instrumental Sensibility which follows,A ¢ may be taken as equal to

J2 2 é)'where A & is the uncertainty in identifying the null at the

phase detector.

Phase Sensibility

PhasevSensibility of* the Key Components. There are three angles that are

df intérest in a determination of lifétimefz Of these, two are those

méasured by the calibrated phase shiftér and by the phase detector,

either of which may limit the sensibility of the instrument.
Qu&ntitati&e discussién requires pretise definition of the three

angles. The first is related to the lifetime by Eq. (C-3),
P = tan -1 ® T, ' (c-3)
where w is the modulating frequency in radians/secn The second angle

is the phase shift caused by the calibrated phase shifter

(ec/2) = tan™t @' C R, 5 (c-7)

where w' is the beat frequency, 2xkc; C is the capacitance; and Ri is
thé resistance at null with either fluorescent material or sol in front

of the "sample" photomultiplier. The angles § and O are related by

pr= | Sf1uorescent material ~ Ssol |- (c-8)
The third angle is the phase differente between the "reference" and
"sample" signals at the phase detector and is denoted by &. The angle
£ is 90O at the time of a reading, producing a null indication from the

phase detector since the output is proportional to cos .
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The sensibility of the instrument may be limited either by the:
determination of the angle (9/2) in reading the phase-shifter settings}
or by the determination of the null point at the phase detector with

angle £ equal to 900.

Sensibility of the calibrated phase shifter. The precision of the phase

shifter is obtained from Egs. (C-9) and (C-10):

d tan © - d w + d R + ac . (0_9)

tan © w R C

The frequency (1000 cps) is known to 0.1%;resistance to 0.1%, and
capacitance, including stray capacitance, to 0.1%. Therefore, tan ©

is known to a few parts in 103. Equation (C-10) relates do to d tan 6.
de/e = cos® © (d ten o/tan 0) . (c-10).

It is seen that to a good approximation, the uncertainty in © is the
same as in tan O or 0.2%.

Sensibility of the phase detector. The uncertainty of measurement at the

phase detector, A ¢, may be resolved into three components:

At =AE +40¢ (c-11)

. + AE .
o noise frequency

The first component, A go, is that for clean and stable signals. The

second component is due to noise in the signal reaching the phase

detector. The fhird is due to phase shifts in tuned circuits caused by
shifts in frequency. These components will be discussed in the next section.

Discussion of limitations on instrumental phase sensibility. The sensibility

of the phase detector is 0.2° and is much larger than that of the calibrated
phase shifters. Therefore, the instrumental sensibility is set by the

-three components of uncertainty of measurement at the phase detector.
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Thé uncertainty in measuring clean'signals, A go, is due either
td nonlinearities in the electronics or to the precisiqn in reading
the null metéro In the present case; it is the latter and shouid not
vary as long as signal input to the phase detector.is maintained. The
sensitivity of the meter is ~ l@Sofmicroamp, and since 0.1 miéroamp
may be read easily onvthe meter‘scale, A‘éo is approximately 0.2°.

The sécond component is that due to noise; which in this case is
only the statistical noise-inmsignalvat the photocathode. This ratio
of signal to noise-in-signal is given by

. i .
S/N = = , (c-12)

-\/ée(ls + i, ¢t ld) Af

where e is the electronic charge; the i's are average electron currents
at the photocathode due to signal (s), dc light (all unmodulated light
striking photocathode) (dc), and dark current (d); and A f is the band-
width of the particulaf system used to observe the signal. A number of
things éhould be noted about this eqdatibn° First; the noise-in-signal
does not depend, except in the way that the dark current.varies, upon
the current amﬁlification of.the tube, but, for a given signal level,
does depend on the.photocathode quantum efficiency. Second, the noise
content of a given bandwidth, A f in cpé, does not Vafy on heating or
translaticn to a lower. frequency. Thus a filter with a 5-cps bandwidth
at 1 ke (Q = 200) passes the same amount of noise as a 5-cps bandwidth

filter at 5 Mc which would have to have a Q of lo6° Finally, Eac and

Ea should both be made much smaller than i_.

For a given noise level, the value of A gno may be reduced in

ise

either of two ways. One possibility is to reduce the value of A f

29
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in Eq. (C-12) by means of narrow band-pass filters. At present, the
bandwidth of the electronics up to.the phase detector is 125 cps (Q = 8).
The implications of narrower bandwidth filters will be discussed under

A gfrequency'

At present, however, the uncertainty due to noise is controlled
mainly by using a null meter with a long time constant of 1 sec. Since
the noise-in-signal 1s statistical noise and is random, the long time-
constant meter has the effect of taking many instantaneous readings and
averaging out the fluctuations due to the noise.

‘The third component of uncertainty in phase measure at the phase

detector, A ¢ ; is caused by the effects of frequency fluctuations

frequency
on the impedance of tuned circuits and is the price of reducing noise
with narrow band-pass filters. The relation between phase and frequency

uncertainties is given by

h

¥ koo &% (c-13)

o

A gfrequency

where £ is in degrees, A f, the uncertainty in frequency, is less than
BW/2, BW is the bandwidth, and K is a constant characteristic of the
instrument. |

The éonstant, K, in Eq. (C-13) should/be much less than unity.
The expression with K equal to unity is the shift in phase caused by
the change in the impedance of a single tuned circuit due to a change
of frequency. Thus, a change in frequency of 0.1 cps, the uncertainty
of the frequency standard, produces a 2° phase shift across a tuned
circuit with a bandwidth of 4 cps. However, if filters in both the
"reference" and "sample" channels were identical within 10%, then the

change in phase across each filter would be within 10% of each other
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and ﬁhe change in phase obserﬁed by the detector would be reduced by a
factor of 10. ‘Furthermore,vif the time constant of the phase detector

is sufficiently long that the effect of fluctuations of frequency is
averaged out, then the effective value of A f becomes smaller than O.1 cps.

If necessary, the uncertainty of frequency itself could be reduced
by the use of an improved standard. The signal from a crystal-controlled
100-ke oscillator when frequency-divided to 1 kc can be constant to 0.001
cps, an improvement df 102o )

This assessment of the phase shifts caused by frequency uncertainty
shows that narrow band—péss filters are quite feasible. Should the
instrumental bandwidth of 125 cps be reduced to 4 cps by Q-multiplier
filters, Eq. (C-12) indicates that the signal-to-noise raﬁio is improved

'fivefoldo
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Bonch-Bruevich and Molchano” give a useful discussion of noise in
- similar apparatus.

Possible Systematic Errors

It is useful to list some of the opportunities for malperformance
of the apparatus. The nonhomogeneity in phase of the modulated light

t

beam already has been discussed in Section B under "Modulator." Variation
in transit time of electrons from the photocathode to the first dynode

can be quite seriouée This depends on the point of origin on the photo-
cathode, on the accelerating potential, and on the space charge built up

by the beam of electrons.(signal level). Nonlinearities of the electronics
can be serious if any of the circuits are overloaded. Electrical

glighment and inter-channel coupling must be checked constantly.

These effects are overcome partially by maintaiﬁing exactly the same

conditions for measurements on the reference sol and the fluorescer. The
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geometry and the size, shape, and orientation of the cell must be the same.
The part of the light beam sampled by the reference photomultiplier must
be the samevas that of the sample. The amount of light sfriking the
‘éaﬁple photomultiplier shpuld be constant during the entire run, and by
no means should the photomultiplier potential be changed. Only if
necessary to avoid nonlinearities in the electronics.should,the
éompensated gain control in the §ample channel be used. Phase splitter
balance, interchannel coupling, and the ébility to measure time of flight
of light should be checked before and after each run. |
Because of the neéeséity éf reproducing experimental geometry,
scattered exciting light is parﬁiéuiarly noisome and tends to make the
observed phase shift systematically too small; However, the effect
may be measured by using a blank cell, and if_not too large, a correction
can be added to the oﬁserved phase shift by means of yégtor addition.
Apparently varicus disagreements in the literature are caused also
by impure or unknown.samplesy-by too great an actual absorption at the
peak (entrapment of radiation), and by depopulation by unknown non-

radiative paths.

Experimental Tests of Sensibility and Accuracy

In this section are described tests of the sensibility and accuracy
of the apparaﬁus made by measuring the time of flight of light with low-
level signals, and the time of flight of electronic signals in cable.

Experimental

Light from an AlO0-HM mercury-vapor lamp operated at ~ 1.2 amps dc.
passed through the optical system shown in Fig. 2 with Lens 2 masked to

give a system aperture of f 12. 8Slit 2 was 1l.5-mm wide and 2-mm high.
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Sixty-four percent of the green light passing thrqugh Slit 2 was
modulated.* After Slit 2, a Wratten 77 filter passed only the A 5461 A
line to a fourth lens which produced a parallel beam. This entire light
beam passed first through the "reference" scatterer, which attenuated
the light by a factor of 2, then through neutral filters with additional
variable attenuatioh up to 10” (measured with a Cary Model-1l spectro-
photometer). It was then reflected through a U turn by two front-
surface, movable mirrors each set at MSO to the di;ection of propagation
of the light beam and finally entered a completely diffuse scatterer
directly in front of the "sample" photomultiplier.

The front-surface mirrors were mounted on a 125-cm optical bench
parallel to the beam which allowed the path length of the light to be
varied 250‘cm measurable to + 0.04 cm.

‘RCA-6655 photoelectron{multiplier tubes run at 1000-v detected
the light. The electronic system had a bandwidth of 125 cps, and the
phase detecﬁor a time constantvof ~ 1 sec. v

The test oscillator was controiled by the same crystal used to
control the modulator; and the 5.2-Mc harmdnic was selected by tuﬂed
circuits. The fixed phase shifts of ~ 50,'200, and 80° associated
with the oscillator were calibrated either by measuring a Lissajous
pattern on the Qégi}lqscope with identical amplifiers for horizonpal
and vertical signals (X—Y oscilloscope), or by measuring tﬁe caﬂie

length necessary to. produce an equivalent delay and using the propagation

" _
- Cf. Section B, Modulator.
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constant given by the manufacturer. The absolute accuracy at best is

5%, but since the cable characteristic does not change with time, non-
linearities in the electronics and changes that may occur from run to

run may be checked to the maximum sensibility of the apparatus.

Results. The sensibility, which as the preceding diséussion
has indigated is related to the sensibility, A &, of the phase detector,
was measured with no neutral filters attenuating the light passing through
Slit 2, and with attenuation of lOlL of the light reaching the "sample"
photomultiplier. In the first case, the sensibility was ascertained to
be 0.2° and is called A £E. With the th attenuation of the light, the
signal-to-noise ratio at the phase detector as observed on an oscilloscope
was between 1/2 and 1/5, but the null could be estimated within 0.50 on
a single-reading basis. This is then a value of A‘gc + A gnoise"’ Most
of the noise observed was due to stray, unmodulated light in the room
éﬁd to photomultiplier dark current.

With the unattenuated green line reaching the;"sample" photomultiplier,
phase delay caused by changing the light pathlength 200 cm (equivalent
to 0.67 x 10-8 sec or 12.6°) was measured to 0.2°. This result is
interpreted as a check of the calibration of the phase-shift network
in the apparatus and was reproduced at a number of settings of the
"refe:ence" and "sample“nchgnnel phase shifters.

