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Robert Berg 
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ABSTEACT. 	. 

Equipment is described for measuring radiative lifetimes by the 

phase shift method. A rotating wheel light modulator.of unique design, 

operating at 60 kc, is used tO study lifetimes from lO to lO see; 

light is modulated at 5.2 Mc by ultrasonic waves in.a water tank to 

study lifetimes from lO to 1 9  sec. Many optical and electronic 

sources of error have been studied, and procedures have been developed 

to minimize their effect on the accuracy of experimental results. 

The radiative lifetime of the visible fluorescence Of barium 

noplatinate - Bt() 	H20- hasbeen deteined. Measured 

lifetimes of fluorescence excited by uv light ranged from 3.0 to 1.0 

x 10 sec on different samples. Variation of lifetimes in that range 

was also observed :Ofl the 'same sample at different times. The excitation 

spectrum of the fluoresOence wasrecorded; fluorescene of one sample 
o 

excited by spectral lines near the peak of excitation (Cs lines +555A 
0 	 7 and 4593 A) decayed with a,  lifetime of 8 x. 10 sec. The measured 

lifetime range is in agreement with that found by Tolstoi et al; they 

also observed different lifetimes with different samples. The scatter 

in the data may be due to variation of water of hydration or different 
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crystal orientations in the samples0 

The radiative lifetime of I fluorescence B 311 	' 	X + (v=.26) - 1Z + 
2 Ou Og 

was determined to be (7.2±1.0) x.10 7  sec. Measurements on equilibrium 

vapor were made over a pressure range from 10 to 5 mxii Hg,. correspond-

ing to the temperature range 
_500 to '+ 65 0c. Measurements at the lowest 

pressures were considerably shorter than the true lifetimebecaUSe of' 

low optical signal-to-noise ratios; an analytical procedure was develop-

ed to correct measured lifetimes for this effect. At higher pressures 

self-quenching of the fluorescence became increasingly important. Data 

forfluorescence self-quenching were treai.ed by the Stern-Volmer method; 
0 

a quenching collision cross,section of 11.3 A was determined. 

Meâsuremens were also made with molecular beams of I2 Slightly 

higher lifetimes were measured than, in equilibrium vapor.. The data are 

consistent with a mean free path in the beam 	.3 times that . in 

equilibrium vapor at the .same.density..  

The lifetime indicated above differs by a1ost two orders of niag-

ni.tude from the only..other direct measurement reported in the litera-

ture. However, it is in good agreement with. absorption data, calcula-

tions 'of the transition probability, and inferences.. from experiments 

on vibrational energy transfer in .10  
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I. I1RODUCTION 

The duration of lünttnescence has been under investigation for a 

hundred years. The direct approach to the measurement of luminescence 

• lifetimes is erthodied in the first instrument designed for that purpose, 

the Becquerel phosphoroscope) Many ingenious lifetime-measuring tech-

niques and devices have since been developed, particularly in connection 

with the studies of atomic structure and.of energy exchange involving 

atoms. A comprehensive review of this field to 1934 was given by Mitchell 

and Zemansky; 2  additional modern methods used in the measurement of 

radiative lifetimes of atoms have been discussed in several recentre-

views, which also include extensive bibliographies.'' 

Many of the indirect techniques used to investigate atomic fluores-

cence lifetimes are not readily applied to the study of molecules. In-

deed, the methods that have been most highly developedin recent years 

in the study of molecular lifetimes of durations 10 -3 	-10 
to 10 	sec embody 

the direct-measurement principle of the Becquerel phosphoroscope: short-

duration excitation of fluorescence and high-speed resolution of its 

decay. The two variants of this technique may be identified as the 

method of flash photometry and the phase shift method. 

In a typical flash experiment a short burst of radiation (photons, 

x rays, or high-energy electrons) excites fluorescence The decay is 

observed on a high-speedoscilloscope and the exponential decay corstant, 

or lifetime, is obtained from the oscilloscope trace The recent develop-

ment of high-speed pulsing and counting techniques, particularly fr the 

study ofnuclear reactions, has made the flash method feasible for the 
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study of short-lived luminescences. Materials studied by this technique 

have been mainly phosphors used in scintillation counting of nuclear 

events. 6  However, the method has also been applied successfully to the 

measurement of radiative lifetimes of solid cdmpounds, 7  of atoms, 8  and 

of diatomic and simple polyatonuc molecules in the gaseous state. 9110  

The phase shift method has been developed, in part, in these labora-

tories,11 J..3 and is the technique used in the work reported herein. The 

theory was developed for the most general case of light excitation by 

Duschinsky; l  .the discussion below follows that given by Bailey and 

Rollefson. 11  A similar discussion by Tunierman exists in the Russian 

literature . 

An excited electronic state may lose its energy in fluorescence 

radiation. The usual differential equation for decay in intensity of the 

fluorescence is 

dI/dt = 
	 (1) 

If transitions from the excited state are allowed to a series of lower 

energy levels, the first-order rate constant l/T is the sum of the proba-

bilities for each single transition: 	= 2 A.1
, where r is designated as 

T  

the lifetime of fluorescence. 

Photoexcitation of the upper state occurs at a rate proportional to 

the intensity of the exciting light. When excitation is by light whose 

intensity is periodicalltmodulated Eq. (1) becomes 

dI/dt = _ i/T + k2J(t), 	 (2) 

where k2  is constant for a given geoirietry. The intensity of the exciting 

light J(t) modulated at angular frequency w may be represented by 
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j(t) = a0/2 + a1  sin wt. 	 (3) 

The constant .trm a 0/2: repr.esents the average intensity of the exciting 

• light, and a1  is the.amplitude ofthe periodic variation about this 

average. The fraction; modulation of the exciting light, defined as 

J 	-J. 

J . 	 J 	+J. 
max mm 

is given by 2a1/a0 . Inserting (3) into (2) gives us a linear first-order 

equation which may be solved by standard methods. Upon substituting 

1 	21/2 sin Ad = w/( . + a ) 

• and 	 1 1 	
2 1/2 

and integrating from zero time to any fixed timet, one obtaixls 

a 	 k 2 1 
a sin(a)t-1Ø) 	 / 

1(t) = 2 k2  T 
+ 	

2 1/2 
+ Ce 	. 	() 

( 	+a)) 

The exponential term in (!.) becomes negligibly small shortly after the 

exciting light is applied to the fluorescent material. By comparing () 

to (3), It may be seen that the intensity in fluorescence is given by 

an expression containing terms similar to those for the exciting light. 

Two important results related to the lifetime can be obtained: 

The fluorescence light displays the excitation modulation 

at frequenóy w, but is delayed in phase by an angle AØ where 

taniØ=wt. 	 (5) 

The fraction of fluorescence light which is modulated differs 

from the fraction of modulated exciting light by the factor 
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( 22  

2. 
 '. 	 (6) 

If the actual fluorescence mechanism is in doubt, accurately coaring 

the results from both the phase shift and the change in percent modula- 

1 
tion may indicate the true decay law, corresponding to Eq. (i). 	How- 

ever, in the usual case of monomolecular.decay, measurement of'these 

two parameters will give the same lifetime. 17  The phase delay is the 

more accurate and sensitire measurement of T. 

The modulation frequency of the exciting light must be, chosen so 

that its reciprocal is, somewhat greater than the lifetime to be measured. 

If the frequency is too low, the phase shift will be too small to measure; 

if the frequency is too high, the fluorescent light will be essentially 

unmodulated. 

No meàhanical modulators have been constructed which resolve times 

less than about lO sec; a recently designed system is. that of Tolstoi) 8  

A..rotating wheel modulator of.u.nique design for the stu.y of the life-

time range lO to 10 sec is described.below. 	. . . 

To achieve high-frequency modulation, for the study of lifetimes in 

the range .10 7  - 10 sec, electro-optical devices havebeen used. Kerr 

cells were applied as optical sitches for this purpose by R. W. Wood 

19 
and his associates as early as 1923.. 	Most modern.systems utilize 

the Debye-Sears, effect of light diffraction by ultrasonic waves in its 

21 
application as a light shutter (modulator). 20,A modulator of this 

type has also been assembled and is discussed in Section lI-B. 

A group of Russian scientists have recently made a survey of the 
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merits of different phase fluorometers and of experimental sources 

2223 of error, ' 	We show in this work that many systematic errors can 

affect phase measurements, and thus ultimately reduce the accuracy 

of results. Special attention is directed to this problem in the 

following discussion of the apparatus. 



II. DESCRIPTION OF TEE APPARATUS 

A. Rotating Wheel Modulator 

The modulator for use at low freuency was designed by C. Geoffrey 

James, Minard Leavitt, 
25 
 and Ivan Lutz. 

26
It consists of an aluminum 

disk 10 in. in diameter and o.-- in. thick, with 500 v-shaped grooves per 

inch on the rim. A set of alternate dark and light lines on a slide (100 

per in.) is imaged onto a O.!i--by-O.il- in. area of the rim in such a way 

that one pair, a dark and light line, covers each wedge. Light passing 

through the slide and striking the wheel is reflected with high direc-

tionality to either of two paths on opposite sides of the optical axis, 

depending upon which side of the grooves is exposed. As the wheel ro-

tates, the light reflected from the rim changes direction periodically 

between the two positions. Light intensity in either direction is thus 

changing at the modulation frequency, which is about 60 Icc. 

The combined lens system resembles a slide projector; the component 

values and a brief discussion have been given by H. G. Brewer from whose 

thesis Figs. 1 and 2 are adapted. 12 

All experiments are done in a dark room. All optical components are 

mounted in the same horizontal plane. The reference photomultiplier 

signal is taken directly off the wheel on one side of the optical axis, and 

exciting light directed to the sample from the other side. This eliminates 

the possibility of interference between the two light signals. Also, when 

in use, the equipment is shrouded in black cloth and paper to prevent 

stray light from reaching the photomultipliers. 

1. Adjustment 

There are four adjustable parts; the lamp, the condenser lens and 
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MU — 2 3 5 0 7 

Fig. I. Rotating Wheel Modulator: X, lamp;L 1 , lens, focal 
length (f. 1.) 16.5 cm; L2, f.l. 15.2 cm; L3,f.l. 23.1 cm; 
L4, projection lens, f.l. 5.0 cm; L5, lens for focusing 
light on sample; F, light filter; G, grating, 100 lines per 
inch; S, sample; P, photomultiplier tube; W, rotating 
wheel. 	 , 
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MU-I 5672 

Fig. 2. Modulator wheel and spindle. The wheel speed is 230 
rpm for 60.-kc operation. 
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slide grating holder, an arrangement to tilt the grating, and the pro-

jection lens. The lamp is always positioned about Li. cm behind the first 

of the condenser lenses L 1, so that its image in the plane of the projec-

tion lens just fills the aperture of the latter. The most critical ad-

justment involves placing the slide holder in such a position that when 

an image of the slide is formed on the wheel the 100 lines-per-inch grating 

has been reduced in size exactly 5 times to match the 500 lines-per-inch 

wheel grating. The adjustment is made as follows: The condenser lens 

is placed in approximately the correct calculated position and the pro-

jection lens set to focus an image of the photo grating onto the wheel 

at rest. In optimum adjustment, the sguare illuminated area on the wheel 

will appear alternately dark and bright in reflection as the wheel is 

slowly turned by hand. When slide magnification is either too great or 

too small, beat lines parallel to the grating lines will appear as shown 

in Figs. 3a and 3b. The slide is repositioned, then refocused with the 

projection lens until one beat line covers the whole illuminated area. 

As the beat line broadens it becomes more difficult to obtain good focus; 

however, if the slide is tilted, Moire'fringes 2'  appear and may be used 

for focusing. These fringes, perpendicular to the grating lines, are 

shown in Fig. I-i- and resemble the interference fringes observed with other 

gratings. 28 

Two ideal plane gratings would produce straight Moire'fringes How-

ever, both the slide and wheel gratings, observed by eye and with a 

microscope respectively, are seen to be imperfect The slide grating 

in use is a photograph (negative) of lines drawn on paper by a draftsman. 

When replaced by a more nearly perfect Ronchi ruling 29  no improvement in 

performance of the modulator was obtained, attesting to the more serious 
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Fig. 4. Moire fringes. 
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imperfection of the wheel grating. 

Final optical adjustment is made by maximizing the 60-kc signal to 

the photomultiplier that views the rotating wheel. 

2. Effects Dependent on Wavelength of Light 

Because the lenses in the optical system are not achromatic, differ-

ent wavelengths of light strike the modulator wheel at different positions. 