When the light level reaching the "sample” photomultiplief is
attenuated by th, it approximates the signal level from a fluorescing
molecule, such as lodine. This attenuation when the molecule is used
is analyzed as follows: OFf all the energy in the 5461 A line that
strikes the diffuse scatterer in front of the photomultiplier; only 1%

would be absorbed by the gas sample if the spacing between lines were
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five times the Doppler width. Of this enefgy, only l/lO to 1/100 might
appeaf in fluorescence wavelengths to which the photomultiplier is
sensitive, hence a total attenuation of lOuo With this signal level,
delays introduced by changing the light pathlength could be measured

| within the sensibility of the phase deteéctor of 0550o This is intefpreted
as evidence for no intérchannel coupling or extraneous signal.

A Phazor 200A phase meter was used for some measurements.% Its
accuracy and sensibility were useful for clean signals. However its
ampiifiers were_saturated by the noise components of the noisiest signals
measurable by the phase detector in the apparatus.

Tests\with the test oscillator and cable delay lines support the
results of measurement of time of flight of light. In addition they
indicate that the electronic system alone is not sensitive, within its
linear range, to changes in signal amplitude. This was most useful in
isolating the cause of the large phase shifts described in Section B
under "Modulator", and phase shifts due to changing the potential of
the photomultiplier supply. |

Summary and Conclusions

The uncertainty in measurement of lifetime has been related to un-
certainty in phase angle by Egs. (C-5) and (C-6) and is shown to be
limited by the sensibility of therphaée detector. Making the phase
detector more sensibievby narrowing thé bandwidth of the electronics
is evaluated. Causes of systematic errors have been listed.

Experiments show that the accuracy with signal level comparable to

the fluorescence from a gas-phase molecule, or lOu smaller than that

* .
Industrial Test Equipment Co., 55 E. 1l Street, New York 3, N. Y.
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from a diffuse scatterer, is within the sensibility of 0.50. Equation
(c-6) indicates that lifetimes from 6 x 1077 sec to lO-7 sec could be
measured within 20%. However, the limit at long lifetimes probably is
shorter because the signal level decreases according to Egq. (C-4) as

lifetime increases.
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List of Symbols Used

Part II
A Einstein absorption coefficient
B  Einstein coefficient of spontaneous emission
c Speed of light
4 Number of collisions
E Energy
EW Equivalent width
£ Oscillator strength
g Statistical weight
h Planck's constant
I Light intensity
J Rotational quantum number
k Transfer rate (with subscript)
k Boltzmann constant

k Absorption coefficient

v
M Electric dipole moment

N = Concentration

P Pressure

P Transfer probability (with subscript)
R Transition moment

T Absclute Temperature

v (also, v) Vibrational quantum number
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List of Symbols Used

Part II
A Wavelength
v en™t (wave number), or frequency
v (or v) Vibrational quantum number
T Lifetime
v State Wave function

Common Subscripts

e Blectronic
q Quenching
rot Rotatiqnal
v,v Vibrational

T Energy transfer
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II. THE RADIATIVE LIFETIME OF THE B o: STATE OF I,

BY TWO ABSOLUTE ABSORPTION METHODS

| INTRODUCTION

The iodine molecule and problems related to its visible absorption

system (B 0: <G X 0 have been studied so long and extensively,

g
and the system is so accessible experimentally that its radiative life-
time is particularly ihteresting. However, there seem 1o have been no
conclusive lifetime measurements made on the iodine molecule. The

7

present work yields a lifetime of 5 x 10~ ' sec from data for the
absorption of the total band system and of a single rotational line.
Evaluation of.the theory relating absorption to emission leads one to
expect that certain possible theoretical errors average out for the
level5 v' = 26, J' = 34 which aloneu may be excited by a narrow mercury

5461 A line. By the use of this lifetime, absolute rate constants for

guenching and for vibrational energy transfer by collision are obtained.

Nature of the Problem

Because it is so easily produced, iodine vapor has been extensively
studied. It is readilj contained and is fairly inert. The absorption-
band system lies between 4500 and 6500 A, and the readily observed
fluorescence is excited by sunlight or By a Large number of easily
produced atomic lines. Extensive observation of the fluorescence dates
baclk at'least to the turn of the century, and determinations of lifetime
almost that long. In addition, many rate studies have been carried out
using iodine as the subject.

This gives rise to an interesting situation. Because there is so

much known about it, iodine is a good molecule for testing a method of
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détermining absorption coefficients from radiative lifetimes, and whgt
is ﬁnknOWn becomes sb much more important’. ' The value of the radiative
lifetime is unknown, but is needed to complete knowledge of vibrational-
energy transfer and quenching rates. These being known, theories about
other processes are tested, and new probleﬁs-arise,.

Section I descriBes an apparatus for direct measurement of radiative
lifetimes. Its primafy purpose is determiﬁation of ébsorptidn coefficients.
These will be used for determination of equilibrium consfanté and of |
heats of reaction with the aid of the third law of thermodynaﬁics and
of accurate knowledge of eﬁergy levelsosv It is theréfore quite important
that the précess of determiﬁing absorﬁtioﬁ coefficients from radiative
"lifetimes be.checked by the complemeﬁfary determinatioﬁ“of a lifetime
from an abéorption coeffigient, ﬁence part of the motivation for this
work on fodine. Once one is determining lifetimes, there are many
important applications. In particular, there are many measurements oh
the efficiency of collisions in quenching and in transferring vibrational
energy in upper electronic ievels. Because the time the molecules spend
in this‘upper state has been unknown, only the relative rates of quenching
and transfer could be known. KEstimates of the>lifetime of the upper
level of iodine range from 10—6 to 1018 sec. Depending on which extreme-
one is iﬁclined to favor, either rates of maintenance of unimolecular
reaction and dissociation by energy transfer from an energy bath, or
third-body recombination and dispersion 'of sound were made to seem
anomalous.

Although iodine is ﬁell known, it is_nét wéll undérstood. The
hybridization of the energy levels is not known thorqughly because of
the (j,j) coupling and is_believed,fo vary rapidly with changing inter-

nuclear distance. Calculation of a transition‘probability, hence of
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a lifetime; by the use of a given wave function and comparison with
experiment.would be a good test of the wave function. Fﬁrtﬁermore,
comparison of the lifetime from the absorption with directly measured
values for several bands constitutes a check of the variation of wave
function with ipternuclear distance, and hence of the sum rules for

transition probability.

Review of Measurements of Iodine Lifetime

Determinations of the iodine lifetime have at least a 40-yr
history. Stern and Volmer used self-quenching data and assumed that

the quenching cross section equaled the gas kinetic cross section to

T

obtain a lifetime of about 10-6 secondso6 Stevens used Stern and

Volmer's equation and the self-quenching coefficient of Arnot and
McDowell8 to obtain a value of 1.6 x 10"6 sec. Rice used iodine-

atom three-body recombination rates to calculate a vibrational energy

9

- transfer cross section equal to the ordinary "gas kinetics"” value.

0

Tolmanl ‘used the data of Fuchtbauerll for the absorption of

iodine vapor at 5461 A to calculate a lifetime of 3 x 107 sec.
Apparently, Tolman did not take into account the partition function
in calculating the population of the absorbing level. In addition; the

measurements were made at 1 mm I_ pressure and the measuring techniquev

2
is not clearly stated. Also, the given halfwidth would indicate a large
number (10l to 102) of I, lines. Luck estimated an f value of T.45
.xlo-7 (t =6 x‘1o”5 sec) for an individual rotational line from his
absorption date, but he also apparently did not correct for the
distribution . of molecules between statesol2 Malamond and Boiteux

. have studied the reversal of a single rotationél line to get an A
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value of 2 x 10° sec™® for the v' = 26 —> V" = 3 transition,15
However, they specify neither their values for vapor pressure, partition
function, nor broadening by self-quenching, hence this value must be
treated as suspect.

Hupfeld obtained directly a value of 1 x 10-8 sec by means of a
fluorometer phosphoroscope using Kerr-cell shuttersolh However,
Pringsheim (Page 212, Sec. Tl) comments that Hupfeld's measurements
of lO—8 sec for Na_. do "not seem to be quite reliasble' and does not

2
make reference to them at all in his discussion of the iodine lifetime.

Pringsheim does not explain his comment.

Pringsheim (Page_212) mentions also, that the displacement of
fluorescence in a molecular beam and broadening of a sharﬁly defined
fluérescent beam by Brownian motion sets a limit on lifetime of no

15

longer than 1 usec.

Rabinowitch and Woodl6 (Footnote 9, Page 362) and Polanyil7 point
out that theoretically the 5II - lZ transition of.iodine is analogous
to the 3P - lS transition in the Hg, Cd, Zn series and thus argue for
an analogous lifetime of 10_7 sec. Heil,l8 quoted by Pringsheim
(Page 213), explains the high self-quenching efficiency of iodine by

8 lifetime much longer than the commonly assumed 10-8 sec due to

the triplet-singlet nature of the transition.

Mulliken has calculated a B value for the entire 1’3H - lZ transition

and compéres it with one obtained from integrated absorption ccefficient
data by Rabinowitch and Wood21 over the entire band system between

4500 and 6500 A. These measurements would have been far off of the
linear curve of growth of the integrated absorption, as undoubtedly

f 2 .
were the values of earlier workers cited by them, 1 had the lines not

Ay

15

19

1
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been broadened with argon, helium, or air. This raises some qpestion
about the validity of their measurements‘for the unperturbed molecule
(see Sec. C, Theory and Discussion). The B value calculated from these
data by Mulliken is larger than his theoretical yalue, and the
discrepancy is ascribed to Case-c coupling effects. Neither Mulliken
nor Rabinowitch and Wood had calculated a lifetime from these data.
Similarly, Sulzer and Wieland observe between 423 and 14230'K the
absorption coefficients for the visible and red systems; but give

nelther £ values nor lifetimes.22



-59-
'B. MEASUREMENT OF THE I, VISIBLE ABSORPTION

... Introduction -and Review

Althoﬁgh'there éré a numbe} of detéfminatioﬁs 6f the visible
absorption of iodine alreédy reporfed in the literatufe, both external
ana internal disagreements among the‘papers indicate ﬁhe.necessity of
'fhe presenﬁ work. It agrees with the previous determiﬁations of the
total band absorption but disagrees with Luék’s measurement éf
attenuation of the 5461 A line.?

The total band absorption was measured by Rabinowitch and Wood
at room temperature with and without foreign gas present;el and at
higher temperatures without foreign gas by Sulzer and Wielandoae
While the Rabinowitch and Wood data show no enhancement by foreign
gas on the red slopesAof their absorption peak, where it would be
expected because of the discrete nature of thé spectrum, they agree
with the theoretical equation of Sulzer and Wieland and with the
present measurements. On the other hand, while showing enhancement
of absorption all’along the red slopes of the absorption, the
present measurement does not corroborate the work of Kondratjew and
Polak,23 and of Loomis and vFulLLeral+ who observed selective enhancement
by foreign gas at various points on the red side. The more sensitive
test for the selective enhanceﬁent of absorption -- placing iodine in
vacuum in one beam of a double-beam spectrophotometer and iodine with
a foreign gas in the other -- is yet to be performed.

" Measurement by Luck12 of the attenuation of the mercury green
line.by iodine in the présence of various pressures of nitrogen at

MSBO K give a result that is higher than that predicted by Sulzer and

Wieland's formula.
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27

Dlugosch,25 Kohler26 and Harding ' also have measured iodine

absorption. Kohler measured the attenuation of the green line from
what seems to have been a hot mercury arc. He finds no enhancement

of absorption by argon at 82 mm Hg, although his conditions were such
fhat he was off of the linear curve of growth.% He reports also

that fluorescence excited by the yellow mercury lines is quenched

more efficiently than that excited by the green line (cf. Alentsev28).
Dlugosch is quoted in Kohler's paper as having observed that a small
part of the iodine absorption is continuous. If this were from another
level, it would make the calculated transition probability for the B
level‘greafer than it should be. However, this continuum has not been
seen in the present measwements, making it less than 20% of the line
absorption. Harding measured attenuation of a hot mercury green line
by iodine in a cell at llSoC with the iodine pressure controlled by.

a cold side arm. He observed that helium at about 2 mm Hg produced

little enhancement of absorption.

Experimental Technigue

The present band-absorption measurements were made with a Cary
Model-14 spectrophotometer with about 20 A instrumental width at a
wavelength of 5461 A. Because no change in the features resulted from

going from 5 to 2-1/2 A/sec scan speed, the latter was used.

* t
Cf. discussion of "Equivalent Width" in Section C, "Theoretical"

and References 31, 37, and 39 to h2.
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Single-line absorptidn was méasuréd with a Fabry-Perot inter-
ferometer kindly lent by Professor F. A. Jenkins of the Physics
Department. The plates were Quartz,.with a dielectric coating and
ja reflectance of about 98%, and were SuffiCiently flat that, with
some masking, the instrumental width was 1/20 of én order. A 2.03-mm
spacer gave max%mum'resolution without excessively oveilapping the
orders, which were separated by about 2.46 cm"l (= 0.T4 A). The
‘arrangement was such that either the interference fringes or a
calibrated step-weakener could be focused on the plate by means of
a 50-cm-focal-length camera. The step weakener was illuminated by
only the green line and was projected into the camera by means of.a
45-deg mirror.

 Eastman Kodak IVF‘plates were used; exposure time for the fringes
was. 20 min when didymium glass and Wratten 77 and 61 filters were in
the light train. Neutgal filters were used in the light train fdr
the calibration so that exposures for both fringes and step weakener
were exactly equal. Development was in D-19 for 1 1/2 min at 2500,
with gentle brushing to avoid Eberhard effect.

A microdensitometer% was used to read the plates, each of which

bore its own intensity calibration marks.

* : n '
- Made available by Professors F. A. Jenkins of the Department of Physics

and J. G. Phillips of the Department of Astronomy.
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Jodine for the vacuum cell, used for both single-line and band
measurements, was Baker reagent grade (99.8% pure), triply distilled
in vacuum and sealed into a Pyrex cell. The measurements with foreign
gas were made on iodine without further purification in the presence
of air at 1 atmos. Pressure of iodine was inferred from temperature
measurements with a precision thermometer and the thermodynamic data
of Stull and Sinke:29 LoglOP = -3,.%325 at 500O K; AHvap = 14.872 kcal;
ACP = 4,34 calories/deg at BOOOKo When data was available the results
of other workers were corrected to these values.

The light source for the interferometric measurements was a
General Electric Al00-H4 medium-pressure (10 atmos under normal
operating conditions) mercury-vapor lamp operated wiih a 0;6-amp'
current supplied by a Sorenson line regulator. Six iodine lines were
covered by this line, but only two were on parts of the mercury line
that were flat enough to be measurable.

Of the previous experimenters, Rabinowitch and Wood used iodine
at 19° € (p = 0.18 mm Hg) and a 12-cm quartz ce11.2t Their foreign
gas was either He, Ar, or air at 500 mm Hg pressure, all of which
gave the saﬁe results. They report no further enhancement of
absorption by higher pressure. Both Sulzer and Wieland, (SW)22 and
Luck12 used weighed amounts of iodine in cells of varying path lengths.
At the higher temperatures, SW corrected for the dissociation of
iodine, which did not prove necessary undef Luck's conditions. The
results of SW are for a range of temperatures from 423 to 14230K,
while Luck wbrked at h850K° SW measured the absorption photographically
over the whole band system, while Luck measured photoelectrically the

attenuation of a presumably narrow mercury green line. Malamond and
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Boiteux™ used & Fabry-Perot interferometer (90% reflectance coatings,
48 and 96-mm spacers) crossed with a prism spectrograph to measure the .
line shape of the fluorescent lines. From this line shape, they infer
the amount of self--absorptiono They specify neither temperature, nor

path length, nor source of vapor-pressure data.

Results

The results of the various absorption experiments as well as
values of interest that have been calculated from them are presented
in Tables I through IV. Table I presents the results of the meaéurements
of tﬁe totalvvisible absorption of iodine. Sulzer and Wieland's
theoreticél equation fits the experimental curves quite well, except
that the band heads caused irregularities in the absorption and the
theoretical points were slightly high far to the red of the absorption
peak. Equation (B-1) plus the experimental -peak height was used in
ca;culatihg the érea under the curve. With foreign gas present, tﬁe
curve to the violet of the continuum onset corresponded exactly to that
with no foreign gas, whereas there was enhancement qf absorption in
the disc¢rete region of the spectrum extending almost the full length

_to the red of the absorption. The band-system maximum was enhanced
more than the red slope, and individual band heads showed greater
enhancemeht at their maxima than‘at the minima.

Thé first column of Table I shows the numerical resuits of these
measuremehtso Values in the second célumn.are calcu;ated from the data
of Rabinowitch and Wood. Rabinowitch and WOod’s data show no enhance-
ment in either the confinuum or lower red slopes of the absorption upon

addition of the foreign gases in excess of 500 mm Hg.
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Table I

Integrated absorption of the entire visible band system of I2

I 11 111 vP vI®
Io _ _t
Conditions (Log T—)max E ax € ax f T Ref.
x 1072 x 107% x10° x 107
v (log )  (log,)
I or-
Tgmpo 2 eign 1 1 sec
(K) press. gases m - cm m - cm
302 satd air at
1 atmos  0.17 T.3 T.5 1 5.0
292 satd He : : c
, Ar 500 mm O.1h4 T.1 7-6 0.97 hoéc g A
Air 4,67’
423~  varies none 1.1 4.2 22
1325
48%  unsatd N. O-1 (7.4)° 5.7 (3.2) 12
atmos
eEObﬁained by using Sulzer and Wieland.fs22 formula and constants,
, 2

b
Corrected, when necessary to Stull and Sinke's vapor pressures,

®)\ = 5461,

dObtained'from plot of £ vs log v.

eCalculated from the measurement at AS5461 by using Sulzer and Wieland's

formula .
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The third column présents results of the very extensive measure-

ments of Sulzer and Wieland.22 Their theoretical.formula is:

§T(V) = EOM(tan G/ET)l/eexp - (tan Q/QT),(XZ:—;9)2
v
o

(B-1)

where gT(v) is the molar extinction coefficient (logarithm to the base 10)
for given temperature T and wave number v. For iodine, 6 is 1.439 times
the ground-state vibration frequency (glhos cmgl); T is the absolute
temperature; Awo* is 1.42 x 10? cm'l; and gOM is 995.

Since it fits their data quite well and describes a curve enclosing
constant area, Eq. (B-1) was uséd to obtain a value of the transition
moment representative of a%l of SW's measurements.

The fourth column shows values calculated on. the basis of Luck's
méasurement of the attenuation of the 5461 A line by unsaturated iodine
at h85° K.in the presence of nitrogen,12 The band absorption is calculated
using only tﬁe shape of Sulzer and Wieland's curve and éssuming that the
maximum aﬁsorption is at 5200 A. it is observed that the absorption is
30% greater than that predicted by Sulzer and Wieland's equation. This
discrepancy is not explained by the presence of a band ﬁead,*since
extrapolation of'Rosén'sjo Deslandres tables iﬁdicate none at AS4L6L A.
However, since_large intensity fluctuations over small wavelength regions
can be averaged out by low-resolution instruments, the attenuation of
the narrow green line (hyperfine structure resolvable) from a germicidal
lamp was measured. In order to maké this'measurement, the'germicidal
lamp was substituted for the regular tungsten filament source of a Cary
spectrqphotémeter° The extinction so measured was exactly the same as

that measured with the regular continuous source.
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The best value for the lifetime from these measurements is 5 x 10~
sec, with A = 5461 A. As the discussion section will indicate, it is
believed that the theoretical uncertainties are within the experimental
uncertainty of + 20%. The best value of B, the Einstein transition

1 gec”t (units of isotropic energy

coefficient, is 1.6 x 1615 - erg
intensity).

Table II shows results for the measurements of the single rotational
line. As can be seen from the estimated values of the absorption at
the line center, the results are far from the linear curve of growth
(see Sectioﬂ.C) and set only a lower limit for the absorption coefficient.
The experimental uncertainty for the measurement at ice temperature is
quite large because of the uncertainty of superimposing the curve for
the mercury line without iodine absorption on that for the line with
absorpti-ono Comparison with the theoretical curve of equivalent width

31

given by van der Held indicates that the resulté at the lower temperature
are about one order of magnitude lower than the extension of the
straight-line curve of growth.

Table III presents a summary of all of the results available for
the measurement of a single iodine line, plus wvalues for the total
transition probability based on Table IV. All values should be treated
as being quite uncertain. The present measurements are off of the
linear curve of growth. Luck's value is based on estimates of the
number of lines covered and extrapolation to the true profile of the
line of the measurement with high optical density and with foreign gas
present. Apparently it does not include a correction for the

partitioning of the jodine molecules between the various energy levels.

This correction was made in the present work on the basis of a rotational
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Table II

Absorption by the I, line (B OZ’ v' =26, J' = 34 «——3x OF

v' =0, J" = 33), using a 4.52-cm cell

Absorption at
center of line

o9 A b
Tempo, Temp., Pressure observed true 26-0
side arm ambient x 1072 I, -1 p'e lO—u

- ' -1

(%K) (%)) (mm Hg) (em™) T (sec™)

288 300 - 0.12 1.1 0.19 ~1 1.3 + .5

27% 300 0.03 0.33 + .2 ~ 0.06 ~ 0.3 1.k +1
aUsing Absorption - lnst Width

true = Doppler Width Absorption ;. oiveq °

bUsing partition function = Q = 4.3 x lO5

o
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quantum number of 50, and the corrected value is presented. ‘The
Malamond and Boiteux data may be quite reliable, but they do not give
the various quantities used in their calculations -- such aé vapor;
pressure data, partition function, iodine pressure, and self-collision
broadening.

In Table IV the first column gives the vibrational quantum nwmber
of the lower state of the transition from v' = 26o The second column
gives population in the lower state relative to v" = 0. The temperature
vas 2750 K and the vibrational gquantum was taken to be 215 cm“l° The
third column contains the height of the fluorescence peak. Iodine
pressure 1s 3.0 x 10_2 mm Hg. The data is from work of C. Arnot and
C. A. McDowell (cf. Reference 8). The author is greatly indebted
to them for suppl&ing some unpublisﬁed information. The fourth column

contains values of the fluorescent intensity corrected for self-absorption.