Since 0.002-in. horizontal displacement at the wheel (the width of one 

groove) corresponds to a 360-deg phase shift in the modulated light, 

slight changes in focal position will be converted to relative. phase-angle 

shifts. This is the apparent cause of a wave length- dependent phase shift 

that was observed in the following way: white light from a General Elec-

tric }I100A4 mercury lamp was projected onto the wheel and..viewed by the 

referencephotomultip1r. A narrow band light filter was placed before 

the sample photomultiplier. The projection lens was adjusted to maximize 

the ac signal to the sample photomultiplier and a phase reading taken. When 

the filter was replacedby one of a different color - all other things being 

equal - a phase shift was observed A piece of aluminum metal acting as 

a mirror was used as sample. Phase readings were taken for .seve±a1 narrow 

pass-band filters in a regular progression from violet to red. Typical 

results are indicated in Table I. Whereas the readings in each group were 

reproducible for any one setting of the projection lens, a slight change 

of focus considerably alters both the absolute and relative phase angles. 

From these observations it is clear that the zero phase reading in a 

fluorescence lifetime measurement must be taken with light of the excita-

tion wavelength. It is best to filter all but the exciting light before 

it comes to the wheel. 
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.Tble I. Wavelength-dependent.phase shift.,. I. 

Experiment 	 Pass Band 	
. Abb"1ute Phae'Reading 

(to nearest degree) 

Focis on violet, 	Violet (Corning Filter. 56Q) : '. 	)9 

Green (Corning Filter 4010), 	21 

Red. 	(CorninFilter 211.08) 

Focus on green 	Violet 	 . 	 26 

Green.: 	 122 

Red  

Focus on red . 	Violet 
	

215 

Green 
	 213 

Red. 
	

116 

3. Efficiency 

To measure the percent modulation, the dc level of light reflected 

from the wheel was determined at its maximum and mi4imum periodic values 

as the wheel was slowly turned by hand. The percent modulation, 

I 	- - I. 
max. 	mm 	xlOO, 	. 

I 	1. max + mm 

was determined to.be 5 0%. An RCA-6655,10-stage photomultiplier was used 

as. a dc amplifier. The photocathode was operated at high negative voltage 

and the signal from the anode displayed on a dc-coupled oscilloscope. 
/ 

Light transmission of the various optical components was estimated. 

The slide grating passes only half the light. Only a qj.arter of the light 

striking one side of the wheel grooves is reflected and focused to the 

sample. The transmission of each lens and.pie'ce of glass was taken to.be 

0.92. The transmission sum of five lenses and a pair of glass plates is 

1/2'. 



Only 2% of the light emitted by each point of the source is effec-

tively collected by the lens system 

The product of factors for modulation, transmission and effective 

solid angle gives an estimated fractional transmission of 6 xlO. The 

effective source area is 5 mm2. 
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B. Ultrasonic Modulator 

Figure 5 is ,  a schematic diagram of the high frequency (5.2.-Mc) 

apparatus. The water-tank modulator is substantially the same as set up 

1312, previously in these laboratories, 11, 	with the following modifi- 

cations: A General Electric AH6 lamp (1000-watt, water cooled) is used 

instead.of the Aflhl- lamp (100-watt), giving approximately an eightfold 

increase in signal size. Lens L 3  has a focal length very much larger, 

than L2 . This has two advantages: a magnified image of the diffraction 

pattern at slIt S 2  allows for easy isolation of the zero diffraction. 

order; ' furthei'more the light passing through. S 2 is in a'well-collimated 

beam. Finally, the reference signal is. taken in reflection from a 

piece of glass rather than' from a sCattering solution in the light path 

in order to maintain maximum collimation of the light beam and maximum 

transmission. 

One-inch diameter X-cut quartz crystals are obt.ained from James 

Knight Co., Sandwich, Illinois; they are supplied with evaporated metal 

electrodes at no extra cost. For temporary use, satisfactory electrodes 

were obtained by painting a clean unpiated crystal with a commercial 

silver suspension and air drying. Permanent high-quality electrodes can 

probably be prepared in the laboratory by painting the crystal with a 

metal suspension specifically designed for the purpose, .such. as DuPont 

#063,Liqui..Bright.Gold,,.and firing it.at.5'50 ° C. The crystal is 

mounted with Duco cement over .a:,7/8-in.' :'diam hole in a polystyrene disk. 

Three symmetrically placed metal contacts on the edge of the crystal 

keep the water side at ground potential. Six.-mil copper wire is care- 

fully soldered to the air-side electrode for the high-voltage lead. The 
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quartz transducer ispowered by the crystal-controlled oscillator circuit 

shown in Fig. 6. Up to 1000 vp.p. is supplied with frequency constant 

to 1 cycle in 2.6 Mc. 

'During experiments the light source and modulator are enclosed in a 

black box. The modulated light beam emerges from a hole at one end of 

the box.  

1. Adjustment 	. 

The standing-wave pattern in the ultrasonic tank can be made visible 

as a Schlieren image, since the light edge defined by slit S 1  interacts 

with the refractive index gradient in the water, If lens L is replaced 

by one of focal length about the. same as that of L 2  the Schlieren pattern 

of light may be focused on a screen about 1.5 meters away. A photograph 

of that image is shown in Fig. 7. The central band of waves in good 

focus has a.height of about one inch, corresponding to the diameter of 

the crystal. The dc noise level in the modulated light is consl.derably 

reduced by masking the windows of the ultrasonic tank above and below 

that 1 7inch-high standing-wave pattern, and masking on the sides adjacent 

to the crystal transducer and the reflecting plate. The useful.cross-

section of the tank is 1 in. by 2 in, 

The frequency'of modulation may be calculated from the known speed 

of sound in'water,' 1J97 x .10 cm/sec at 25 C, °  and the wavelength of 

the standing waves.' This wavelength is measured in two ways: one is 

that the total number of fringes in the Schlieren image, 'divided by the 

exposed length'of the water tank, gives X'•=0,.0302 cm. ..The.otheris..that 

a count of successive appearances of the standing-wave field, as the 

reflecting plate is moved over a known distance, gives X =0.0307  cm. 

The average of these two values corresponds to a frequency of ,9'Mc, 
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Fig. 7. Standing waves in the ultrasonic tank. The distortion 
of the waves at one end indicates the presence of the crystal. 
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about twice the applied frequency. (An accurate frequency count of the 

modulated signal would give 5.2 Mc exactly.) The ultrasonic tank is 

indeed a frequency doubler for the modulated light. The diffraction 

grating is formed by alternate regions of compression and rarefaction in 

the standingave. In each half-cycle a position of compression becomes 

a position of rarefaction and twice during each cycle the liquid passes 

through an intermediate condition in which the pressure, and therefore 

the refractive index, is constart throughout the medium The modulation 

rate is thus twice the applied frequency. As for the Schlieren image, 

the length of its repeated pattern is determined by the positions of the 

nodes, of which there are two for each cycle of the standing wave. 

A typical diffraction pattern is shown in Fig. 8. At various times, 

as many as 15 orders on each side of the, zero image have been, obtained. 

However, optimum alignment does not necessarily result in a maximum 

number of diffraction orders; 21  in typical opration the modulated signal 

was maximized when the ultrasonic tank has been adjusted to give seven 

orders of interference. The regular decrease of observed light intensity 

from the zero order to higher orders results from correct positioning of 

the reflector plate to produce a standing-wave field.. 'Mialignment in 

the water tank results in the irregular diffraction intensity distribu-

tion characteristic of progressive waves. 31  

Experiments are done with excitation in a narrow spectral region 

defined by filter(s) F 1  of Fig. 5. The optics must be optimized separ-

ately for each wavelength region. 

2. Sources of Systematic Error 

Considerable caution is required in setting up the ultrasonic 

modulator system for phase-angle measurements 'because of the variation 
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ZN-3 048 

Fig. 8. Diffraction pattern due to the ultrasonic grating. 
Imperfections in slit Sj (Fig. 5) show up readily in this 
magnified image. 



-22- 

of pbse of modulated light in the different diffraction orders,along the 

length of any one diffraction order, and with time. 11-13 ~ 22 ) 23  Repro- 

ducibility of phase readings is greatly enhanced by using only one 

diffraction order; the large focal length of lens L 3  (Fig. 5) permits 	4' 

convenient isolation of the zero order. The height of the zero order 

is masked down, and the final beam is sampled over its whole cross-

'section by both the reference photomultiplier and the fluorescent sample. 

Temperature changes in the water tank alter the standing-wave form, 

which results ma phase drift with time. To minimize temperature fluc- 

tuation, the apparatus is allowed to warm up in a closed room to an 

anticipated steady-state temperature about a half hour before use. 

Immediately before each phase measurement, the reflector plate is re-

positioned to,,maximize the modulated signals -- in practice only the 

reference 5,2-Mc signal is observed during this adjustment -- which are 

thereby adjusted to a reproducible amplitude and phase relation. When 

this combination of procedux'es is used, phase readings on.a given system 

remain essentially constant for hours at a time. 

3. Efficiency 

The efficiency of the modulator was determined in the same way as 

for the 60-kc apparatus. Light in the zero order is 80% modulated. The 

- 	 limiting •aperture for the width of the light source is slit S, which is 

only 0.13 mm wide. In combination with stops limiting the height, the 

effective fraction of light collected at the first lens is lO. In this 

system also, about half the light is dispersed by absorption, reflection, 

and scattering at the optical components. The resultant fractional 

transmission of modulatea light is 1  x 10 with an effective source 

area of 0.18 imn by 4,5 mm. The product of transmission and source area 

is only l/45 the size of that for the rotating wheel modulator. 
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C. Electronic Operation at 60kc 

The electronic components for 60-kc and 5.2-Mc operation are similar 

• 	and the phase-measuring equipment is common to both. Thus a description 

• of either system will develop most of the problems of accurate phase 

measurement and indicate the general considerations in using the equip-

ment. A full discussion of the operation of the long-lifetime (60-kc) 

apparatus is presented here. Details of operaion of the short-lifetime 

(5.2-Mc) system are given in the following section, principally to indi-

cate where significant differences exist. 

• 	 The long-lifetime equipment is described elsewhere; the present 

arrangement utilizes essentially the 60-kc components discussed by 

12 	 13 Brewer and the l-kc components and phase shifters discussed by Stafford. 

The schematic diagram of the present arrangement, Fig. 9, includes, in 

addition, two oscilioscopes and a frequency counter used for continuous 

monitOrIng of signals at certain critical points. The reference light 

signal from the modulator wheel and the fluorescence light signal from 

the sample under investigation are observed independently by two RCA 14_ 

stage, type-7264 photomultipliers. The electronic signals produced at 

about 60-kc are mixed with a 59-kc signal from a local oscillator to 

produce l-kc beat signals that carry the same phase information. The 

reference 60-kc signal is used to control the speed of the wheel. The 

reference l-kc signal cbntrols the. variable 59-kc local oscillator. The 

wheel can operate correctly over a frequency range of several hundred 

cycles, which unfortunately results In a drift of about 25 cycles during 

the course of an experiment. In addition, the l-kc control is variable 

from about 950 to 1050 cycles and it also drifts over several cycles, 

making it more difficult to maintain frequency stability. 
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Fig. 9. 	Schematic diagram of long-lifetime (60-kc) electronics. 
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The l-kc signals are amplified; each may also be shifted in phase 

a known amount. Finally the sinusoidal signals are clipped at top and 

bottom before reaching the phase detector. A complete experiment re- 

quires two phase detector null settings: one for the fluorescent sample, 

and one with a reflecting or scattering material in the sample position 

to give a zero point. 

When the..signal.to the ..photomultiplier is very we, as in vapor 

fluorescence, dc light (stray light in the room or, in a controlled 

experiment, the output of a flashlight) will produce a relatively large 

Iphotomiltiplier signal. Apparently the tuned circuit inthe photomulti-

plier output has a thigh enough Q. that the unmodulated light makes it 

oscillate, and the tuned component (60 •kc or 5.2 Mc) of that noise comes 

out. A lower Q. in the tuned circuit might reduce this noise, but it 

would surely reduce the signal as well. Since the noise is random the 

• mixer cleans up the resultant l-kc signal somewhat. However, a dc gen-

erated60-kc •(or 5.2-Me) signal will not register phase information at 

all. 

An important part of characterizing the operation of the equipment 

is to determine the dependence of the observed phase angle reading on all 

strictly electronic parameters i.e. to determine sources of sjurious 

phase shift. These were investigated systematically starting from the 

	

region of the phase detector. 	-• 

	

•.l•• Effect:;oAmpiifier Gain 	 • 

- 	 The amplifiers at 1 kc shown in Fig. 9 have variable gain controls. 

In a typical experiment with fixed 60-kc signal sizes, variation of the 

sample l-kc gain control caused the phase angle change.s.hown in Fig. 10. 

It was decided that the l-kc gain adjustment on both the sample and 
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reference channels should always be set so as to produce l-kc unclipped 

signals of PU 35 v peak-to-peak. This adjustment was made while observing 

the signal size on the oscilloscope just prior to each phase reading. 

2. Effect of Photomultiplier Voltage 

If the fluorescence photomultiplier voltage is varied, two separate 

phase-shift effects may be observed: 

Effect when the fluorescence signal size is held constant. This 

was investigated on one sample by reducing the light intensity from the 

sample with a light filter, and compensating for the drop in photomulti-

plier signal by increasing the photomultiplier voltage. In a typical 

range of photomultiplier operation, from 1200 to 1800 v, the observed 

phase angle changed by about 1/2 deg per 100 volts. 

Effect when signal size is allowed to vary. If the change of 

signal size due to variation of fluorescence photomultiplier voltage is 

uncompenated, the phase variation may be very large, as shown in Fig. 11. 

To avoid these effects, each series of lifetime measurements is 

carried out. at fixed photomultiplier voltage settings The power is 

provided by Northeast Scientific Corporation Model RE-3002EW regulated 

high-voltage supplies. 

3. Variation of Fluorescence Light Intensity 

The light intensity reaching the sample photomultiplier in a fluor-

escence lifetime measurement may be different from the intensity of the 

scattered light used to take the zero phase reading. The difference in 

resultant phot.omultiplier signal sizes will in itself cause a phase 

shift. This can be eliminated by inserting neutral density light filters 

in the position F2, Fig. 1, so as to equalize the 60-kc signals (observed 

on the oscilloscope) from the fluorescence sample and from the scatterer. 
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. Standard Operating Procedure 

From experiments of this type astandard operating procedure was 

developed for taking phase measurements. The essential steps are re-

viewed in the following paragraph: 

Sample :and reference photomultiplier voltages are held constant. 

The frequency of operation is fixed both at 60;kc and atlkc. A defi-

nite reference 60-kc signal site (which results from fixed reference 

photomultiplier voltage) is checked regularly as an indicator of proper 

operation of the system; at i.kc. a fixed gain setting keeps the unclipped 

reference signal to the phase detector about 35 v peak-to-peak (the 

clipped signal used for phase detection is 12 v p.p.),. Before each phase 

- reading, oscilloscopes are switched to view the reference signal at a 

definite amplification, and the frequency counter is switched to count 

the ciippd I-kc reference signal, since phase .shiftsaeassociated with 

these controls also. Regardlessof the 607kc sample signal size, the 

sample gain control at lkc is 'adjusted to produce 35 v  p.p.  signal, 

before clipping to 12 v p.p.  for phase detection. Zero readings are 

taken at the same 60-kc signal size as for the sample, by adjusting the 

light level with neutral dersity filters; the l-kc unclipped zero signal 

is also adjusted to 35 -v p.p. before the phase null measureient. 

The principle of reproducing conditiois of measurement of sample and 

zero phase is retrogressive-in one respect: . for weak fluorescence the 

"clean" zero signal must be attenuated with a filter to."the feebleness 

of the-fluorescence. 

5. Phase Detector 

Both the reference and sample l-kc signals can be shifted in phase 

in separate RC networks to produce a null reading at the phase indicator 
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meter. Although no phase shift greater than 90 deg could be expected 

(see Eq. ii.). the difference between '•zero" and "fluorescence" phase read-

ings can onlybe calculated correctly if an absolute angle from 0 to 

360 deg is assigned to all readings. In addition, it is necessary to 

indicate the correct direction of decreasing angle so that the phase 

delay in fluorescence can be verified. The phase shifter diagrammed in 

Fig. 12 was built to provide ten phase shifts at 60 kc from 0 to. 360 deg 

when inserted just behind the samplephotomultiplier. It is identical 

in is equivalent circuit tothose that operate in the permanent equip-

ment at.l kc. Readings were taken for all ten positions and provided 

the following information: 	. .. .. 

Although each l-kc phase shifter produces a maximum shift of 90 deg, 

the response of the null-indicator dial for an increase.of resistance in 

one l_kc:.phase shifter can be in either of two directions; each direction 

of, response is assigned to one quadrant of a 360 deg circle. Thus each 

phase shifter is assigned two quadrants, or 180 deg, and.all angles from 

0 to 360 deg can be accounted for. 

The direction of: decreasing angle was determined by inserting a 

cable delay, 1000 ft of 58/U cable, on the output of the sample photo-. 

multiplier in place of the 60-kc phase shifter. Although such a long 

cable attenuated and distorted the signal, and the measuredphase delay 

was about 140% greater than that calculated for the cable length )  the 

observed phase shift. of 45 deg left no ambiguity as to direction. 
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One shifter is used at a time for each phase reading, the other 

being set at zero. Depending on which phase shifter gives a null read-

ing, the quadrant is assigned through use of the following scheme: 

9Odeg 

II 	 I 

Reference 	Sample 
+ 

180 deg 	 0 deg 

Sample 	Reference 
+ 

III . 	 iv 

270 deg 

The sign ( + or - ) refers to the direction of indicator response for an 

increase of resistance in the sample phase shifter. For any phase null 

reading, an angle e is calculated from the resistance setting R of the 

BC phase shifter through the relation 32  

tan 0/2 = 2ic±BC, 	 (7) 

where f is 1000 cps and C is constant. The angle 0 is never more than 

90 deg; in order to convert to a 360 deg basis, angles 	the scheme of 

Table II is used. The difference Ll in absolute phase-angle readings 

between the sample and the zero setting is used to calculate the 

fluorescent lifetime in Eq. (1). 

Table II. Conversion of phase 
reading to 360 deg basis. 

Quadrant 	 Calculated Angle 0 

	

I 	 01 

	

II 	 02 

III 	 0 

	

Iv 	 04  

Absolute Angle 0 

01 

180 deg - 02 

180 deg + 63  

360 deg - 
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I), Precision and Accuracy of Equipment: A Comparison 

With Other Methods 

Before we used the present equipment for experimental measurements 

several methods of detecting phase shifts were compared for convenience, 

accuracy, and response to noisy sials. Three different phase detec-

tors were used: 

A commercial phase meter: Ad.-Yu type 405H (Ad-Yu Electronics 

Laboratory Inc., 249 Terhune Ave., Passaic, New Jersey), 

Tektronix type 551 Dual Trace Oscilloscope, 

• 	(c) our laboratox equipment. 

• Measurements were made at 1 kc and at 60 kc when possible, since the 

simplest scheme conceptually would be a direct measurement of phase 

from the two photomultipliér signals. In addition, a phase reading at 

60 ke might be amplitude-independent. 

Standard delays were introduced into the line just after the sample 

photoniultiplier with the phase shifter shown in Fig. 12. Each RC coibina-

tion in the circuit is used twice, the difference in phase between the 

two positions being 180 d.eg, 33  Calculation of these differences in 

readings for the position pairs.#lO-1,  9-2, 8-3 and,7_4:(at 

the time of the measurements position 5.was unconnected) is used as a 

check on the internal consistency of the data. Also, measuring the 

phase intervals between shifter positions is a test of accuracy for all 

three methods of measurements. 

To test the response to signals of low signal-to-nOise ratio, the 

60-kc sample signal was severely distorted by decreasing the light 



intensity with a filter, and then restoring the amplitude by increasing 

the photomultiplier high voltage. Such a weak signal corresponds to the 

low levels of fluorescence intensity expected from gases. Single sweep 

oscilloscope traces of the "clean' s  and "distorted signals at 1 kc, after 

passing through the mixer, are shown in Fig. 13. The mixer improves the 

quality of the signals; it also greatly increases the signal size. 

Photograph of Single-Sweep Oscilloscope Trace 

The two inputs were fed to separate preamplifier units on the 

oscilloscope. Photographs taken of the traces were measured with a 

variable, scale set so that 100 divisions = 360 deg. The smallest scale 

division then corresponded to about Li- deg, the maximum accuracy expected 

for this method. Only clean signals were used since the method, which 

- has none of the signal-integrating features of the phase meters, is 

limited to clean signals. The advantages of this method are lack of 

ambiguity of phase-shift sense and the associated permanent pictorial 

record. Good results were obtained only at Go kc and are listed in 

Table III. 

Commercial Phase Meter 

The Ad-Yu Type 405H  Phase Meter reads phase directly in degrees for 

frequencies from 1 to 500,000 cps. Signals to be compared are fed to a 

series of amplifier-limiters that produce square waves while retaining 

the phase information. A coincident slicer produces a current, propor-

tional to the phase difference, that activates a calibrated meter. Be-

sides two zero adjustment knobs which the operator manipulates, there 

are twelve potentiometers inside the meter which had been adjusted, just 

prior to these measurements, in a commercial electronic standards 
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ZN-3 049 

Fig. 13. Single-sweep oscilloscope traces of clean (upper) 
and distorted (lower) signals used to test phase meters. 
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laboratory. Readings were constant for variation of power line voltage 

from 105 to 130 v, and for change in peak-to-peak signal size from 0.3 

to 30.0 v. Precision obtained from repeated readings is reported with 

the data in Table III. 1. 

3. Permanent Equipment 

All measurements were necessarily made at 1 Icc. The smallest scale 

divisions available was such that the precision was much greater than 

could be obtained by the other methods. it can be seen from Table III 

that distorting the signal did not result in different readings. 

14, Conclusion 

The permanent equipment operating at 1 kc is the best phase detector 

of the three considered. It can detect phase shifts even on weak signals 

with an accuracy of about 10%. 
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B. Electronic •eration at .5.2  Mc 

The equipment unique to the 5.2-Me system has been discussed by 

Stafford) 3  The high-frequency operation is more stable than that at 60 :1 

kc for two reasons: first, crystal control of the power oscillator for 

the quartz transducer elimInates the ned for frequency feedback control; 

second, the 1-kc mixed signal is kept in exact lock by comparison with a 

l-kc tuning fork. This eliminates the need for two components indicated 

in Fig. 9, the high frequency feedback and the frequency counter. 

It, is to be expected that the variation of phase reading with 

photomultiplier voltage and signal size will be more pronounced at the 

high frequency, since the times being measured correspond to the electron 

transit time in the electron tubes. That is, there is no possibility 

of making even a reasonably accurate lifetime measurement unless the 

photomultiplier voltage is constant during the entire experiment. Even 

the transit-time spread of electrons from different parts of the photo-

cathode, which may be about a nanosecond, is a likely source of error. 
34 

To minimize this effect a spherical-cathode phototube (RCA 7.?64) is 

used. The transit-time spread is another reason for keeping the geometry 

of the zero and fluorescence readings constant. 

The. entire system was tested by measuring the speed of light with 

the rnodulaied beam. Slit S2  of Fig. 5 was masked down so that only a 

narrow beam of light could be used. The sample was replaced by the sample 

photomultiplier, on which all the light in the constricted beam was 

focused. The photomultiplier was moved in a straight line only as far 

as possible while focusing the entire beam on the. photocathode area; 

constancy of the signal size was a check on this condition. Displacement 
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of the phototube a maximum of 240 cm, corresponding to a phase shift 

of about 15 deg, gave agreement to 1/2 deg, or about 3% of the calcula-

ted value. 
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III THE FLUORESCENCE OF BARIUM CYANOPLATINATE 

A. Introduction . .. 

The green fluorescence of solid barium cyanoplatinate (BaPt[CNL 

35 
4II20) under ultraviolet light was reported as long ago as 1835, 	Wood 

tried to measure the radiative lifetime in 1921 with a Becquerel phos-

phoroscope and was able to set an upper limit of 'r 2.5 x lO sec0 6  

Later, Gottling measured the decay time using a Kerr cell: optical shutter 

and assigned the value. T = ( 2.12 ± 0.01) x lO sec. 19  

That the fluorescence is essentially a property of the Pt[CN] 1  com-

plex itself, and not due to the solid crystal structire, is indicated by 

the simlarity of the fluorescent properties (spectrum and lifetime) of a 

7"-57' 38 
larger number of .cyanoplatinate salts0 	' 	Also, .a very weak similar 

fluorescence has been observed in solution0 From the polarization of that 

fluorescence in solution, Khvostikov determined a mean lifetime of 5.6 x 

lO sec after correcting for quenching effects0 39  In a recent, brief note 

Mitra and Siddiq report 0r = 1.2 to 1.9 x 10 sec from a similar measure-

ment in so1utiono0 The large difference in lifetime measured in solution 

and in solids has not been explained0 

In solid cyanoplatinates the fluorescence shows a dependence on. the 

water of hydration; in one obse'rved case .the fluorescence color of SrPt 

{CN14 . 3H20 varied over all the visible spectrum of heating, with desic-

cation, from 500to 115°  C. 	The greenish-yellow barium salt will readily 

lose two molecules of water on heating at 75 to 800  C, or when desiccated; 

the dihydrate is brick red. The white, unhydrated salt can be obtained 

by heating at 100 0  c,12 Although the fluorescence of the tetrahydrate 

is very intense, the dehydrated- species do not appear to fluoresce at all. 