The value for 26' —> 0" is obtained from the value for 26' —> 1" and
the ratios 25' —> 0"/25' —=> 1" = 0.11/0.09 and a7' —> 0"/27" —=> 1" =
0.08/0.08. For convenience, the ratioc 26' ——> 0"/26' —> 0' is assumed

to be unity. The fifth column gives values of the fluorescent intensity

normalized to 26' —> 0" = 1. Absolute values of the fluorescent rate
A .. 13 s " 5

constant using Malamond and Boiteux ™~ value for k26' >3 =2,0 x 10

sec + 80% are given in the last column. Only the value for 26' —> Q"

is shown aé the total rate constant is determined directly from the sum
of the fifth column. Actually, the relative energies shown in columns

III to V have not been converted to quanta. In the case of v"' = 18,

this amounts'to 682/566 (see i’ringsheim,15 Table 23, p. 153 for assignment
of wavelengths to the fluorescence lines) or 20% shortening if that line

made the major contribution to the rate of depopulation.



-69-

-Table III

Einstein A coefficients for single rotational lines in the

26' —> 0" band of the iodine visible-band system
11
e Mine - Byotar’
1 1 " 17° -l -l
v J' v J (sec™) (sec ™) Reference
o6 ' 4 4 I
3 0 33 > T1l.h x 10 > 4.5 x 10 This work
26 3k 3 \ 20 + 16 x 10" 200 + 160 x 10" Malemond end
' Boiteux13
* % % % 1.7 x 10" 5.5 x 10" Luck™®

*
Not known

1.
Estimated
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Table IV

Relative fluorescent intensities for 26' ——> n" transitions

in 12 vigible system

N I (arbitrary units) Rate Constant
¥ pegk cor- nor- -1
v height rected malized (sec ™)

0 1 - 5.13 16000) (6.29)

1 0.320 1.66 1.90 0.370

2 0.104 0.00 0 0

3 0.033 1.63 1.63 0.318 2 x 10° + 80%
4 0.011 0.48  0.48  0.09% |

5 ? ? ?

6 1.1k 1.14 0.222

7 0.10 0.10 0.019

8 1.29 1.29 00251

9 0.06 0.06 0,012

10 0.97 0.97 0,189

11 0.51 0.51 0.099
12 0.33 0.33 0,064
13 0.87 0.87 0.170
1k 0.00 0.00 0.00
15 0.87 0.87 0.170
16 0.13 0.13 0.025
17 0.60 0.60 0.117
18 0.54 0.5k 0.105

L = 11.18 3.225 2 x 10° + 86%

16.55




-T1-

Conversion of single-line absorption data to lifetime requires
knowledge of the relative intensitiés of the flubrescence from v' = 26
to the various vibrational levels of the ground state. Table IV presents
values for these intensities based on unpublished work of Arnot and
McDowell (See Reference 8, however, for experimental details).

The values actually observed by Afnot and_McDowell are heights
of the fluorescence peaks and are shown in Column III. These were
corrected for self-absorption by the use of the relative populations
shown in Column II and the results shown in Columns IV and V. The
Tirst step in treatment of the data was to obtain a value for the
26' —> 0" fluorescence intensity. This cannot be determined directly,
because the 26' —> 0" line is masked by scattered light’ from the
.exciting source. To obtain this information we have assumed that the
transition probability is determined only by the lower vibraticnal
wave function and is independent of whether the upper corresponds to
v' = 25, 26, or 27. In doing this, we assume that the wave functions
of the upper level do not change much with v' for internuclear distances
corresponding to good overlap with the lower level. We assume also
that they are not displaced from one another (cf. Pringsheim,15 p. 156).
_On the basis of this assumption, the intensities of fluorescence depend
only on the lower quantum numbers. Data for the transfer bands
originating from levels 25 and 27 observed by Arnot and McDowell
indicate that the apparent ratio of intensities (26-0) : (26-1) is 1:1.

The data from the Fabry-Perot measurements, Table II, indicate that
self-absorption in the fluorescence tube is important. Correction for
this is made by assuming that the lines are triangular, and the absorption

at the peak (from Table II) is 30% for an ~ 5-cm path length, hence the
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energy attenuation over the entire line is lS%, or log (EO/E) = Of07.
For the TO-cm cell used in the fluorescence work, log (EO/E) is (14/2)(0.07)
0.49, and the intensity without self-absorption is 3.1 times greater than
that observed. The remaining lines may be corrected by using knowledge
of relative populations (Column II, Table IV) and the method of successive
approximations. For the zeronorder approximation, the ratio of absorption
.coefficients iswassumed to be unity, and the ratio of logarithms of self-
attenuation is equal to the ratioc of populations. This gives zero-order
corrected intensities which are used as thevratio of absorption coefficients
in a first-order approximation, etc{ The approximations converge very
rapidly.

Lifetiﬁes may be obtained from these relative intensities by
combining them with the available absolute-absorption measurements. . From
the rate constant of Malamond and Boiteux for the 26 —> 3 transition
indicated in Column VI, a lifetime not including depopulation to v" > 18,

T sec 1s obtained. Depopulation to higher levels probably does

of 5 x 10~
not shorten this by more than a factor of two.

The large number of members in the 26' —> n" progression seems
to constitute a violation of the Franck-Condon principle. Actually, a
similar set of maxima in the v" progression has been observed and
explained theoretically in the case of RbH by Gaydon and Pearsea52
The phenomenon seems to occur when there is a large change in the
equilibrium value of the internuclear distance. |

Intensity data for the progression beydnd the eighteenth member are

uncertain. Pringsheim does indicate (Table 26, p. 160} that no fluorescence

is observed beyond 6000 A upon excitation with a broad mercury 5461 A line.

15
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Extrapolation of Alentsev's curve,28 again for broad-band excitation,
indicates that intensity beyond 6500 A is small, although he presents
no actual data for fluorescence to the red of 6500 A. Oldenberg has
examined the progression and gives relative blackening for the members
v" = 22 through 37, but he does not relate these to the intensities
of the first members of the progressionazs5 His measurements show no
trend towards decrease of fluorescence iqtensity‘with increasing v".
Rank has measured the positions but not the intensities of this
fluorescence serieso5h

On the basis of these data we assume that there are .no large
secondary maxima in the fluorescence intensities and that the accumulated
transition probability for the members of the series’ with v">18 is not
more than that for the first 19 memberse The sum of transition
probabilities in Table IV, Column VI, compensated for transitions in
the remainder of the series gives a lifetime of 3 x lO-’7 sécu This

value bears + 80% uncertainty from the absorption coefficient, plus

the uncertainty in the relative fluorescences.

Summary
A value of 5§ x 1077 sec + 20% for the lifetime of the B Oz level
is obtained from integrated band-absorption measurements (Table I).
Results from single-line absorption plus relative fluorescence
intensities are more uncertain and do not contradict the integrated
band absorption results. In view of tbe large uncertainty in the single-

7

line results, 5 x 10 ' sec + 20% is the preferred value.
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C. THEORY AND DISCUSSION

Treatment of the Data to Yield Lifetimes

Absorption is related to emission by means of thermodynamic
arguments, and to matrix elements of the wave functions by quantum-
mechanical arguments. First-order treatment relates the matrix elements
to one anofher and gives rise to the sum rules, which then relate
various forms of absorption measurement to the lifetime of the excited
levels.

The lifetime obtained is used for several purposes. Comparison
is made with a direct determination using the lifetime apparatus.
Comparison could be made also with various theoretical predictions.
Finally, the lifetiﬁe value is used to put measurements of relative
energy-transfer cross sections on an absolute scale.

Theoretical

It is possible to relate the various quantities characterizing
absorption and emission. The probability of absorption of a photon
(Einstein B coefficient) is proportional to the probability of spontaneous
emission (Einstein A coefficient). The B coefficient may be related
also to matrix elements, to the oscillator strength, f, and to the
measured intensity of an absorption. By means of the sum rules, the
B value may be related also to the lifetime of a single rotational
level or to that of the upper level of a-single vibrational band.
Units. Because the experiment involves a flow of energy and since
photographic plates are calibrated in térms of energy per unit
blackening, we adopt a system using intensity (not density) of radiation

in energy units.
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Terminology. The probability per unit time that a system will absorb

energy and go to a higher state is
P =B I(v ) (c-1)
where Bn-m is Einstein's coefficient of absorption.

The probability of emission is, per unit time,

P (emission) = Apsn t Bm-)n I(vnm) s ,(Cfe)

where A and B are Einstein's coefficients of spontaneous and induced

emission. If there are only radiative transitions, we have

T=1/AL | (c-3)

WhererAtQtal

Sometimes it is convenient also to speak of an f value or oscillator

is the sum of A values for transition to all lower states.

strength. This factor, which appeared first in classical theory and
relates the intensi%y of radiation calculated on the basis of an

oscillating electron to that actually observed, is

f= 7 ’ | (C-ka)

where N is the number of classical oscillators, and N is the actual
number of atoms, molecules, etc. The oscillator strength is related

to the lifetime by

£1=1.51 2\ —;‘-w , | - (c-kv)

where g' and g" are statistical weights of the upper and lower states,

respectively.

The three Einstein coefficients may be interrelated by the use of

the theory of microscopic reversibility and Planck's law:
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2hv5
CE

1 2 .
I(v) = e(hv7kT7'" . ‘(Energy/sec/cm /solid angle/frequency)

Let Nn’ Nm be populations of the two states. Then the number going from n

tomis N_B I(v__ ), and the number from m to n is
n “n->m nm

N (A

S CNED : H I(vnm). At equilibrium we have

4N dnN
__.._n = .——m = Q
dt dt
and
Ny I(vnm) B> -hv__/KT
ﬁ- = = e nm ° (C“6)
n
[ m>n ¥ s n I(vnm)}
We solve for I(v_ ):
m
Amn '
I(vnm) = . (c-7)
B e+(hvnm/kT) . B
nm mn
By comparison with Planck's equation, we have
B, = B, (c-8)
and
Amn 2hv5
m (c-9)
B 2
nm c

‘where B is in units of intensity of isotropic radiation. For some purposes

it is convenient toc have B in energy density units; tooonvert, we use

]

B(density) = Kg B (intensity). (c-10)
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The relation between B and the wave:functiOns is giveniin'intensity

55

units by

b ; 2
— 52ﬂ l:f * } .
B = v R vy_4at , . (c-11)
mn ,_5h2c m | n | _ :

where R is the transition moment.
B may be related to the integrated absorption coefficient. Consider

a beam of parallel light, v < v <v + dv and I = I(v), traveling in the
3

X direction from x to x + dx. There are N molecules or atoms per cm” of
which 5Nv can absorb IV and 5N; can emit. Then, by conservation of

energy, we have

, . T ' I
‘ ' f Y _ &y 4 - ‘
-8 [Iv avl] = 8 N, dx hvB_ - -0®N dxhvB -—— . (c-12).