Recently the fluorescence of these solid compounds was investigated 

by Tolstoi et al; 7  the decay of fluorescence was shown to be exponential. 

The time constants at 25
0  C for two samples of BaPt[CN] 	4H0 prepared 

in two different ways were 4 x lO sec and 8 x lO sec, respectively. 

Lifetime was independent of temperature over a wide range. 

This compound seemed ideal for testing the present apparatus with 

the wheel modulator: the fluorescence is very strong and in the visible; 

the decay had been shown to be exponential; and the lifetime had been 
14.3 

independently measured several times. A sample was obtained commercially 

and used without further purification. Fluorescence and excItation 

spectra were taken with an Aminco-Bowman Spe ctrophotofluorome ter and 

recorded on a Mosely Model 2S Autograph (x-y recorder). The spectra, 

corrected slightly for typical wavelength response of the optics and 

44 photomultiplier, 	are presented in Fig. 114. The excitation spectrum has 

not been reported previously. Unfortunately, the absorption spectrum of 

the solid has not been measured. 

B. Experiments 

Samples were prepared by sprinkling the powdered solid on glass 

wetted with collodion. In the first set of experiments a mercury vapor 

lamp (G.E. HlOO Au.) was used to provide ultraviolet excitation. A Corning 

No. 5860 filter isolated a narrow violet band including the Hg lines at 
0 	 0 	 0 

3131 A, 3650 A, and 3663 A. Fluorescence was observed by block:ing the 

violet light with a Corning No. 3387 filter. The zero phase reading was 

taken by observing the violet exciting light that scattered off the 

sample, through Corning filter No. 9863. Measurements were taken at'room 

temperature (250 C) over a period of several weeks, using different 

samples. On any one day, measurements on a partict.Uar sample agreed within 
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a maximum deviation of + 15%; after several days, though, the measured 

lifetime might be different by a factor of 2. There seemed to be no 

simple correlation between how the sample was prepared, or. its age,.and 

the measured lifetime. Observed lifetimes ranged from 3.0 to 7.0 x 

sec. 

The contribution to the. observed lifetime, from absorption and re-

emission of the.fluorescent light must be negligible, since the absorption 

coefficient is low because of the long lifetime. The possibility of ab-

sorption and re-emission of. the exciting wavelengths was checked by re-

placing the 'sample with a reflecting solid (Na2SO14). This gave the same 

zero phase reading as when the ultraviolet light was scattered from the 

sample itself. 

The radiative lifetime was also measured for the first time, at the 
0 	•' 	0 

peak of the excitation spectrum. The spectral lines 4555 A and 4593 A 

of a cesium vapor lamp (Osram) were isolated with a Kodak Wratten No. 

98 'filter; fluorescence light was isolated with a Kodak No. 12 filter. 

The zero phase reading was taken by scattering the exciting light off 

Na2SO1 , as discussed in the previous paragraph. A sample for which 

= 5,7 x 10 under uv excitation gave T = 8.0 x 10 sec under these 

conditions. 

Agreement between this work' and results previously reported is very 

good, and warrants confidence in the use of the present fluorometric 	' 

equipment. The scatter in the data is possibly due to the variation in 

water of hydration, and different random crystal orientation in the various 

samples. To improve the accuracy of measurements of radiative lifetimes 

of solids would likely require thin slices of single crystals in con-

trolled atmospheres. 
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IV. THE VISIBLE FLUORESCENCE OF IODINE VAPOR (12) 

A. Introduction 

Iodine vapor has played a prominent role in the history of molecular 

spectroscopy. It Ias several outstanding experimental advantages. Among 

these are ease of production and control of the vapor, and absorption and 

emission bands in the visible region. As a result, I. was one of the first 

diatomic molecules to be studied and has been the subject of continuing 

spectroscôpic investigation; the long list of observed transitions attests 

to that interest. The quantum mechanical basis for the interpretation of 

the 12  spectrum was laid by Mulliken in 1934. 	Mathieson and Rees have 

reáently presented a comprehensive review of the electronic states of 

iodine,, their molecular orbital desigtion and potential energy curves. 
46 1  

1. Direct Measurements of Fluorescence Lifetime 

The visible fluorescence of iodine has been known for a long time and 

was the subject of the clasic studies of molecular fluorescence by R. W. 

Wood in the first quarter of this century. The transition involved is from 

state B3i10+u guu to the ground state 	 Several 

attempts have been made to measure the lifetime of this transition directly. 

Stern and Voliner tried visually to observe thermal diffusion of fluorescing 

molecules away from a well-defined exciting light beam; from a shift of the 

edge of the exciting beam they hoped to estimate the fluorescence lifetime, 4  

The I. vapor was illuminated with a beam of sunlight in an evacuated cell 

specially designed to minimize light scattering and with a sidearm con-

taming solid iodine. With the cell at room temperature (200 C) - 

corresponding: to a vapor pressure at which they knew self-quenching of 

the fluorescence was considerable -. a microscope was sighted on the light 
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beam. On cooling the sidearm to 00  C there was no measureable shift of 

the beam, nr even a decrease in the definition of its sharp edge. From 

this observation an upper limit of 1.0 x 106  sec could be assigned to 

the lifetime. The same negative experimental result was obtained at 

unstated temperatures below 00  C. 

hoping to resolve the short fluorescence lifetime, Hupfeld used an 

instrument employing Kerr-cell optical shutters that had been constructed 

by E. Gaviola for work in the nanosecond range. 	The iodine cell was de- 

signed to minimize light scattering. The exciting light entered thrOugh 

an optical flat, opposite to which was a Wood's horn. The entire cell 

was blackened, except for the entrance window and an exit wiidow that 

passed the fluorescence light at right angles. Light from a carbon-arc 

source was modulated at about 10 Mc with a Kerr cell placed between 

crossed Nicol prisms (polarizers). The delay in fluorescence was resolved 

by a second Kerr cell shutter system operated simultaneously at the same 

frequency. Detection was visual. The zero measurement was taken by 

placing a mirror in the sample position; also, an unspecified light 

filter, supposedly the same colOr as the fluorescence, was placed just 

beyond the mirror, because the Kerr effect is dependent on wavelength. 

This was the only light filter in the optical train and was used only for 

the zero measurement. Room temperature (170 C) reading gave t = (1.0 ± 

0.1) x 108  sec. Hupfeld was surprised to find no change in measured 

lifetime on changing the iodine temperature from 80to 300 C. It had been 

expected that the temperature change (which produced a sevenfold increase 

of 12  pressure) would decrease the measured lifetime through self-quenching. 

Because Hupfeld's result of T= ( 1.0 + 0.1) x 10_8  sec was the only 



directly measured lifetime, it was used by Eliaschewitsch to interpret 

".9 
experiments on vibrational energy. exchange among iodine molecules. 	Sub- 

• 	sequent workers in the field of vibrational energy exchange have used the 

same value so that their results could be compared on the same basis. 50  

In allY  cases, it was found that the apparent number of successful colli-

siois was greater, by factors up to 100, then the number of collisions 

• 

	

	cal'culated when a cross section of molecular dimension was. estimated. 

This discrepancy has been interpreted recently by a group of experimen- 

talists in Canada to indicate that the lifetime of 12 fluorescence is 

likely to be 10_7  to 10 sec, 553  

2. Absorption Measurements 

Absorption experiments provide another method for obtaining the 

radiative lifetime. Absorption data are related to the lifetime by the 

following equation:5'. 

== .2.880 x l09Kf3) 
	

/g€ d £n Va 	(8) 

- where 

A = Einstein coefficient of spontaneous emission, 

molar .decadic extinction coefficient, 

= multiplicities of lower and upper electronic states, 
respectively, 

and 
1  
v = frequency in cm

-1  of absorption (a) or fluorescence (f) 

The integratibn in Eq.. (8) extends over the entire electronic absorption 

spectrum. The usual problem in determining, the true extinction, of the 

molecular band system of a. vapor is this: scanning all features of the 

band system at high resolution is tedious and difficult; however, a scan 

at low' res'olutidn, while-more convenient, smooths over the band structure 



and may give an incorrect result. The absorption of iodine corresponding 

to electronic states X *B is partly a continuum, but about 2/3 of the 

spectrum shows banded structure0 The error possible in scanning the 

discrete part of the spectrum at low dispersion can be minimized or 

eliminated by pre s sure -broadening with a foreign gas0 
Probably the most accurate measurement of quantitative absorption 

in 12  is that of Rabinowitch and Wood, who pressure-broadened the 12 

55 spectrum with 500 mm of an inert gas0' 6  This shifted the absorption 

maximum from about 5000 R to 5200 A but presumably did not change the 

transition probability (lifetime). The absorption was measured at 20
0  C 

over a 12-cm path. The following results indicated that the measure-

ments gave the true, limiting extinction: 

There was no change of extinction coefficient from 00 C to 20
0  C. 

At 200  C, the extinction at 500-mm added pressure was the same 

for added argon, air, or helium0 

No increase in absorption was observed upon increasing the 

added pressure beyond 500 mm0 

The extinction data of Rabinowitch and Wood were integrated by this 

writer to giveJ€ d In = 15624. 

More recently, the extinction of superheated 12 vapor was measured 

by Sulzer and Wieland0 57  The extinction measurements were checked for 

agreement with Beer's law by varying both the path length and the iodine 

concentration by factors of 25 and 13, respectively0 At the temperatures 

of the experiments (150°to ioo°c) Doppler broadening is very small, 

but pressure (self) broadening may be significant0 The extensive data 

given for runs at 150,0  6000and 10500  C were integrated by this writer 

to give an average value of j e d In V = 13087. Suizer and Wieland 
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claim an accuracy of ± 15% in the discrete region and ± 3% in the con-

t1ruum region of the absorption. 

3 ,  Quantum Mechanical Calculation of Lifetime 

If an exact description of the wave-functions of the two electronic 

• states involved in the transition is available, the lifetime can be cal-

culated from first principles by using the following equation, which is 

a modified form of that given by Kauzxnann, 8  

1 6I (31\ g2
2

i- Is 	M 
3h  = 	Vf1 

where 

fr = electronic wave function, 

= dipole moment operator, 

and 	 h = Plancks constant. 

After evaluating the constant factor the result is 

= 7.235 x 106 	 F 
where 0  

r = distance in A. 

Mulliken and Rieke have calculated the dipole moment integral for the 

transition B3flo+ 	X'zQ±gusing simple molecular orbital (MO) and atomic 

orbital (AO) approximations to the electronic wave functions.
rQ 60  The 

basis functions used in the calculations were atomic p-oibital functions 

of exponential (Siater'-type) form. Calculations of this type should give 

an order of magnitude estimate of the lifetime. Their results for the 

square of the integral of the dipole moment operator are: 

0 2 
MO model: O.O9 

0 2 
AO thodel: 0.02 
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4. Tabular Summary 

These data, as well as the absorption data, can e treated to give 

calculated lifetimes if the intensity distribution of fluorescence as a 

function of frequency is known: Eqs. (8) and (9) require approximately 

the cube of the mean frequency in fluorescence0 This problem is dis- 

cussed In detail in the following section Table IV tabu1ates lifetimes 

calculated with two different assumed values for the mean frequency 

(wavelength) in fluorescence and summarizes the experimental results for 

the determination of the radiative lifetime of the iodine fluorescence0 
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B. Fluorescence Spectrum 

The visible fluorescence spectrum of iodine may be produced by any 

of several strong atomic iines,61 For the studies reported herein the 

0 
source was the green line of mercury, 5461 A. To obtain the spectrum 

shown in Fig. 15, Baker reagent grade iodine, triply distilled at a re-

sidual pressure of 10 mm Hg, was sealed into an evacuated cylindrical 

pyrex cell, with a sidearm to hold the solid iodine out of the light beam. 

The sidearm was heated to 600  C while the main cell was resistively 

heated above that temperature to prevent condensation of the vapor. Ex-

citing light from a General Electric H100A4 lamp was filtered with Kodak 

Wratten filters 77A and 61; this combination was chosen to maximize the 

transmission of the green line while minimizing the yellow lines (5190  ). 

Fluorescence was observed at right angles to the exciting beam and the 

spectrum photographed, using a small Huger glass-prism spectrograph, 

with Kodak 103a F plates. An argon spectrum exposed on the same plate 

served as a wavelength standard. A total of 18 fluorescence lines was 

observed out to the red limit of the plate near 6800 A. 

The results are suiarized in Table V. Intensities were estimated 

visually. Much of the intensity in the first line in Fig. 15 is from 

scattered exciting light. Wood has published a spectrum obtained under 

similar conditions.62  In that work greater care was taken to minimize 

scattering and the 5461 A line looks no stronger than the neighboring 
0 

5528 A line. A section of the fluorescence spectrum recently published 

by Arnot and McDowell, under conditions where the scattering of exciting 

light was minimized, also shows the first two fluorescence lines to be 

51 
equally intense 



-53-- 

5461 = 

ZN-3050 

Fig. 15. FluoresceAlce spectrum of 	excited by the mercury 
green line 546 1 A. 
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0 
A narrow 5461  A line excites iodine from the ground vibrational 

level of X 0+g  to the. v' ,= 26, j'= 34 level of the B3fl0+ state.6 

The fluorescence to each grouthvibratoflal level conists oç two rota-

tional lines, to J''= 33 and J''= 35 theR and P lines respectively - 

allowed by the selection rule J = +. i. These doublets may be seen at 

high resolution where, inCidently, measurements of wavelength are much 

64 
more accurate than those repOrted in Tale V. 	The HlOOA lamp emits 

a very broad green line; the high.resolUtiofl spectrum of this line ob-

tained with a Fabry-Perot etalon, shows a very broad line coiletely re-

versed at the center, with the result that the line appears as a doub-

let. Each component of the doublet has a half-width df about 0.45 A 

65 
and is displaced about 0.32 A from the (reversed) center. 	This emission 

line will excite many rotational states in the v'= 26 level, each pro-

ducing a doublet in fluorescence. 	. 

1. Applying the Franck-Condon Principle 

Potential energy curves for, the two 'electronic states involved in 

46 
the fluorescerce; copied from Mathieson and Rees, are shown in Fig. 

16. The wavelength positions of greatest spectral intensity both in 

absorption and emission can be inferred by applying the Franck-Cofldofl 

principle 
66,67 In absorption from v "= 0, the intensity is greatest 

for upper vibrational, states whose eigenfunctin have 	ir terminal 

maxima vertically above the maximum of the eigenfunction of the v' '= 0 

state, The. position of greatest abbrption 'is thus appromately centered 

above the ground electronic potential energy minimum. A vertical line 

from that point intersects the curve for the upper state at approximate-

ly 20000 cm (5000 ), which is the position of peak asorptiofl in 
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Fig. 16. Potential energy curves of the lower observed 
states of 12,  after Mathieson and Rees. 
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Table V. The fluorescence spectrum of 12  excited by 5461 A light. 

Line No. Intensity 

1 very strong 

2 strong (s) 

3 weak (w) 
4 s 

5 w 
6 w 

7 
8 faint (F) 

:9 S 

10 .F 

11 S 

12 W 

13 W 

14 S 

15 F 

16 
J_:  F 

18 

Wavelength () 

5461+5 

5528 

5593 
5658 

5724 
5791 
5872 
5949 

• 6010 
6096 
6164 
6234 
6312 
6394 

not measured 

6552 
not measured 

6741 
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iodine vapor 55 ' 51  The mercury line 5161 excites to the v 26 level, 

which position is.alo indicated in'Fig, 16 

Vertical lines drawn from the pbential energy limits (approximate 

positions of the terminal maxima of the wavefunctiOn) at the v'=26 level 

will intersect the ground state potential curve at positions approxi-

mately defining the low and high wavelength limits ofi.fluo lrescence in-

tensity. Qne of these positions is in the region of resonance fluores- 
- 	 . 	,' 	 0 

cence to v '= 0; the other is ,  at high v", at about 12,500 A. Because 

of the large numér of nodes in the wávefuñction corresponding'to the 

upper v 26state,• it is likely that the intensity willnot be concen-

trated at the Franck-Condon limiting wavelengths. . Instead, it' is ex-

p.ected that, the irregular fluorescence intensity distribution apparent 

in Fig. 15 will extendfrom the resonanceline at 5461 Ao  right out to 

0 
12,500,A. 	. 	 . 

The near infrared region has not been fully investigated0 'Wood and 

Kimura observed' fluorescence to the 28th member0 68  With specially sen-

sitized plates Oldenberg extended the observed series to its 37th member 

at 8823 A0 . ' Rank observed fluorescene tov''= 38, the 39th member. 6  

With photographic plates now available, such as Kodak Z plates, it should 
0 

be possible to detect fluorescence to 12500 A. 

In the absence of a complete fluorescence spectrum, the mean fre-

quency (wavelength) of fluorescence must be estimated, for'use in Eqs0 

(8) and (9). Since extra weight must.be  given to the intensity that has 

been observed in the visible region, the mean value for purposes of cal-

culation is taken tobe 13300 cm 1  (7500). Calculations have also 
- 	- 	 0 

been carried out for an assumed mean wavelength of 6500 A, in order to 

show the different result when only the observed fluorescence is averaged. 



• 	The pertinent calculations have been presented in Table IV. 

2, Ground States for Fluorescence 

is assumed to be the only terminal electronic state in 

fluorescence. A transition to the only othe±' observed state below B, 

which is A3II1U,  is prohibited by the selection rule ü 74 u. Of the 

unobserved states those arising from the configuration a 
2 

 IT gugu 

must be cons±dereth Although the mean energy-of this configuration is 

above that which gives rise to B3iI0+, three of the possible states

46  

	

+ , 	, and 31r , - correlate to ground state atoms - • Fluores 

	

Og 	lg 	2g 

• cence tiansitions from B to the first two would be allowed by.i selection 

rules - However, Mulliken has suggested that these Unobserved states 

• •: are all repülsiveJ°  In that case, even if a repulsive potential curve 

• 	intersected B below v'= 26, the energy difference between the two states 

would be so small that the transition probability would be negligible 
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C. Experimental 

Most of the experimental data were obtained from several series of 

measurements of the radiative lifetime of 12 .equilibriuni vapor. Measure-

ments were made at equilibrium vapor pressures extending from 10 to 

5 mn Hg and under a variety of experimental conditions. The measured 

-8 	-6 
lifetimes ranged over two orders of magnitude, from 10 to 10 sec. 

The results appear in Fig. 17.  Clearly no one point taken at fixed vapor 

pressure under fixed experimental conditions is sufficient to indicate a 

significant result. 

The historical order of experiments was from curve A to curve D, 

corresponding to improvement in experimental technique. In fact, the 

maximum measured lifetime -in curve D closely approaches the true radia-

tive lifetime. For this reason a discussion of the experimental proce-

dures used to obtain the, data of curve D will be given first and in most 

detail. 	 S 	 - 

Associated with the discussion of experimental methods and results, 

procedures of analysis will be developed, including a qualitative explana-

tion of the trend in data from curve A to B to C to D, and an interpreta-

tion of the shape of the curve in each separate series of measurements. 

In later sections the data will be treated in detail to obtain the radia-

tive lifetime. 	 S  

1. Light' Sources 	 S  

The fluorescence lifetimes of curve D(Fig. 17) were measured at 

60 kc, using the rotating wheel modulator. Two mercury-arc light sources 

were available, a General Electric (GE) 11100A4 (100 watt)j which was 	S  

operated on dá at 1 amp, and a GE AH6 (1000 watt) water-cooled arc, 
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operated on ac with a GE Ballast Transformer No0 3275754  Although the 

AH6 was designed for horizontal operation, the lamp was mounted vertically0 

No trouble was experienced either in starting the are in vertical posi- 

tion or maintaining it at constant intensity during the course of an 

.0 
experiment, Presumably, the 511.61 A line from the AH6 are is pressure-

broadened even more than. that from the H100A4 lamp, and likewise complete- 

65 	I 
ly reversed at its center0 	The modulator optics could accommodate 

either light source; bcaue of its greater power output the A116 lamp 

produced a 60-kc signal 5-1/2 times that when the H100A4 lamp was used - 

measured at fixed photomuliplier voltage, with the same light filters, 

and after optimizing the optics for each lamp independently0 

2 Iodine Fluorescence Cell 

A diagram of the cell used for fluorescence lifetime measurements 

is given in Fig. 18, Baker reagent grade iodine was doubly distilled into 

the lower bulb under a residual pressure of about lO mmHg0 After the 

distillation, and just prior to removal from the vacuum line, the cell 

was pumped on the main vacuum system (including a liquid nitrogen trap). 

for about ten minutes0 Of the three separate experiments indicated in 

curve D, one was carried out three days after removing the cell from the 

vacuum line0 Another was done two days later0 Before the third experi-

ment, the cell was put back on the vacuum line and pumped out for ten 

minutes in order to remove quenching gases which might have accumulated 

by leaking in through.  the stopcock (e0g0, air) or degassing from the cell 

walls (e0g0, water vapor). The presence of quenching gas would have 

been detected in smaller measured lifetimes0 The agreement between the 

three sets of data is within experimental error0 It was concluded that 
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any amounts of foreign gas were negligible. 

The significant range of vapor pressure corresponded to tempera-

tures ranging from -50°to + 200 C. A CáC12-H20 bath was used to cool 

the bulb containing iodine in order to control vapor pressures. An 

• 	iron-constantan thermocouple with an ice-bath reference junction was 

taped to the bulb; it was calibrated at liquid nitrogen temperature 

•(

0 	 0 
-l95.8 c) and with acarbon tetrachloride slush(-22.9 c).. Tempera-

tures read were correct to better than ± 0.20 C,.. 

The cell was placed about 20 cm from, the illuminated.area of the 

rotating wheel. Modulated light leaves the wheel as abroadly::diver- 

gent beam. •A lens of 5-cm focal length was used to send an alniost 

parallel circular beam of light through the cell; the light actually had 

a diffuse foàus at the center of the cell. The horn trapped much of 

the light reflected from the cell wall. Fluorescence was viewed per-

pendicular to the exciting beam 

To prevent stray light from reaching the 'fluorescence photomulti-

plier, the illuminated vOlume with the horns was enclosed in a black 

paper box, with openings only for the two windows and for escape of the 

ex±ting beam. The uppe± part of the cell - a Dewar flask for, molecular 

beam experiments to be described later - was covered with black tape. 

in addition, the focusing lens was held in a large square of,black 

bakelite, and black paper was used judiciously to keep out stray light. 

The cell itself was unblackened, but the window rims were painted with 

a graphite suspension (Aquadag) to prevent exciting light from piping 

• through the, glass walls, by internal reflection, to positions where it 

could be detected by the photomultiplier. 	 . 



3. Light Filtering 

The RCA-7264 photomultiplier has 

0. 
maximum sensitivity is at 4400 A; the 

lywithincreased wavelength to about 

The fluorescence spectrum that could 

an S-il spectral response. Its 

relative sensitivity drops regular-

$ of the peak vlue at .6400 A. 

e detected is thus approximately 

that of Fig. 15 and the tube was more sensitive to scattered exciting 

light (5461 A) than to any of the fluorescence wavelengths. This made 

it difficult to optimize the choice of filters F 1 .and F2  of Fig. 1: 

in any combination such that F2  blocked the 5461 A .  light, most .of the 

detectable fluorescence radiation would be filtered out as well. 

Scattered exciting light passing through filter F2  produced a 60-kc 

photomultiplier signal which could be measured on an oscilloscope when 

all the iodine was frozen out in the bulb with liquid nitrogen. That 

signal size was defined as the optical noise level.. . An important 

measure of the value of a particular. filter combination was the ratio 

of total signal at some temperature to the, noise level N. 

If the signal size;at fixed 12 pressure was increased by improving 

the optical adjustment, or by almost any other means, there was an 

increase ins/N ratio as well. The importance of reducing the noise 

level by light shielding has already been mentioned. The final selec-

tion of the optimum filter combination depended on several factors: 

Intensity and spectral distributibn of the light source. 

Optical adjustment, optimized for each combination separately. 

Intensity of scattered and stray light'. 

Requirement of high S/N ratio consistent with a reasonable 

fluorescence signal size. 
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The, optimum filter combinations obtained with available Kodak Wratten 

Filters are listed in Table VI, 

Table VI. Filter combinations for the study of 12  ±luorescence., 

Filters to 	 Optical S,4 for 
Lamp. 	isolate 	 Fluorescence 	12 equilibrium 

5461 	 filter 	 vapoi at 200 c 

77A + 58 	 23A 	 110 

A116 	77A +74 	 23A 	 110 

The best filters for the two lamps are not the same This results from 

their somewhat different spectral distributions; in particulax, the AH6 

lamp must have a much broader green line. All experiments at 60 kc 

were done with the H100A4 lamp. The optical S. ratios. were 110 at 

20? C, 69 at 00  C, 14 at _200  C, and 2 at -400  C. 