_ When the B's and Iv's are for isotropie radiation, we have

- E-‘i By = BV (B BN B BN') ' (c-13)
I, dx I Sv T Tnm vt
Using d log Iv = - kv dx, we obtain
1 dlv hv Bnm ‘- L
--i—;a-i—ﬁv=kvﬁv=——u—ﬂ——(5Nv-5NV) (c-14)
and
/
dv h o &n N
TR A (l " &, ﬁ“) = (¢-25)
| =

here the g's are statistical weights and are introduced to account for
degeneraciese Usually we have N' << N and the second term on the right

is neglected. Using Egs. (C-9) and (C-3), we obtain

g 2
f g vdv o He o2 (c-16)
vV v : .
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where v is in s,ec.'l and N in atoms/cc.
For a number of reasons it is convenient to work with the equivalent
width or integrated absorption of the feature,

I -
B = f o) - 1) v, (c-17)
IO(V) '

where Io(y) and I(v) are the light intensities before and after absorption
and may be functions of wavenumber. Equivalent width may have units of
waveiengthp(hence the name), frequency, or wave number. Experigentally,
one rarely has sufficient ;esolving power to measure the Iintegrated
absorption coefficient, Eq..(C-16). However, as one would expect from
conservation of energy, the eduivalent width has been showh experimentally
to be independent of the instrumental width of the spectrograph°56

Consider the equivalent width of a feature for small absorption..
If for simplicity, I°(v) is taken as constant, we obtain

1°, - I(v) 1 _
EW = \jp (v) ! dv = U/K-JE (1 - ékvg) dv (c-18)

Io(v) : IO

Then for kvl <<1,. e4g. values on the linear curve of growth, we can write

+(k 2)° N
EW= 1- [1l-k2 —s— o o]l dv = d/\ k dv . (c-19)
v 2 14
Thus the equivalent width can be related directly to B or by Egs- (c-15)
and (C-16).
We are interested also in the equivalent width corresponding to larger
absorptions when only Doppler and natural broadening are present; the

curve of growth starts linearly at the origin with a slope that is directly

proportional to the number of absorbers. It then turns over a knee onto a
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plateau with very small slope. The lehgth bf.the blateau depends on the
ratio of natural to Doppler widths, increasing in length ‘directly with
decreasing rgtioo' Finélly the equivalent width incfeéses proportionally
to the square roof of absorbers.

A discussion of line shapes and of curve of growth is given by
Mitchell and Zemansky,57 A curve of growth formula ignoring natural

38

width and a nice derivation are given by Davis. More complete

formulae and plots are given by Schutz,59 by van der Held,5¥ and by

31

Kavanaugh, Bjornerud, and Penﬁer,uo and by Elsasser. Pepner and
Kavanaughl%2 give a curve of growth that takgs into a;count poth Doppler
and foreign»gas~collisiqn broadening. |

One would expect that the iodine lifetime could be obtained from the
square-root portion of the curve of growth for extremely high optiéal
density. If the lifetime were 10f6 sec,.th atmos-cm (4 atmospheres
pressure of iodine with a 100-cm path length) would be necessary. If
the natural lifetimé were as short as 107! sec, only 4 atmos-cm would be
needed (the factor of’le2 comes from a tenfold increase in absorption
per.molecule, and from the more rapid onset of the square-root portion
7‘8

of the curve.) Since the collision lifetime is comparable to 107 ec

at lOm3 atmos, the low pressures necessary to avoid collision broadening
require also prohibitively long path lengths.

On the assumption of separability of electronic, vibrational and
rotational energy and of harmonic=osci}lator, rigid rotator, sum rulesl¥5
relate,absbrption'of lines and bands to the electronic transition
probability.

The B coefficient is related to the transition-moment matrix element

by -

@
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(c-ii)

where m is the electric moment and may be resolved into nuclear and

‘electronic parts Mn and Meo The 1

ntegral in Eq. (C-11) is the transition

moment, denoted by Rmn’ and its square is the transition probability.

If we have

E=E_+ EV + Erot. (c-20)
then we can write
V= Ye ¥y Vrot, ) (c-21)
and it can-be shown that
B, v'v", 300" = sec | R A v e
nm 9 3p% e' e e e ~vib.
n
fvar vl
r r rot.
M'M" 2
] (c-22)
2J + 1
Jg'd 2
nm t_o W Tagi!
2
- R T L W ) (c-22)
3h ¢ : =0 2Jd+1

Where the choice of J in the denom
with emission or absorption.

The sum rules state:

inator depends on whether one is concerned

}Z | Rgog | 2 2 27"+ (c-23a)
J'M'M"
1,
}: IRZY 12 =23 +1 (c-23b)
Tot. .

JIIM IMH



V'V" 1. . )
}j | Ry, I = ;z | R:ig. | =1 (c-24)

Using Egs. (C-13), (C-14), and (C-15), we obtain

v Y '
. Jor% nm 2

B = ' B 1" nw = S——— o -

o= ) B aa 2R P e
v'J' or v'J"
From Eq. (C-9),
3
A= 2 5,
c
we have

"l' 1. N [ s 11

1 2h 5, _ 6hx 3 m,v'v",J'J
T=A 3 B = 3 m,v'v',J'J" | R, ' l

‘e th ) H
mv"J"
.= Z Anm.,V'V",J‘J" (C—26)
m'V”J”
L
~ 6L 3 = 2
= A = 5 v l Re l 9 (0-27)
3he 4

if in Eq. (C-26) v does not vary considerably and where [ Re.l2 is an

average value of the electronic transition probability.

Lifetime from Total Band-Absorption Data.

-,

Since the law 6f microscopic reversibility was invoked in deriving
the relation between the Einstein A and B coefficients, a necessary
condition on our work is that only mechanisms complementary to the
observed adsorption, and all of these, be active in depopulating the
excited state. Experiment and selection rules confirm this. However,

the numerical value of lifetime still involves the uncertainty of the
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1

sum-rule assumption that the electronic-transition moment is small and
that the variation in the v3 term of Eq. (C-26) likewise is small. The
assumption is examined and predicted to be small and means of correcting
3

for the v~ variation are indicated.

Processes involved in the absorption and fluorescence. In order that the

measurement of total band absorption yield a true natural lifetime of
the B O: ‘state of iodine, certain conditions must be met. First, the
process responsible for the observed absorption must be only the transition
between the X (ground) and Bustatesa Second; the decay may be complementary
only to the absorption observed; decay to another electronic level or decay
by predissociation would make the ﬁrue lifetime shortero Finally, the
presence of foreign gas must not enhance the transition moment.

It seems unlikely that more than one electronic transition was
observed in the work on the single line. Separation between lines‘and
observed widths were such that each line was resolved from its neighbors-
If the continuum reported by Dlugosch25 were present, an upper limit to
its intensity could be set at one-third of the line absorption, .this being
the.eétimated limit of observation of the present work. Apparently Dlugosch
herself estimates it to be still smaller.

Contributions from the other members of the states II and 5]I, of which
B, the upper state of the .visible-band system is considered to be a member,
are negligible according to calculations by Mullikeneeo Sulzer and Wieland22
have measured the areas under the absorptions to the B and A levels and
report a 20 : 1 rétioc

Other states that might contribute to the integrated-band-system
absorption are those arising from the unexcited atoms: lu, O;, and O;o

The first, lu, is included in Mulliken's calculations; the second is the
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ground state itself; and the thirdvis forbidden to combine by the seiection
rule that plus shall not combine with minus.

In iodine, fluorescent decay to electronic levels other than the
ground state is forbidden. For other molecules to be studied with the
lifetime apparatus, energy levels will have to be worked out and
transition probabilities ascertained either by use of selection rules
or by measuring relative fluorescent intensitiesa' Should this experiment
be necessary, it would be also a nice way of discover;ng and characterizing
previously unobserved electronic states.

Spontaneous predissociation of the iodine molecule dées not seem
likely. Selection rules forbid it, and the relative fluorescent yield
does not Qary with variations in the wavelength of the exciting light.28
Apropos other measurements to be done with the lifetime apparatus, pre-
dissociation would be'energetically impossible since in the case of most
high-temperature molecules, the upper level of the transition usually
falls below the energy of two unexcited atoms.

Two pieces of experimental evidence indicate that foreign gas does
not enhance the iodine transition probability. The first refutes early
observations showing enhanced absérption in an analogous absorption in
mercury. The second is a direct observation showing no enhancement .

Michels, de Kluiver, and Middelkoopuh have determined the transition
probability for the 5Pl - lSO, A 2537, transition in mercury as a function
of argon density to 450 Amagat. This transition is in many ways similar
to the presently observed transition in iodine, including symmetry of
states, case-c coupling and oscillator strength. Their results indicate

no change in transition probability up to 100 Amagat. Previocus results

‘cited by Michels et al show an. apparent substantial increase in the
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transition probability which is now ascribed to an increase of mercury-
vapor concentration caused by the presence of foreign gas.

Definite evidence that the iodiﬁe.transiticn is ﬁot enﬁanced by
.the presence of one atmosphere of air is the observation that the
absorption in the continuous region is not enhanced. Further, the
quantitative agreement between Sulzer and Wieland's semi-empirical
curve22 and the room«temperafure data indicates that 12 - Izycollisions
do not enhance the transition probability. On the other hand, Rabinowitch
and Wood in their Fig. 1 guote data that the molar extinction coefficient
on the blue side actually decreases with incfeasing iodine pressure and
temperature. This is suspect.

Sum-rule assumption. On the basis of the sum rules, Eq(C-23) and (C-24),

Eq. (C-25) states that the sum of transition probsbilities within a given
electronic transition is independent of the original vibration-rotation
level. The key assumption here is that the electronic transition
probability | R:n [2 does not change with internuclear distance.
Examination of this assumption shows that the transition probability
for the 26' —> 0" transition should be equal to the average value
calculated from the total band absorption data. However another un-
certainty arises from the fact that the transition probability is
divided smong many fluorescence transitions and that the fluorescence
rate has a v5 dependence as shown in Eq. (G-26).

The most significant weakness of the sum rules is that the electronic-
transition moment varies with vibrational level or with internuclear
distance. Since iﬂ measuring the absorption of the entire band system

of iodine we are integrating over all of the vibrational and rotational

levels and the continuum, the variation of internuclesr distance and hence
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of electronic-transition moment is at an extreme. This variation should

be very great, since the transition is forbidden for separated atoms

A
.

and is enhanced by case-c coupling for the united atom. Sayvetz, working
in Mulliken's laboratory, has calculated variation of Rglfor the halogens.
Mulliken reports that the variation is large but presents numbers for
only chlorine and bromineoMS

However, we are in & position to estimate tﬁe size of this effect,

The electronic-transition moment may be expanded in a series

' poy - [ S (I" - rV’V")d "wp=—
Re(r) = Re(rv'v")+ (r - rv'vu) Re (r'ylv"') + "_'—"é““‘—_ Re(rvlvn) + ° o o
(c-28)

Where rv,vu is an internuclear distance characteristic of a transition

between the two vibrational levels specified. It is defined by

_ [vr vt
r =

V"V" © (0'29)
f ‘lfviwv" a)t-
Ignoring higher terms, we obtain
R (r) = 3e(rv'vu) . (c-30)

Using this, we see that the range of r in the room-temperature iodine
absorptioﬁ measurements is given essentially by the amplitude of the
vibration in the lowest level of the ground state or about 0.2 A. If
we use this change in radius and the values of transition probabilities
for F2 and Clz,)45 we estimate a change by a factor of two to four over

the extremes of_the vibrationless level.