• 	4. Electronic Operation 	 ' 

The general procedure of electronic operation was discussed in 

Section IIC. The reference photomultiplier was operated at 600 v, 

producing a 60kc signal of about 200 my (all ac signal sizes are peak-

topeadva1ues). This signal was sufficient to lock in both the 60-kc 

-: 

	

	and 1-kc frequency controls (Fig. 9). Thefluorescence photomultiplier 

high voltage• was 1770  v. This was chosen so that, the maximum signal 

in fluorescence would go through all the electronics without distorting 

• 	while the noise level was still large •enough to read on an oscilloscope 

(its value.was needed for treatment of the data). The optical noise 

level was about 11 mv. This was at least ten times the photomultiplier 

noise that was measured after puttingan opaque card in front:of the 
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fluorescence photomultiplier. In all experiments, then, the limiting 

noise was optical. 

Before each experiment the phase detector was electronically 

balanced and the iull meter zeroed no large change of these adjust-

nients was observed. During the course of an experiment the fluores-

cence signal measured on an oscilloscope increased regularly from the 

low-temperature limit, reaáhed a maximum at about 200  C; then began to 

decrease. This is in.agreement with the observations of Wood and 

Speas on total intensity of fluorescence. 	The fluorescence at room 

• temperature could be seen quite clearly through filter 23A. 

5 ,  Zero Phase Readings 

• 	Zero phase readings were taken with scattere.d light using a range 

of neutral. density filters in place of filter 23A, so. as to produce all 

60-icc signal sizes observed in fluorescence. The signal sizes were 

read on an oscilloscope. Zero phase measurements were taken before and 

after each run, since phase.drift sometimes occurred during the course 

of an experiment, and a graphical average was used in the lifetime 

calculations. A maximum drift betweenthe two sets of data of about 

70 ohths on the RC phase shifter was allowed0 In a few cases where 

deviations were much larger, the experimental results were rejected. 

• Each phase measurement in fluorescence was compared with a zero reading 

at the same signal size obtained from the graph. A zero phase graph - 

with phase in terms of the phase shifter resistance setting .., for one 

of the experimental runs of curve D is shown in Pig. 19. The phase 

shift corresponding to 10 sec is indicated to illustrate the impor-

tance of the procedure and the effect on lifetimes of the phase drift 

between the before-and-after zero phase measurements. 
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filters in front of the sample photomultiplier. 



By necessity, the zero phase measurement was taken with essentially 
0 

monochromatic green light (5461 A). However, fluorescence, phase measure-

ments were taken on light emitted through filter, 23A in a spectrum of 

longer wavelengths. It is assumed that there are no phase-determining 

effects resulting from that change of wavelength per se. 

In all experiments recorded in Fig. 17, zero readings were taken 

on scattered light after the iodine had been condensed out of the light 

path with liquid nitrogen0 In other experiments for a period of time 

the zero phase readings - which are approximately a constant of the 

apparatus when the optics are maintained fixed - were consistently lower 

than usual0 That period of time coincided with a long rainy spell during 

a typical Berkeley winter0 Investigation indicated that liquid nitrogen, 

in addition to condensing iodine, was condensing moisture from the humid 

room on adjacent optical parts0 This caused the zero-phase shift0 When 

zero phase measurements were then made with light scattered from the cell 

at room temperature - without filter 23A to block it, the scattered 5461 

exciting light was much stronger than the room temperature fluorescence - 

the usual readings were obtained0 

6. Discussion of Equilibrium Data 

Starting from the optical noise (zero phase) reading in durve D in 

Fig. 17, the measured lifetime at first increases continuously with in-

creasing pressure of iodine vapor in the cell. Each phase measurement 

on this portion of the curve is the average of two phase-determining 

components in the light reaching the photomultiplier: scattered exciting 

light of phase corresponding to r = 0, and fluorescence with the true 

lifetime. So long as the fluorescence signal is small compared to the 

optical noise (scattered light), the measured lifetime is low. With 



increase of iodine pressure the fluorescence signal level: rises above 

the optical, noise to where ultimately one might measure the true life-

time were it not for the dominance at high pressures of. anothereffect: 

self-quenching. Before a maximum value of 'r can be reached, self-

quenching becomes 'increasingly important and accounts for the decreasing 

part of the ôurve athighp±essures. It may be noted that' the first 

point' at the extreme low-temperature limit of each set of data in curve 

D i-s slightly high. Each run was started at, low temperature, and these 

high points probably indicate that the iodine in the cell had not con-

densed out to the limiting low pressure when measurements were begun. 

In order to reduce self-quenching in the 12  vapor so that the true 

lifetime would more nearly be approached, the absorption,cefl of Fig. 

18-was used to produce a molecular beam of 12  in the path of the exciting 

light. These experiments are discussed in Section 9. 

All 'of the curves of Fig. 17 have the same 'general shape,. The 

progression from A to D reflects 'the increasing optical signal-to-noise 

ratio of the measurements as the experimental procedure improved, with 

time. With large signal-to-noise ratio the fluorescence signal quickly 

• ' 	beëomes sizeable; the first partof the curve rises sharply, and the 

maximum measured lifetime more nearly approaches the true:: lifetime be-

fore 'quenchixg dominates.  

7. Experiments at 5,21Mc  

CürveA, The data for curves A andB were taken with the 5,2-Mc. 

' . 

	

	modulator. The'AH6 lamp was used as light source. Because ofdefining 

slit S of Fig. 5, the .5.2-Mc optics 'can use such along thin 'source 

very ef±'ectively.'( The H100A4 lamp produced ' signal,' only 1/8 as 

large.) The green line was isolated with Kodak filters Nos. 77A and 61. 



Fluorescence sas.observed through filter No, 22, Althoughthis combina-

tion is.different. from that ultimately used at 60 kc, it was the optimum 

set of filters under the conditions. 

The power supply forthe quartz.transducer (Fig;6').was operated 

at about 600 .t dc Changing the supply voltage from 500 to 700 v caused 

no variation in intensity of the 5 2-Mc reference signaL The reference 

• photomultiplier was operated at 800 v dc, which gave a reference signal 

of about 200 my, sufficient to keep the l-kc frequency control in lock 

and to iake phase measurements0: Thefluorescnce photomultipJier was 

•operated ataboutl600v d.c. 

..:.. 	The first experiments (curve A) were done with .a cylindrical cell, 

2 in. long by 1.5 in. diani, with flat optical windows. Triply-distilled-

iodine was contained, in an arm 4 in. long extending downward from the 

middle of the cylindrical celLwall. In a similar aria above the cell, 

a thermometer had been sealed so that its tip was just above the main 

cylinder0 The cell was wound with chromel wire between sheet.sof as-

bestos paper to heat it. sufficiently'so that the vapor pressure could be 

regulated by a water bath around. the arm containing the iodine. The 

temperature of the bath was read on a thermometer to± P p accuracy. 

To illuminate the cell, lens L1,  of Fig. 5 was.  ,,chosen so that a 

narrow, almost parallel beam of exciting light passed, through the cell 

windows near to the wall. Fluorescence was detected at right angles 

thougha l'1/8-in.-diam. area of the cell,wall left uncovered by asbes-

tos. The fluorescence at room temperature could not be observed visually 

through filter 22. The cell was shielded from stray room light. 

Some' of the significant experimental observations were in striking 

contrast to what is reported above, for curve, D:. 	• 	• 
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At room temperature the 5.2-Mc fluorescence signal was about 

20. mv. Its exact size could not be read on an oscilloscope because 

the signal.was very fuzzy, in contrast to the perfect sinusoidal refer-

ence signal. . The signal at 1 ke was somewhat better. Following the 

standard operating procedure. for phase measurements, the variable l-kc 

fluorescence signal gain setting was adjusted to give an unclipped 

l-kc signal size at the phase detector of 35 v. That gain setting was 

recorded as a measure of the fluorescence signal size at each tempera-

ture. This was not a very precise procedure. 

No fluorescence phase . shift could be measured below 0
0  C. 

In all experiments the total signal in fluorescence increased slightly 

from 00to about QO 
. then decreased on continued heating of the water 

bath. The change in signal size was inferred from the l-kc gain betting. 

At all iodine pressures, the optical signal-to-noise ratio 

was about 1 to 1. 	 . 

In these early runs only one zero phase measurement at one signal 

size was made. This was done with light scattered through a neutral 

density.filter, in place of a No. 22. To correct for the effect of 

signal size on phase reading, fluorescence phase measurements at room 

temperature (20 0 C). were recorded for different signal sizes, obtained 

by putting various neutral density filters in combination with filter 

No, 22 in front of the photomultiplier. In this way., a graph of phase 

measurement vs signal size (in terms of the .l-kc gain.setting). was 

obtained. Fluorescence phase measurements taken over a range of signal 

sizes, corresponding to dif'erent 1  2 vapor concentrations,. were all 

slightly corrected to the particular.ignal size of the one zero phase 

measurement, in order to determine the I'luorescence.phase shift. This 
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procedure was. much less satisfactory than that' ultimately 'developed and 

discussed above in connection with the data of ure D. Lifetime results 

obtained in a typical experimentare presented in curve A. 

Curve B. The next group of experiments (curve B) was done with a 

horned cell to minimize scattering of the exciting'light and with the 

same'filter combination, :Nos. 77A + 61, . and L. The celidid not have 

a: Dewár arranment such as showniñ Fig. 18, The solid, distilled iodine 

was contained in a simple arm without a bulb0 Stray room light was kept 

out by enclosing the upper cell volume in a black box; the stem containing 

solid iodine was wrapped in black tape. The maximum optical signal-to-

nOise ratio was bbtained with the following optical arrangement: Lens 

shown in Fig. 5 had a focal length of 25 cm and was positioned so 

that'the exciting beam, 4-nmiwide, was alniost parallel, converging to a 

diffuse focus just beyond the horn. The beam height was masked by a 

diaphragm (not shown in Fig. 5) down to 22 mm, so that no' light would 

strike the walls of the' cell (of cylindrical diameter 33 mm) before the 

horn. The beam went through the cell just slightly past the center 

towards the fluorescence window; the first and second reflections of 

light in the horn area were distinctlr seen, and were in directions 

away from the windows. The upper cell was warined"with heater tape, 

wrapped so as not to interfere' with the exciting light beam. In spite 

of this care to minimize 'scattered light, the optical signal-to-noise 

ratio at 20
0  C was 'only 21/2 to 1. 

The fluorescence s'ig±al was still fuzzy. The total fluorescence 

5.2-Mc signal still increased regularly on raising thebath temperature 

from 00 to 	C, the lImits of the experiments.' Correction of phase 

readings for signal size was the same as for curve A. The result 
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of a typical experiment under these conditions of slightly improved 

signal-to-noise ratio is shown in curveB, 	 = 

Because of the large lifetime of 7.2 x 10 77 sec ( see SectionD: 

data anâlysis) it is, clear that fluorescence excited by: 5.2-Me light 

would be.largelrdc, Indeed, assuming that the exciting light is 80% 

:,.modulated,.. then by Eq. (6) the percent modulation in fluorescence is only 

3,4%. This accounts for the low 5.2-Me signal-to-noise ratIos Further-

more, the relatively high dc fluorescence light level contributed to 

• making the ac signal poor in quality, as mentioned previously. 

8. Early Experiments at 60kc: Curve.0 	 . 

The result of the experiments at 5.2 Mc suggested that with an 

• increase of the S/ratio the range of significant vao±'presures would 

correspond to temperatures well below room texeratue. In addition 

the lifetimes measured under thOse conditions were e*pected to be high 

enough to require the 60-kc modulator, This supposition was amply 

confirmed by the first experiments with the 60-kc mOdulator (curve C). 

•These were done with the same horned cell as used for the 5.2-Me experi-

ments, and with the same filter combination No 77A + 61, with filter 

22 to pass the fluorescence. The optical signal-to-noise ratio was now 

25.:to 1 at.roomtemperature, The improved technique d-iScused above 

for correcting for variation of phase reading with fluorescence signal 

s.ize was used for the first time. A typical experimental result is 

shown in curve C. 	• 	. 	. 	•. 

The final 'improvement in experimental procedure was in optimizing 

the filter combination. This resulted in the 'data, already discussed, 

of curve D. • . . . . 
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It. might be expected that the decreasing parts of.curves .0 and: D 

would overlap0 There is some evidence that suggests that th data of 

curve C.were taken when a foreign quenching gas (air or water vapor) 

was present.0 The cell was not pumped on prior to remoal froñi the 

vacuum line after distillation of iodine0 It caiibe seen 'frOm Fig. 