-86-

It is interésting to consider what might be the effect on individugl
 vibrational transition probabilities should there actually be a large
variation of R over the band system. The 26" —> 0" transition is near
the center of gravity of.the absorption, and it is expected that the
variation of transition probability would average out to give a correct
value. However, there would be a systematic trend in the lifetimes of
fluorescences excited by, for example, the Cd A 5086, the Hg A 5461 and
the Hg yellow lines (cf. 'I‘urnerh6 for experimental details).

Even though the sum rules state that there is conservation of '
transition probability, Eq. (C-26) states that the rate constants for
depopulation to various lower levels depends on the cube of the energy
of the transitioneb Since the iodine fluorescence is known to extend far.
to the red; it is possible that the lifetime is thus lengthened. Relative
fluorescent intensities; such as those given in Table IV, could be used
to correct for th%g, however the extent of present knowledge of
intensities precludes making a significant correction. Because of the
v5 dependence, the lifetime is 6ne~third greater when 6000 A is used as
the center of gravity of the fluorescence-intensity curves of Alentsev
than when 5461 A is used.

Lifetime from the Absorption by a Single Line.

Determination of the radiative lifetime of an individual vibrational-
rotational. state from single-line absorption data plus relative fluorescence
intensities is much simpler theoretié¢ally than from band data. Because
Eq. (0-9) is based ohly on a thérmodynamic argument, it holds rigorously,
"and gives the rate constant for decay to the original level. Ostensibly,
transition probabilities to all other states are determined directly from

the fluorescence ihtensities, and the lifetime is determined with no
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theoretical assumptions. In practice, measuremént of all of the quantities
required is difficultot Although this is tedious in the case of iodine
because of the narrowness and close spacing of the lines and because
of the wide wavelength range of the fluorescence, it may be even more
difficult in other molecules because of the possibility of low-energy
electronic transitions.

While this method can give the lifetime of a particulaf vibrational-
rotational level with no theoretical uncertainty, one must invoke the
sum rules to infer the lifetime of other levels. This presents all
of the difficulties due to variation of the electronic-transition

probability with internuclear distance previously discussed. Similarly,

3

if fluorescence distribution over wavelength changes, the v~ dependence

shown in Eq. (C-26) may become important.

Applications of the Lifetime Measurements

Direct Measurement of Lifetime

One extremely important application of this result for iodine will
be to test the methpd to determine absorption coefficients from direct
measurement of lifetime with the equipment described ianart I of this
thesis. Jodine is well suited for this check because its vapor pressure
is known and because it is easily produced and contained. If the 5.2-Mc
modulator were used; the 5 x.lO=7 sec lifetime would produce a phase
shift whose tangent is 16. This is not méasurable, and the measuremeht
should be carried out with the 60-kc¢ modulator, in which case we have
tan™t $ = 0.1800, a convenient although somewhat small value.

R. G. Br’ev\rerﬁ'7 used a prototype of the present equipment with the

7

60-kc modulator to obtain a longer limit of 4 x 10” sec. However, using

Arnot and McDowell's value of 2 x 105 for the ratio of self-quenching
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to fluorescence-rate constant,8 and the lifetime of 5 x 10"7 sec, one
obtains a self-quenching "lifetime” of 2 x 10~ sec at 21°C. At the
same time, the self-absorption at the peak of the line is very large,

as shown by Table II, Column 6. Thus Brewer's experimental results

were made under unfavorable circumstances and do not necessariiy disagree
with éur measurement . |

Theoretical Application

At present,; theoretical work for comparison with the measured

19,20 has calculated a B coefficient

lifetime is very sparse. Mulliken
that is smaller than that observed. The discrepancy is attributed to
case~c coupling effects in the molecﬁleo Another comparison is the

f value for the A 2537 transition of mercury, which is expected to be
similar to that for iodine. The values are 0.026°| and .008 for
mercury and iodine, respectively.

Highly desirable checks on the theoretical sum rules, are
determination of the transition probability from the integrated
absorption of a single-band progression, e.g. in the red where
band overlap is reduced, and direct measurement of lifeﬁime of different

vibrational levels of the upper state.

Energy Transfer by Collision

Although the relative rate of quenching and vibrational-energy
transfer has been long studied, it has been impossible to calculate
g@solute rates because of the ambiguity in the iodine lifetime.
Absolute rates for self-quenching, quenching, and vibrational-energy
transfer by various gases are presented in Table V. These results
are in agreement with some other experiments, but pose problems in

interpreting certain data on reaction rates.



Table V

Coefficients for vibrational energy transfer and for quenching of excited iodine in the B 0:, v' =26, J' = 34 gtate
Gas Kinetic /K iy g c ko kg K P c
radius, T q q @ 9
r Exp't ’I'heor'eti Exp't collisions = Exp't Theoret. Collisions
te; - , - _ per
() 1 zfi ?z}§ ———iun-— trgzgfer 1-m * 1-m - ———}———— quenching
x1 x ‘mole-sec X ZLO"+ x:l.O'l‘l mole-sec
- x1070 x 10710 Ref.
1=5x10"1  ¢=5x10""
1, 2.7 0 : 0 o 20 6.3 40, 3.2 1/3 8,17
He 0.98 5.31 16.2 10.6 0.33 3 3.12 16.2 6.2 0.19 5 8 I
Ne 1.18 2,69 8.30 5.4 0.32 3 . g ¥
Ar - 1.46 1.64 6.95 3.3 0.24 i 10.1 6.95  20. 1.k 2/3 8
0, 0.47 1.5 6.85 3.0 0.22 5 ' : - 8
. H2 1.1 1.9 25. 3.8 0.076 13 0.84% 25, 1.7 0.03% 30 8,17
D 1.1 2.7 17.5 5.k 0.15 T 1.4 17.5 3.0 0.083% 12 8,17

2

In Table V, kT is the rate of transfer from the v' = 26 state to all other states (v' = 24, 25, 27). The
experimental value is from the measured ratio of kT/kF and the presently determined value of kF is 2 x 106.'
The probability per collision that transfer will occur to some other vibrational level is Pp and C. is the

T )
number of collisions needed, on the average, to cause transfer. The theoretical value of kT/kF'is obtained
from Eq. (C-31) is piN(r. + )2 1/2 '

K/l = e B BrRT( T4 )T (c-31)
' kF B 1000 - ml m,

where p is taken as unity, N is 6 x lO23 moles/liter; m, are the molecular weights, and r, are as showp in the

table. , .
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As pointed out by Pringsheim in his review (Section 48), the
literature on the subject of fluorescence and energy transfef in iodine
is far more extensive than that for any other molecule. The presence of
bands caused by transfer of the iodine molecule from v' = 26, J' = 5ﬁ
(to which level5 aloneu it may be excited by a narrow mercury green
line) by collision with various gases wag first observed by Franck
and Wood in l9ll°h8 quseqpently theré have been a number of

8,17,49,50 7

and calculations' on the absolute cross section

expefiments
for transfer and for quenching. In these experiments, the ibdine was
excited to the given level by a narrow mercury line, and the intensities
of fluorescence were measured quantitatively from each of the given
upper levels as a function of foreign gas pressure.

Table V shows the results of experiﬁents by various workers using
}Hz, D2, He, Ne, Ar, O2 and N2, The quenching and transfer cross sections
obta%ned are approximately the same as the gas kinetic, based on the

7 sec lifetime. There is some, but not much, ambiguity caused

5 x 10~
by the fact that workers nqt using water-cooled lamps must have excited
| the v' = 28 level directly. Thus; as it turns out, the actual
rate of Vibratidnal energy transfer was enhanced by about 30%.

Oﬁher experiments are in agreement with these values. Dwyer has
shown, in an experiment made ambiguous by the cascade of molecules from
higher levels, that iodine itself is not efficient in transferring

1 .
vibrational energy among the levels of the ground statecs Rice has used

three-body recombination-rate data to calculate a transfer cross section

9 52

for high vibrational levels about equal to the gas kinetic. Durand;
Pienkowski,53 and Heil18 have measured the efficiency of transfer and
quenching in SQ’ Tee, and Sega Durand finds a transfer cross section

about equal to the geometric.
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Montroll and Shuler’s)+ have derived an expression for the frequency
factor A for the dissociation of a diatomic molecule placed in a high-

temperature bath of gas. Their formula. is

A=z¥p (N +1) (1-e0)7, (c-32) .

where Z¥ is the number of collisions per unit time suffered by the
molecule when the gas density is one molecule per unit volume, PlO is

the probability that a collision will induce a transition from vibrational
level 1 to level O, ﬁ is the number of discrete levels (approximated by

a dissociation energy of 12,000 cm-l divided by a vibrational quantum of
200 cm-l), and © is hv/kTo These authors have calculated A, assuming

PlO is on the order of 1o"h, and obtained a value of 2 x_loll, which is
much smaller than the experimental value of ~ 10160

Our result, P , tends to confirm Montroll and Shuler's assumption

26,25
of low transfer probability, because harmonic-oscillator theory predicts
that transfer probability increases linearly with v, giving PlO = P26,25/26 =
1/2600 The small value of A obtained from Eq. (C-32) may be due to the
assumption in its derivation that collisions may transfer molecules only
to the nearest adjacent vibrational levels.

Some comment on this selection rule for transfer by collision is in

. : | : . 8,17,49,5

order. There seems to be some discrepancy among the various observations
on the transfer directly from v' = 26 to 28 or Av' = +2. In particular,
those workers8 who used a water-cooled mercury lamp emitting sharp lines
did not observed fluorescence from v' = 28. Our observations show that
lines from lamps that are not water-cooled (AH-k and AH-2), even at one-
fourth operating current and when cooled by an airblast, would be
sufficiently broad to overlap the positions of both the 26'—0" and the
8,17,49,50

28'— 0" lines as given by Wood.u Thus the experiments are
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interpreted as showing equal frobability for collision-induced transitions
from v' = 26 for Av = +1, -1 and -2.

It would be interesting to measure these transition probabilities
from the v' = 26 level at higher temperatures, and from the v' = 50

level excited by the Cd-5086 line both at room and higher temperatures.
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APPENDIX: DESCRIPTION OF ELECTRONIC SYSTEM
Jerry M. Sakai and Fred E. Stafford

Introduction

This systém (Fig. 1) measures the phase difference (from 2 to 90 deg)
betﬁeen two modulated light signals (5.206 Mc) to a minimum accuracy of
10%. The signals result from observing a deulated light beam at two
points. The phase difference to be measured results from substituting
a fluorescent sample for a reflecting sample at one of the observation
points.

Photomultiplier tubes convert the modulated light to 5 Mc electrical
signals. The radiofrequency (rf) signal is heterodyned down to 1 ke
in a mixer where the mixing signal is generated by a crystal-controlled
rf oscillator. Although frequency is translated, the phase information is
preserved. The frequency difference or beat frequency is held constant
to + 0.1 cps by an automatic frequency control (AFC). The AFC uses
tuning~fork-confrolled k«kc oscillator as a freguency standara,

The signals -- called the "reference,” and "phase-shifted" or
"sample" signals -- are émplified in their respective channels. Both
signals are fed into‘a phase detector driving a null meter. A null is
indicated only when the incoming signals are 90 deg out of phase. For
the purpose of obtaining a null with different phase shifts, calibrated,
variable-phase shifters are included in each channel.

Phase measurements are made at 1 kc instead of at 5 Mc to reduce the
effects of stray capacity on the accuracy of the RC phase shifter.
Another advantage of the reduced frequency is the relative ease of
obtaining a narrow band filter, i.e., a bandwidth of 100 cps at 1 kc

‘represents a @ = 10, whereas at 5 Mc the @ would have to equal 50,000.
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A lifetime measurement of a sample is accomplished by nu;ling the
phase detector first with a reflecting sol; then with the fluorescent
saniple° The difference in phase settings for the two conditions is the
desired phase angle. The lifetime, T, is obtained by using the relation
tan ¢ = w7, where ¢ is the phase difference and w = 2xf, f being the
modulating frequeﬁcy°

Photomultiplier Assembly and Sample Preamplifier

The'photomultiplier aséembly consisting of a photomultiplier.tube
(pm) and an output cathode follower (V1 or V2) is shown in Figs. 1, 3,
and 4. Its purpose is to convert a light signal modulated at 5.206 Mc
" to an electrical signal of the same freguency. There are two identical
assemblies in the system: one receives part of the light. beam reflected
by a BaSOh sol, and the other receives light from the fluorescent
sampleO% The latter photomultiplier with its associated circuitry is
called the sample chennel and the former the ';e»ference°

A cathode follower (éf) with a tuned circuilt across its input is
employed as an impedance matqhing device -- & high-input impedance
with a low-output impedence. This prevents the signal-carrying coaxial
cableT from loading the photomultiplier. The cathode-follower bandwidth
is 200 ke and the gain equals 0.5. The output signal level at the
reference photomultiplier is nominally 50 mv peak tc peak (p.p.),
whereas, the sample output varies from 50 mv down to 100 pv, depending

on the type of sample. Signals from the reference photomultiplier are

fThe light source, lenses, modulator, snd oscillator are described in
more detail in Part IB, Description of the Apparatus.

tHowever, it is necessary to use the cathode-~-follower-connected bias as
shown in the schematic because the tube bias voltage is developed across

the 935-ohm load.
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fed directly into a mixef. However, sample outputs are preamplified to .
provide at least 20 mv at the input of the mixer.

The sample preamplifier* is a tuned amplifier (V-3) with a cathode-
follower (V-h) output. The over-all gain is EOO with a bandwidth of
100 kec. In order to maximize the gain, the high-transconductance
pentbdeT drives & high-impedance resonant circuit. Since the impedance
at resonance is wlQ, where o is thg radian frequency, § the quality
factor, and L the inductance, one uses the largest inductance permitted
by the output capacity of the amplifier and the input capacity of the
following stage. A cathode follower minimizes the effective shunt
qapacity across the coil by isolating it from the following cable and
mixer input.

The reference mixer requires an input of at least 30 mv pep. in
order to supply adequate signal for the AFC toifunétion effectively. For

the l-kc component, the gain of the mixer equals k4.

The mixer (V8 or V19) translates the frequency of an incoming signal
without loss of phase information (see Fig. 5). Mixing, 6r heterodyning,
requires two signals of different:frequencies. With the pentagrid

mixer the resultant output consists of a Fourier series of components.

*
“Although the pre-amplifier is not part of the photomultiplier assembly,
it is discussed to present the entire system up to the mixers. '
t . . _ .
The gain equals ngL, where &, 1s the transconductance and ZL is the

load impedance.
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-103-

In this system, only the difference frequency (1 kc) is used, and the
remainder is filtered out. One of the two signals is generated by the

local oscillator (beat oscillator), and the other is the photomultiplier

output.

The pentagrid mixer operates aceording to

s ~ !
e, = 1PRL g, S Rp» v (1)

where
e, is the mixer output,

e; = A cos wst is the photomultiplier signal,
RL is the mixer load resistance,

i_ is the instantaneous plate current, and
gé is the instantaneous transconductance.

The transconductance is a function of the magnitude of the local oscillator

signal and can be represented by a Fourier series:

gé =a +a cosOt+a,cos WL+ -~ - - (2)

2

where wo/2n is the local oscillator frequency. The plate current can be

written in the series form
i =Acoswt [ao + a; cos @t + a, cos AL + - - - -1 (3)

and when transformed

a a
: 1 1
i = o —= +n + - - -
i a A cos wst +5- A COS(wS4DO)t + 3 A cos (ws 0)t
(%) .
ay : '
The difference frequency term, CH A cos (ws - wo)t, appears without any

phase shift, hence the phase is preserved through the mixer. Mixer gain

depends on the frequency component of interest. The difference frequency
a

gain is El RL where the value of a, can be determined only by graphical

analysis of the transconductance curve. Frequently the Fourier coefficients,
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ai, are called the conversion transconductance. -«

The Automatic Frequency Control, Local Oscillator, and Isolation Amplifier

_The automatic frequency control (AFC) shown in Figs. 6, 7, and 8
maintains the frequency difference between the phbtomultiplier signal
and the.beat oscillator output at 1 ke + 0.1 cps by varying the beat
oscillator frequency. A phase detector compares the phase of the output
of the reference mixer (after it is amplified and filtered) with a
standard l-kc signal. The phase detector output is a dc signal proportional
to the cosine of the phase difference of the incoming signals. It is
zero at 90 deg and maximum at O deg (+) and 180 deg (-). It then is
amplified by a dc amplifier (V-10) that varies the capacitance of a
reactance diode in the oscillator tank circuito* Furthermore, the dc
amplifier provides a reverse bias for the diode to éllow operation about
the center of the frequency range. Because the variable capacitor
(reactance diode) influences the frequency of the beat oscillator, any
frequency variation in the mixer output results in a frequency variation
(of the opposite sign) at the output of the oscillator, thereby reducing
the error thét otherwise would be present. The variable capacitance dicde
is new to this veréion of the apparatus and replaces a variable screen-grid
voltage control.

There is no steady-state error because the error signal is produced
by a phase difference between the signals from the reference channel and

the tuning fork standard. The average value of the frequency over a long

*
Reverse bias changes diode capacitance by changing the width of the non-

conducting volume (dielectric) of the diode.



-105-

B+
L 7 L v
T T '
6136/6AU6 ) . —
V_5 \ ~ :_]__:
! N
5205 Mc A O\ .
i L 3 {—»T0 sample mixer
| T 5.2 ‘ ‘
- AFC T Mc ‘
signal + 3 ; Oscillator
jf_: + = ) output
rm M V-6
40—240#;"-f = < " l 'I,:" 6BQ7A
!
n" ‘\‘:'_';7
:  —"To reference
i ' mixer
<
MU- 18507

Fig. 6. Local oscillator



-106-

>B+

I-kc
signal from
mixer

_-_ *Bias adjustment )
3e t +=AFC to local

W I oscillator

T 'Diode bias"
0-20v

L Error signal

standard
input

MU- 18517

Fig, 7. Cathode follower, phase-detecting network, and
dc amplifier,



-107-

Bt
| s
620 1
< V"“ 0—1
kkc tuning ¢ | (_1
[
1 .
L 1z
3 q Ay >1-ke
$ $ standard .
>3 frequency
out :
<
3
L
MU- 18514

Fig, 8. Frequency standard



_ -108-
( : .

period of time is 1 ke + O.1 cps and is limited only by the stability of
the tuning fork. Any transient fluctuation within the range of the AFC*
is reduced by a factor.eqpal to the loop gain, in this case approximately
100. |

The standard is a 1l-kc oscillator (V-11) which utilizes a tuning
fork to determine the frequency. A 3-w, 120-v incandescentit light bulb
is in series with the cathode of the oscillator tube to provide bias
and self-varying negative feedback. It is simply a resistor with an
extremely large temperature coefficient. Its resistance increases with
increasing current. The variable feedback insures good output waveform
by preventing the tubé from béing overdriven. To minimize the loading
on the oscillator by the low input impedance (600 ohms) of the phase
detector, a cathode follower output is used.

In the phgse detector, two signals -- the output and the standard --
are mixed and rectified. If the phase difference equals @, then the

output can be determined from the input as follows.

The input signals are e; = E, sin ot and e, = E, sin (ot + g). We
set E = El = E2° Because the voltages are in series, they add vectorially:
e, +e, =E [sin wt + sin (wt + @)] (5)
= ZE [sin (wt + §/2) cos §/2] . (6)

The rectified, filtered output'is proportional to the average value of
(el + ee) which is cos /2. It can be seen from this relation that as ¢

varies from O to 180 deg, the output goes from a maximum to a minimum.

*
‘Errors or perturbations that are too fast (less than 1 msec) or too large

(such as to cause saturation of the amplifier) will not be regulated out.
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A variable-frequency Clapp oscillator (V-S) serves. as the beat
oscillator or local oscillator with nominal frequency fL equal to
5,205,383 cps. The variable capacity causes a maximum positive
frequency deviation of approximately 1000 cps for the maximum rated
voltage change of 25 v on the diode (Fig. 6). This produces a capacity
change from 40 uuf to 240 uuf. Electron coupling minimizes the inter-
action of the following stages with the oscillator. Tuning ﬁhe plate
tank circuit through its entire range causes a measured frequency
shift of only 4 to 5 cps. The short-term stability with all external
variables fixed (diode bias, tuning, etc.) is + 1 cps.

"The two outputs of the oscillator have separate cathode followers --
-~ one output goes to the reference mixer and the other to the sample mixer.
The interchannel coupling is reduced by the gfounded-grid‘amplifiers
(V7, Vl8)‘between thé oscillator output and the mixer... The signal at

the output of the amplifier is approximately 4 v p.p.

One-kilocycle Amplifiers and Phase Shifter

There are three stages of amplification at 1 ke (Figs. 9, 10, and 11)
providing a maximum gain of 400. ' The first stage (V12,V20) has a gain of
10-and a bandwidth of 125 cps. The cathode follower after the tuned
amplifier prevents loading of the tuned cirguit andvpe:mits use of a
low-impedance gain-control potentioﬁeter. The following two stages have
a total gain of 40 and a 3-kc bandwidth, The gain control should be
adjusted so that the signal level at this point is approximaetely 15 v
P.p- This results in a signal of 12-v p.p. at the output to the

oscilloscope.
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The phase shifter consists of a balanced signal input to an RC network.
A phase inverter (V15, V23) provides the balanced signal by splitting the
original signal into two equal components;- 180 deg out of phase with
respect to each other. It is necessary that the signals‘impressed across
the resistor and capacitor be exactly equal in magnitude with respect to
ground. To insure this, a potentiometer (Bal. 1) is inserted in the
cathode of the phase detector to adjust the signal level until a minimum
appears at the scope output. Each signal then drives a cathode follower
(V16, V24) which in turn applies a signal across a capacitor in series
with a variable resistor. The output signal appears between RC and groﬁnd
as shown in Fig. 1l.

The phase-shifter dial reads directly in ohms, i.e., the resistance
is 900 ohms per step on the switch and 1000 ohms maximum\oh the "Duodial."
Frequency and capacity are fixed so that oC = 10““6 l

. A typical reading might be:
Switch position = 5
Duodial setting = 693
Total resistance = 5 x,900.+ 693 = 5193 ohms,
so that tan $/2 = wRC = 0.519.