.17 that a. foreign gas pressure of:only 10 2  nun Hg would be as great 

as the vapor pressure of iodine at -iO n  C. 

9. Molecular Beam Experiments . 	. . 

Molecular beam experiments.were.undertaken to reduce self-quenching 

in the iodine vapor so that the true lifetime could.. more . 'nearly be 

measured. All measurements were made undei'the same conditions as the 

equilibriumdata of curve D, Fig. 17. The apparatus of'.Fig. 18 was 

used To obtain beam conditions, liquid nitrogen is put in the Dewar 

flask at the top of the fluorescence cell0 Heat is supplied through a 

water bath to the bulb containing iodine. Molecules are pàrtlycolli 

mated by the narrow constriction above the bulb, streath through the 

fluoresence cell, and are condensed on the cold surface above. the 

.excitirg light beath. 	. . 	. ' 	. 	... 

It.,soon-becomes apparent that the iodine doesnot.aporize.easily. 

The fluorescence intensity., decreased rapidly soon after liquid nitrogen 

was,, added to, the fluorescence cellDewar, as though'only a small fraction 

of the material would vaporize0 'Undistilled iodine' was usually more 

sluggish than freshly distilled iodine. Iodine is' known to have a low 

porization coefficient0 72  Three different,. methods'were tried to 

overcome the vaporization barrier, but without success: 

(a) Iodine 'was prepared by distilling it onto bits of glass wool 



in the round-bottom container. It was intended, that the increased 

surface area would aid in vaporization Failure may have been associa-

ted with poor heat transfer between the water bath and the loosely 

packed glass wooL 

An intimate mixture of KI and iodine in the approximate ratio 

of 1 KI to 2 iodine;by volume was put in the cell, which was then evacua-

teds No enhancedvaporizationwâs observed in this attempt to obtain 12 

via a tn-iodide intermediate, 

Iodine was dissolved to produce a saturated solution in glycer-

ine If 12  could vaporize easily from the solution., the barrier at the 

solid surface would become unimportant The observed fluorescence inten-

sity under beam conditions was actuallyless than usually seen with pure 

iodine. 

The largest fluorescence intensities were obtained by warming the 

bulb cdntáining doubly-distilled iodine to about 600 C. As the vapori-

zation rate decreased and the bath cooled, the fluorescence intensity 

decreased. Lifetime measurements were taken for a series of decreasing 

values of fluorescence signal size. The results of experiments on seven 

different days are plotted as a function of optical signal-to-noise (S/N) 

ratio in Fig. 20. For comparison, the equilibniuindata of curve D, Fig. 

17, are plotted as. a function of S/N in Fig 21.. It can be seen that 

slightly higher values of lifetime were measured in the beam than in the 

equilibrium experiments before quenching became significant. The advan-

tage of working with a beam is the reduction of quenching; the disadvan-

tage is the small volume of gas available for excitation. In order to 

achieve high signal, and therefore high S/N, the density of the beam must 
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Fig. 20. Lifetime measurements in molecular beam. - 
T as a function of the optical signal-to-noise ratio. 
Seven separate experiments are represented. 
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Fig. 21. Lifetime measurements of equilibrium vapor 
as a function of optical signal-to-noise ratio. 
Equilibrium data are those of curve D, Fig. 17. 



be increased to a point where quenching becomes significant. The obser -

vation of just slightly higher lifetimes than in equilibrium vapor indi-

cates that the gain in free path length was almost offset by the loss of 

signal intensity. This result is, incidently, consistent with the 

theoretically expected maximum mean free path in a beam of 3 times the 

mean free path in equilibrium vapor of the same density. 73  

Beforeeach beam run the lifetime of 12  vapor in equilibrium with 

solid at ice temperature (0  C) was measured, to check on the perform-

ance of the system. If the fluorescence cell was not pumped out on the 

vacuumsystem for a while, then each day the lifetime measured with 

equilibrium 12  vapor decreased slightly. However, no corresponding 

change of lifetime was measured under beam conditions. It was cnciü--

;ded that quenchIng gas was responsible for the observed decrease in 

equilibrium lifetime; under beam conditions the gas apparently was con-

densed out on the cold spot. 
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D. Analysis of Data 

1. Radiation Diffusion 

Radiation diffusion refers to the successive absorption and re-

emission of fluorescence light - the temporary trapping of light in 

successive •tlayrstt  of identical molecules before it reaches the detec-

tor. In a lifetime measurement, fluorescence light reaching the detec-

tor, after having been absorbed and emitted n times, will increase the 

measured lifetime by a factor corresponding to nt. Therefore, the op-

tical density corresponding to a large probability of reabsorption of 

fluorescence (10%, for example) sets a limit to the vpor concentration 

at which reliable lifetimes can be measured. That limiting concentra-

tion can be estimated, and depends on the absorbing path length and the 

probability of the transition(s) in question. In the case of a single 

line, and assuming a Doppler line shape, absorption may be expressed as 

a function of the product of path length £, and k 0  the extinction co-

efficient at the peak of the line, 
74 

21 
k0  = A VD J 	8:'ir 	_ , 	 (10) 

where Av is the Doppler half-width (sec), ? is wavelength (cm) )  g2  

and g are the statistical weights of the upper and lower states, re-

spectively, n is the concentration of absorbing species, and A is the 

transition probability for the individual line 

In the following, the equilibrium concentration of 12 vapor corre-

sponding to 10% absorption of fluorescence radiation is calculated. The 

calculation is pursued in two preliminary parts: 

(a) Determination of the partition of molecules among the ground 
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state levels that can.absoiTh fluorescence radiation. 

(b) An estimate of transition probability for each separate 

fluorescence line. 

Molecular Partition. The total internal state sum Q. for the ground 

66 
electronic state is calculated by the methods outline in Herzberg. 

(The symmetry factor for homonuclear molecules is assumed to be asso-

ciated with the electronic state sum and therefore neglected). 

internai 	Vibrational rotational 

1 	 kT 

l - e 	 hcB 

Substituting the necessary molecular constants of 12 from the same 

66 
source, and withT = 300 K, 

Q = (1,558)(5576) = 8687. 

Iodine is excited by a narrow 5461  A line to v'= 26, J'= 34. 

Fluorescence to lower vibrational levels occurs in doublets to J"= 33 

and 35. 	These rotational levels are the ground states for reabsorp- 

tion. Their fractional population in the equilibriumvapor is given by 

the product of a vibrational and rotational factor, divided by the state 

sum 

+)/kT(2J+l)e_BJ(J+l)hcAT 	
(12) 

Table VII results from evaluating this quantity. 
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Table VII.. Populationin the pair of rotational states J'=33 

and 35 for ground vibrational levels: equilibrium 

12 at 3000 
 K. 

Fractional Population 

0 	 0.00768 

1 	 0,0027 

2 	 0.00099 

3 	 0.00035 

Transition Probabilities. Transition probabilities of fluorescence 

to the individual vibrational states listed in Table VII.may be esti-

mated in the following way: suppose all the fluorescence intensity 

o6 1 . 
to be contained in the 39 lines observed out to 9000 A. 	(If fluores- 

cence extends further to the red, this assumption is likely to be in 

error by no more than a factor of 2). Of the first 18 lines listed in 

Table V, 9 are listed as strong, 5 weak, and Ii. faint lines may be 

neglected. By extension, in 39 lines approximately 19 will be strong 

and II weak, neglecting the rest. Assuming that these intensity 

classes differ by a factor iof 3, each strong line (.dob1et) contains 

4.5% of the total fluorescence intensity, and each weak line (doublet) 

1, 5%. Since the lIfetime of the total fluorescence is 7. 2 x 10 

• sec (see Section IV-D,on data analysis), the transition probability 

of each strong line (doublet) is 6.0 x 10 sec and of each weak 

line (doublet) 2.0 x.lQ sec* This follows from 1  = Z A1 . 

Calculation of Limiting Vapor Concentration. From the transition 

probabilities, the population distribution of Table VII, the strengths 



of fluorescence lines listed in Table V, and the ±'elation between. 

74 
absorption and 	it is estimated that when 34o  of the fluorescence 

to v' '= 3 is reabsorbed by other molecules, io% of the total fluores-

cence intensity will have been absorbed, with the detailed distribution, 

Vibrational' 	 Absorption of 	 Fraction of total 
absorption 	 fluorescence to 	 fluorescence in- 
level 	 that level (%) 	 tensity absorbed 

v''= 0 	 95 	 0.03 

1 	' 	 80 	 0.036 

2 	 30 	 0.005 

3 	 30 	 0014 

(neglect higher 	 . 	 total 	' 0.098 

levels)  

• kb2 corresponding to 30% absorption of'the v= 3 level is 0.537. 

The corresponding total 12 concentration may be calculated for this 

situation by using Eq. (10), the population distribution indicated in 

Table VII, and the approximate parameters 2 =5 cm, ? = 5500.x 108 cm, 

.1 	 ' 	 -1 	i 
LVD = . 21 .x 10 sec, and g2 g1  

The result is about 1.8 x 10
13  molecules/cc. This corresponds to 

a pressure of 0.6 mm, which is the vapor pressure of iodine at about 

32
0  C, 75  Under these conditions, 95% of the exciting wavelength is 

absorbed. Radiation diffusion may have been significant in. the range 

of data of curves A and B, Fig. 17. However, it is clear that radiation 

diffusion was not important in the range of best experimental results 

corresponding to curve D,. Fig. .17. 	. 

2. Correction for Optical Noise 

The significant physical processes whose 'rate const,ants are under 

study are fluorescence and fluorescence:quenchiflg. Yet every piece of 



data recorded in Figs. 17 and 20 emerged fronia measurement process 

that contributed a constant factor of its own: the optical noise. 

This required a separate correctiOn procedure. 	- 

The signal detected by the fluorescence photomultiplier of ali-

• tude S and phase 0 is the sum of an optical noise signal N with phase 

• 00 (corresponding to r = 0) and a. fluorescence signal of amplitude I 

and phase 0 corresponding to the fluorescence lifetime (which may be 

less than the true radiative lifetime because of quenching). Thus, 

S cos (ut_Ø) = N cos(cot-Ø0 ) + 1 cos (ut-Ø). 	(13) 

This may be rewritten 

1 cos (ut4) = S cos (cnt-Ø ) + N cos (wt_Ø0  + 7T). 	(14) 

Adding 0 to all phases, we get 	- 

i cos (ut-Ø) = s cos (.wt_O) + N cos (cut+n-). 

It can be shown that 7  

S sin Ø + rn 	 N sin (-IT) 	s sin Ad  
tan 0 = s cos A6 + N cos (-5 = s cos 

/ScosiØ 
tan 0 	ømos LØ'N 

Thus, 	• (SCOsLO 

measured.S cos 

 

 

 

 

Since the measured phase shift was rather small in all cases, being no 

greater than 14 degrees, the cosine term has-at most a 1.5% effect upon 

the corret±dn factor and makes a difference of <0.3% outside the 

temperature range 37
0 
 to -25 C. • The result' is .then, approximately, 

1S 	 1 
- 	'"nieasured "S-N 



Both sign1 S and noise N.  levelsere read on the oscilloscope 

at 60 kc, However, the nolse levels were rather ioT and poor in quail-

ty, and the'efore difficult to Ineasure This resulted in variation 

of obseed. s/N ratios from day to day at fixed equilibrium iodine 

pressures and constant optics and geometryb To improve the precision 

ofthe noise valuesand to insure that all:data.were treated consis-

tently, eleven separate experimental values of s/N for equilibrium 

experiments at 00  C were averaged to give (S/N) 0o = 6897, with a 

95% confidence level of + l-t or about ± 20% The noise level N for 

each day's experimental points was obtained from .the measured signal 

size at 00  .0 (assumed to be accurate) divided by that ratio. 

3. Self-Quenching 

From Figs0 20 and 21 it is clear that the effect of self-quenching 

becomes measurable for all those points taken at S/N greater than about 

4_l/2. For the equilibrium data this corresponds to all points above 

-30° C0 	 .. 

Mechanism. Self-quenching in 12  occurs by induced predissociation. 

Molecules are transferred from the upper fluorescence state B3fl0+ u to 

a repulsive state C3 2 0-, which dissociates to ground state atoms0 The 

repulsive curve crosses the B state near the upper fluorescence 

vibrational, level v '= 26 (see Fig0 16). This mechanism was established 

by experiments on, quenching induced by magnetic fie]4s. . The extent 

of quenching in the field depended on the wavelength of excitation; 

maximum quenching was . observed for 51461 Vand the effect decreased at 

higher and lower wavelengths. - Van Vleck justified that mechanism 

+ 	- 	78 
theoretically, showing that a magnetic field naxes 0 and 0 states. 



/ 

It is .assumed that the molecular quenching mechanism is similar. 

Eliaschewitsch has shown. that fluorescence excited by 561 A light is 

quenched by collisions more effectively than is the fluorescence excited 
0 

by 5770 A light.: 	Dissociation to atoms has been inferred from the re- 

versible decrease of molecular extinctiOn of. the vapor when exposed to 

intense illumination. 5 . 

Induced predissociation may be represented as a collision involving 

an excited molecule and an unexcited molecule in which either no energy 

or an extremely small amount of energy is transferred. The excited 

molecule is perturbed and dissociates instead of radiating. Such a colli-

sion is of the type designated by Mitchell and Zemansky as broadening 

collisions, as they are similar to those responsible for pressure broaden-

ing of atomic lines. 79  

Collision Theory. Stern and Volmer presented a simple model of self-

quenching useful in treating experimental data. 	The observed decay 

constant is interpreted as the sum of two similar first-order decay.con-

stants: one is associated with the true lifetime which may now be 

designated T ; the other is pressure dependent and is responsible for 

quenching. The relation for the observed lifetime r is 

	

+ aP, 	 . 	... (20) 

where a is the quenching constant and P is pressure. 

The corresponding relation for the quenched intensity of fluores-

cence per molecule lis 

atP 	•. 

	

+ 10 	 (21) 
•0 	0 

where 1 is thCflubrescence intensity per molecule in unquenched vapor. 
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According to Eq. (20); a graph of .1/T vs pressure will give, a straight 

line; T is obtaine,d from the intercept, and the' slope gives the 

quenching constant:a. 	 '..; 

• The kinetic theory of gases provides an expression for the proba-

bility of collision inauniform gas with oliis1oi  cross section a: 8.9. 
Probability. (.sec,) 	!n a2(r kT/m)1/, 	 (22) 

where n is the gas concentration in molecules cm 3, a, is in cm, k is 

Boltzmann's constant, T is absolute temperature,, and mis. the mass of 

the. individual molecule0 Substitution of the ideal gas law for 

pressure., 

P=nkT, 

gives us 

Collision Probability; (secT1) = 1Pa2 (7T/k)1/2, 	 (23) 

Substitution of the mass of the 12 molecule, temperature of 
3900  K 

(all data to be treated were taken at room temperature. The pressure. 

in the absorption cell was determined by solid iodine cooled to 

temperatures below 25
0  C, but the upper area of the cell from which 

fluorescence was observed was always at room temperature), and conver-

sion to convenient units, gives us 

-1 	 502 
Collision probability (sec ) = [2.2611. 	 ] P (nun Hg) • (24) 

The quantity in brackets corresponds to the a coefficient in the Stern-

Volmer equation, Eq (20). 

4. . Calculation of Results 	 ' 

Error Consideration. The data of durve D, Fig. 17 were corrected : 

for the effect of optical noise using Eq. (19). The correction was 

large at low temperatures where the signal-to-noise ratio was low and 

became negligible W.  or less) abovd, 50 C. Because of the 20% uncertainty 



in (S/N)0o niéntioned previously, and thus in the value of noise N 

used in these corrections, the corrected lifetimes had correspondingly 

large uncertainties at low temperatures, smaller uncertainties at high 

temperatures 

Each measured lifetime is also uncertain by an amount dependent 

on the precision of the pbase measurement. Reproducibility of the data 

suggests an uncertainty of 90 ohms on the phase shifter, corresponding 

to a fixed uncertainty in lifetime of + 0.4 x l0 sec. The error from 

this source was smallest for the longest lifetimes measured; between 

-42 0 
 C and 2 

0
C it was io% or less. 

Treatment of Quenching Data. From a cOmbination of these two sources 

of error - one due to optical noise and decreasing at high teueratures, 

the other associated with the precision of measurements- and therefore 

smallest percentagewise at the largest phase' differences - one calculates 

that the most accurate data, with an overall uncertainty of less than 

± 20%, are in the temperature region from -35
0  to -2°  C. These data 

are graphed according to the Stern-Volmer quenching model which gives 

Eq (20); the result is Fig. 22. The slope gives the quenching 

constant a = 2.87 x 10 sec mm Hg; by Eq. (24) the self-quenching 

collision diameter of 12 is 11.3 A. Considering the quenching mechanism, 

which doesn't require close contact of the molecules, this is a reason-k 

able value. (.me quenching diameterof 12 for quenching of Na emission 

-. 	in the D line is reported to be from 7 to 16 L81 ) Also, this is the 

maximum value likely to be observed in self-quenching of iodine 

fluorescence. Since the repulsive (quenching), C state crosses the 

upper B state at v'= 26, quenching of fluorescence from Other excited 

vibrational levels will not be as effective. The intercept of Fig. 22 
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Fig. 22. 12  quenching curve. l/r is plotted v pressure 
for the most accurate range of data. Markers included 
with the data indicate the uncertainty, which increases 
at both ends of the graph. 
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at zero pressure gives the true radiative lifetime of iodine fluorescence: 

7.2 x 	sec. From a consideration of the precision of measurement and 

the accuracy expected from the experimentl technique, this result is 

expected; to be uncertain by ± 1.0 x 10 sec. 

Equation (21) suggests that the product (a t0) can be obtained by 

graphical treatment of the fluorescence intensity data. However, neitter 

the photomultiplier tube nor the oscilloscope had been, calibrated for 

intensity response. Intensity data were used only qualitatively, or to 

check reproducibility of measurements.. 	. 	. 

Theoretical.Curves. Taking the value of lifetime just obtained - 7.2 x 

10 sec - and using the S/I'T correction factor of Eq. (19) )  it is possi-

ble .to construct a trise" curve showing how the measured value of life-

time would increase, in the absence of quenching, as the s/N ratio in-

creases. The result is the dotted curve indicated in both Figs. 20 and 

21.  

It is possible to construct a curve for the equilibrium data of 

Curve D, Fig. 17 by including the effect of quenching. . This requires 

a two-stage..procedure:  

.. The Stern-Volmer equation (Eq. 20) is applied: 

T 	'ro 

where r 	7.2 x 10 sec; a = 2.87 x 10 see 1  mm flg]; vapor pressures 

are calculated from the equation given by Giauque. 75  For a series of 

temperature points at every 
50  C, values of quenched lifetime r are cal-

culated. 	 . 	 . 

The sia1-to-noise (s/N) correction is used to Oalculate 

measured lifetimes from 'r and Eq. (19)1 



SO-N 

Thisprocedure is based onthe:value:of.(S/N)0o =68.97. An 

empirical curve of SIN vs temperature was constructed from the three 

sets of data of curve D. Fig. .17. From this the S/. ratio corresponding 

to a given, temperature was oltained aid. the corecion factor (j) 

was ëdmputed. The ca1ulated èurve of ¶ vs tmperáture is compared with 

the three sets of equilibrium data of curve Don a linear graph bf life-

time vs temperature in Fig. 23. 

5 	Cbnciusion 	. 	. 	. 	 .. 	. 

" 	The radiative lifetime of IfluorescenceB 31[ + 	 26)..-.X1Z + 
.2 	 Ou 	 Og 

wasdeterndnedto be (7.2 ± 1.0)x 10 sec. Meareênt ere made on 

uiIibrium vapor over a preure raige from lO to 5 m, corrèponding 

aproxirntely to the temperature range 50
0  to + 65 01 C. Even with ela-

borate precautions to minimize scattered exciting light (optical noise) 

lifetime measurements taken at the lowest iodine pressures were considerably 

shorter than the true lifetime because of the low optical sinal-to-noise 

ratio; an analytical procedure was developed to: correct measured lifetimes 

for this effect. At'higheI préssurès, as the correction for noise .de-

creased, self-quenching became increasingly important0 Data for fluores-

cence self-quenching were treated by the Stern-Volmer method; a quenching 
0 

collision cross section of 11,3 A was determined. This corresponds to 

what is expected from considering the quenching mechanism, which is 

induced predissociation of the upper fluorescence state. 

Measurements were also made with molecular beams of 120 Slightly 

higher lifetimes were measured than in equilibrium vapor. The data are 

consistent with a mean free path in the beam % 3 times that in equilibrium 
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vapor at the same density. 

The measured lifetime differs by almost two orders of magnitude 

from the only direct measurement reported in the literature. 18  The 

accuracy of that work can be questioned because of the experimental 

technique (discussed in Section A-i): 

Detection was visual. This limited the range of fluorescence 

observation to high pressures, at which self-quenching is important. 

The excitation light source was an unfiltered carbon arc. 

This must haveproduced a great deal of scattered exciting light, making 

it difficult to observe the fluorescence by itself. 

The exciting light was modulated at about 10 Mc. Because 

of the relatively long lifetime, fluorescence light was largely dc. 

No property associated with periodic (ac) emission, intensity - such 

as phase - could be detected. 

It is likely that the reported result was a measure of systematic 

effects - such as scattered light, or geometrical differences between 

the zero and fluorescence measurements, or the wavelength dependence of 

the Kerr effect - rather than of the radiative 1ifetiie of the molecule 

under study. This would explain why the measured, lifetime of 12 did not 

vary with temperature from 80  to 30
0 C - in the range of extensive self-

quenching. Also this may explain why fluorescence lifetimes of the 

three species studied in the same manner - 12,Na2,and 1(2 - were deter-

mined to be almost identical: 1.0 x 108 sec, 7.5 x 10 sec, and 

8 x 10 sec, respectively.  

The result of our work, r = (7.2 + 1.0) x 10 sec, is in good 

agreement with absorption data, calculations of the transition probability, 

and inferences from experiments on vibration energy transfer among 12 
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vapor molecules. 

Measurements of the radiative lifetime of the B state of 12  from 

fluorescence: levels other than v'= 26 would be of interest for several 

reasons: 

Self-quenching should be less irortant In fluorescence from 

other levels. Experimentally it would be easier to approach the true 

radiative lifetime. 

The coupling between electronic, vibrational, and rotational 

motion may change, particularly at high v'. This may significantly change 

the transition probability. 

The 	factor in the expression for transition probability 

'niay ëhangewith v'. The frequency distribution of intensity in fluores-

cence depends on the particular v' level from which fluorescence occurs. 

Th conneëtion with this last point a program is being considered 

to calculate the spectral intensity distribution (anck-Condon factors) 

in flubiescence, using the known potential curves ofthe two electronic 

tateè. FrOm such acalculatl6n the mean frequency of fluorescence from 

any upper vibrational state could be determined exactly. Also, using 

the measured fluorescence lifetie, absolute transition probabilities 

- could be asslgnedto each individual line in fluorescence, 
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APPENDIX: 	ELEC0NIC DESIGN DATA 

URL Design 
Operation Title Drawing No. Date Credit 

Rotating Motor power supply 2x 150/A 8-27-56 K. Lamers 
wheel 

Motor speed control 2x151  8-27-56  Lamers 
controls 

Motor speed control 2x 4514 5-27-57 Lamers 

Bias supplies 2x 5321 5-27-57 - 

60-kc Photomultiplier and 
electronics preamplifier 1W 8983 8-20-59 J.M. Sakai 

Reference channel and 
frequency control 2x 5333 5-27-57 Lamers 

Sample channel 5V 1203 1-27-61 - 

Sample channel, 
tuning fork control 
(discontinued) 2X 5394 6-20-57 Laniers 

5.2-Mc Crystal transducer 5V 1374  3-9-61 P. Salz 
electronics exciter unit 5V 1781 6-22-61 

(discontinued) 

Local oscillator 1W 9211 9-14-59 Sakal 
4V 9221 9-14-59. Sakai 

Reference mixer and 1W 9263 9-14-59 Sakai 
automatic frequency 
control 

Sample preamplifier 4V 9231 9-14-59 Sakal 

Sample channel 1W 9243 9-14-59 Sakai 

l-kq ampli- Reference channel 1W 9273 9-14-59 Sakai 
fiers and and phase detector 
detectors 

Miscellaneous Block diagram of syst.. 1W 9201. 9-14-59 Sakai 

Photomultiplier preanip 2X 4462 5-23-57 Lamers 
(discontinued) 

Phase shift test 1W 9253 9-14-59 Sakal 
oscillator 

60-kc phase shifter this thesis, Salz 
Fig. 12 

Square-wave lamp 5V 1752 7-3-61 Salz 

exciter 

A116 mercury lamp 3X 684 8-12-59 - 

power supply 

AH6 mercury lamp 3X 6343 7-29-59 - 

power supply panel 	. 
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