The resistors and cépacitors used in the phase shifter have been
measured to an absolute accuracy of 0.1% and have a temperature coefficient
of 20 parts per million per degree C. Stray capscity, largely due to the
input and output capacity of the vacuum tubes, is of the ofder.of 10 uuf
(estimated) and the inductance of a l-k wirewound resistor is %sh. The ~
effect of the inductance and the capacitance is less than 0.1% under any
circumstance. The over-all accuracy of the phase shifter is + Oel% or

o . ‘
0.17, whichever is greater.
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A éathode follower (V1T7A, V25) at the output of the phase shifter
minimizes the loading across the RC network. At the same time it offers
a low internsl impedance source to drive the phase detector. At thé
output of the cathode follower, a.double 6.5-v zenerf diode clips
the signal to reduce amplitude variations. The clipped signal 1is
constant in amplitude at approximately 15 v Pebe

An equivalent circuit for the phase shifter is shown in Fig. lloi

The potential, e, at 2 with respect to ground can be expressed as

R .
o = "8 t+ 2 < R - jlwc ) (72)

e =
(R + j/wc)

e, ——— . (7o)
(R - jfwc)

Clearing the denominator of the complex term by multiplying the numerator

and denominator by the complex conjugate of the denominator, we obtain

E_ (R2 - l/wecz) + j(2R/wc)

E = (8)
(R® + lﬁn2c2
which is of the form
o
E = EO [x + jy]l =A ej (9)
where
R + l/wec2 1/2
A= |x+Jy|=1= — (102)
(R2 + l/<1>2c2 2

*
Effectively two diodes "back to back" with the zener region at 6.5 v

in each unit.
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0 = tan™* (2 Rw c)/(R2w2c2 -1) = tan™t y/x , (10v)

and, by the trigonometfic identity
2 .
tan 2 x = (2 tan x)/(tan” x - 1) ,

(0/2) = tan P w R ¢ . (10c)

Thus, by Eq. (lOa), the amplitude of the output remains constant as the
phase shifter setting is varied. Equation (10c) may be used for

determining ©O.

Phase Detector

The phase detector shown in Fig. 12 produces -an output that is
proportional to the cosine of £, where & is the phaéé difference of the
two input signals to the phase detector. Thus the output ié Zero when
the input signals are 90 degrees out of phase and maximum at O and 180
degrees. The equivalent circuit is shown in Fig. 13. The input signals
are e, = E :sin wt, -e, = -E. sin wt, and e, = E, sin (dt + E). At |

1 1 1 1

point A the voltage is the vector sum of ey and e, or, more correctly,

e and e, less the voltage drop across the series resistor (Rl and Rg)o

Similarly, at point B, the voltage is the vector sum of e and e, minus

the drop across Rh and RS. Mathematically, it can be written as follows:

e, = sin wt + sin (wt + £) = 2 sin 1/2 (2 wt + g) cos Ef2 (112)

-sin wt + sin (wt + £) = 2 cos 1/2 (2wt + &) sin £/2 (11b)

it

°p

The voltages are rectified -- €y by diode D1 and ep by diode D2. The

output, which appears across the resistors R5 and R6, is the vector

difference of the rectified signals. Subtracting N from ep we have
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e, -e. =2[ sin (ot + &) cos £/2 - cos (wt + £/2) sin £/2 ] (122)

= sin wt c052.§/2 + cos wt sin &/2 cos &/2 - cos wt cos &/2 -

sin wt sin® £/2

sin ot cos> £/2 - sin wt sin® ¢/2 = sin wt (cos2 e/2 - sin® £/2)

(cos t) sin wt. (12v)

After the signal is rectified and filtered, the resulting dc voltage
is proportional tb cos &. The capacitor and the meter in parallel act
as the filter.

When the inputs are 90 deg out of ﬁhase, the output is zero and, within
the linear region of the tube, is independent of input amplitude. Consider
the magnitudes of e, and g in Fig. 13 when £ = 90 degQ It can be seen

A
that | e, | = | en |5 hence, we have | e, | = | e | and | e; | - | e | = 0.
Therefore, any amplitude disturbance at the input of the phase inverter
which produces the same disturbance in both ?A and eB is cancelled.

In reality, however, low frequency (less than 5 cps) perturbations
upset the null. To reduce the effects of amplitude variations resulting
from noise, the signals are clipped by 6-v Zener diodes% before entering
the phase detector. A steady null is observed when the incoming signals
are freed of amplitude variations in this way.

A source impedance-matching potentiometer is in series with the output
from the cathode of thé phase inverter (V-17b) to equalize the cathode

and plate output impedances. The effect of unbalanced impedance can be

seen by observing the null meter deflect as the input from the sample

* .
_—A diode whose Zener breakdown voltage is 6 volts. The diode conducts

when the inverse voltage exceeds 6 v.
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channel is varied over a small voltage range Vith no»signai in this
reference channel.

Thé output magﬁitudes of the phase inverter are'adjusted to be
equalvby means of the Balance 2 (Bal 2) reéistor° This is checked by
using only the reference signal to obtain a'nulla

Because current increments on the order of 0.1l pa can be observed,
the sensibility is approximately 0.2 deg. With clean signal input,
this is the limiting éensibility of the instrument. However, under
actual experimental conditions, input signals are very noisy, and the

instrument sensibility is limited by "phase" noise reaching the detector.

Phase-Shift Test Oscillator

The purpose of the test oscillator (Figs. 14, 15, and 16) is to
test the performance of the éﬁtire électronic system, independently of
the optical systems. No similar means of testing had been used previously
with this lifetime apparatus. Two outputs of the oscillator simulate the
reference and sample photomultiplier outputs. Calibrated phase shifts
of 0, 3, 20, and 70 deg. are included in the oscillator chassis
corresponding to delay times of O, 1.7, 11, and 40 musec, respectively.

The test oscillator consists of a 2.603-Mc oscillatorf (v-26), a
frequency déubler, delay cables (in reference photomultiplier only) and
two oﬁtput cathode followers (V28, V29). The signal source is an electron-
coupled, crystal-cbntrolled, Colpitts oscillator with frequency doubling.

* , .
There are two matched crystals used in this systém -- one in the local
oscillator, the other in the 2.6-Mc oscillator that drives the light

modulator. The 2.6-Mc crystal is used in the test oscillator because

the other is réguired for the operation of the electronic system.
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In the ?late circuit of the oscillator, a tuned circuit, resonant at
5.206 Mc, acts as the doubling device by selecting the 5.2-Mc component
of the oscillator output. A one-turn loop around the plate tank coil
couples the signal (1 v p.p.) to the driver cathode follower (V-27).
The output of the driver is split, where part of the signal goes to
fhe reference output cathode follower (V28) through delay cables, and
the other directly to the input of the sample cathode follower (V-29).
The phase shift results from having a delay cable in the reference

transmission path. For a given length, the time delay in seconds is
t = v/d,

where v is the velocity of propagation in the cable in meters/sec
(speed of light x propagation constant supplied by manufacturer) and
d is the cable length in meters. The resultant phase shift in radians is

¢ =wt

where wk= frequency x 2 x. Coaxial cable having a propagation constant
of 0.69 kType RG 58/U) is being used as the delay cable.

Both the outputs are 50 mv p.p. wiﬁh a 93 ohm load.% In the fsample"
channel there is an attenuator (x10, x100) to produce signal levels of

5 mv and 0.5 mv.

A variable capacitor is used across the input of the sample output

cathode follower to adjuét the phase at the "O" position.

The phase shifts were calibrated using external delay cables and a

Tektronix type-556 oscilloscope with 55/5&B vertical and horizontal

*

‘The output is designed for use with terminated RG62/U cable. Other
cable types will alter the signal level; however, if terminated, they
will not affect the phase. Lengths up to 100 ft can be used with less

than 3 db attenuation.
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pre-amplifiers as in Fig. 16. The oscilloscope was trimmed to present a
diagonal line (Lissajous pattern for O deg.) for the zero phase-shift
position, and then the reference éignal was shifted 1n phase. Cable
vas inserted into ﬁhé external transmission line on the sample side
until the Lissajous pattefn closed. The length of cable was measured
and the phase shift was computed.‘ The zero-phase pattern on the
oscilloscope was discernable to approximately 0.0l radiens or 0.57 deg.
The external cable (RG62/U) propegation constent (0.84) was known to
within 5%. Coaxial cable was used to calibrate the phase because other
technlques were not readily availableo* Those available, such as
determining the phase from é Lissajous pattern directly, were not

as accurate. The Lissajous pattern for small éngles (less than 10 dég)

‘was measurable to within 50% of the total angle.

Discussion

The limitation of the system is the nolse level for small signals,'
in that the sensibility of the null meter is frequently far less than
the angle being measured. The noise-to-signal ratio at levels below
500 mv at the output of the photomultiplier assembly is not known.
Measurements at this level, however, are difficult to.make, if not
impossible. Narrower bandwidths --.approximately 10 cps or less -- in
the l-kc channels would reduce the noise level to permit measurements -
for signal levels dqwn to 100 mv. The spurious phase shift arising from

a narrow-band filter'would be largely eliminated if identical fllters

*
AIt should be noted that most techniques do not measure the phase of the

two signals directly, but rather cable delays are measured.
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were installed'in both channélso% .If both_filters behévé’identically,
any phase shift due to frequency variations will be cancelled. One way
to obtain a narrow band is with a Q multiplier where bandwidths of 10
cps are egsily obtainable with standard components.

The other limitations are the voltage gain available aﬁd the
sensitivity of thevphase detector. The gain is sufficient to amplify
100-mv signals‘(provided the noise can be filtered out). It can be
increased without too much difficulty by a factor of 10 by adding
another stage of rf amplification. In the limit, of cdurse, the
minimum measurable signal level is determined by the allowable band-
width of the system. The phase-detector sensitivity is limited by
the incoming signal amplitude, which in turn is limited by the linear
range of the vacuummtube phase inverter. At best; with the present
circuit; the sensitivity can be increased a factor of 2 by increasing
the signal level.

Summary

The purpose of the system is to measure phase differences ranging
from 2 to 90 deg with a minimum accuracy of 10%. The sample channel
can amplify signals as low as 500 uv to a level sufficient to permit
m‘easlurements.a The effective bandwidth in both channels (up to the phase
detector) is 125 cps. For the reference channel, the optimum input
signal level is 50 mv popo.and the miniﬁum is spproximately 30 mv.

The mixer translates the frequency of the signal without introducing
any phase shift. The AFC stabilizes the beat frequency to the precision
fHowever, the reference channel does not require additional filtering

to eliminate noise-.



-126~

Qf the tuning fork (i 0.1 cps) on a long-term basis. Short-term frequency
instability may exceed the above limits.

The phase shifter requires a balanced signal that should be checked
and adjusted regularly. The phase shifter dials read directly in units

of resistance. Resistance readings are converted to phase angles by the

equation tan g ~wCR=10"

0.1 deg or 0.2%, whichever is greater.

R. The phase shifter is accurate to within

The phase detector indicates a null only when the input signals are
90 deg out of phase. Its sensitivity is 1.5 deg/ua at the null and the
sensibility is 0.2 deg/ua for noise-free, clipped signals. The frequency
response is about 5 cps -- approximately that of the null meter. The
requirement for proper operation is a balanced output with equal source

impedance from the plate side and the cathode side of the phase inverter.
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