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ABSTRACT : -

Part'l. An apparatus for determining the radiafive"lifetime\s
of gavseo‘us molecules in excited electronic states is described. The
design is based on .the work of Bailey ‘and the work of Kromann. The
method involves measuring the phase angle ¢ between fluorescent and

exe.iting light, which is modulated. Only a single:h-armonic of the

: modulated 1ight is utilized, so that we have tan ¢ =wT, where w is the

angular modulation frequency and T is the lifetime. Lifetimes can be

5 -9

measured in the range 107~ to 10” ’ sec to an accuracy of 3%.

By a modification in Bailey's optical design-, the sensitivity of

~ his appé.ratus has been increased about 100-fold. 'With this change,

lifetime measurements can be made under conditions in which self—'
absorption is unimportant, | '

The absolute sensitivity of the apparatus was found in terms
of the minimum brightness temperature of a light source that would

be needed to determine the lifetime of the excited state of one of the

sodium D 1ines This value was 2200° K and corresponded to a light

flux of 5 X 10 photons/sec striking the photomultlpher Because light

" sources.with brightness temperatures up to 6000° K exist, the

apparatus possesses sufficient sensifivity for a number of molecular
lifetime determinations.

+ It is shown that if the geoinetry of light falling on the photo- -

cathode of a photomultiplier is changed during a measurement, serious

errors in the lifetime can result. The effect is associated with the



d1sper51on in trans1t t1me of photoelectrons leaving different-areas of

the photocathode o a S ' y
The lifetime of the 31"[ ‘ (v" - 26) state of molecular 1od1ne has

been found to be 4 X 10 7 sec at 21 C in the saturated vapor , o

Measurements at 0 C 1nd1cate that the fluorescence l1fet1me is shorter,

and therefore 4 X 10 7 sec is to be taken as an upper limit.
An 1mp0rtant ,appl1cat1on of lifetime data to the determination )

of heats of formation in high—temperature.molecules is cited. By this

‘technique it should be possible to determine heats of formation with

an-accuracy of 1%, in contrast with pre_s_ent techniques,_ which are

usually in.error by more than 10%. | | _

_ Part II,” The probab1l1ty for spontaneous nuclear react1on in

) molecular hydrogen has been calculated by the use of WKB wave

‘ ._funct1ons The cornplete shape of the molecular barrier has been

derived from spectroscopic data for the hydrogen _rnolecule,_‘__and from

..a. perturbation calculat1on of the hel1um atom. Use of this potential

function showed that the probab1llty of penetrat1ng the molecular barrier

~(for a ground ‘state molecule} is greater by a factor of about 10 15 than

of penetrating a Coulomb barrier at the same 1nternuclear distance.

The half lives for nuclear reactlon in the 1sot0p1c molecules H‘lH1

HlH2 nd HZH2 are 5 X 1056, 5 X l046, and 1 X l(_)5/£.l years. )



-

Part I

A METHOD FOR DETERMINING RADIATIVE LIFETIMES
OF HIGH-TEMPERATURE MOLECULES

INTRODUC TION

Very few radiative lifetimes are known for gaseous molecules
in electronic transition, in spite of their importance. Most of the
~ values that are available for diatomic molecules have been derived
from order-of-magnitude quantum -mechanical calculations. 1 For
polyatomic molecules the data are even more scarce. 2 The only 'h'igh—
temperature molecules for which measurements exist are C 2 3 CN, 4
and OH, >
C, and CN and probably to more than 20% for OH.

However, knowledge of the radiative lifetime of a high-temp-

and these values are uncertam to an order of magmtude in

6

erature molecule could be valuable for obtaining accurate thermodynamic
data. To illustrate the point, consider a molecule 'in an excited

electronic state with an averageblifetime 7. The emission or fluorescence
spectra cons'i.st of transitions from the excited state to all lower levels. .

b

The probability that any one transition will occur in unit time is A -n
the Einstein coefficient for spontaneous emission. The sum of all

the transitien probabilities Z Am-»n ie the total probability that t-hev
mmolecule will leave the excited state in unit time. Thus l/zjr;h*n is the

average time elépsed in the excited state or

= 1/=A

m-n
If the lifetime 7 and the relative transition probabilities for fluorescence
are known, say from relative intensity measurements, the absolute
transition probabilities A can be found.
, m-n )
In an absorption experiment the practical quantity kv is used.

It is defined by the equation
\ I/Io'_'e-kv'xi . o ‘ (1)

where’ _I/I0 is the fraction of light transmitted by the gée- and is a

function of the frequency v, and x is the optical path length." It can be



shown that when pressure broadening is small and the Doppler width is
's1gn1f1cant1y larger than the natural Wldth of the hne the_maximurn v

absorpt1on coeff1c1ent7 of the line is. glven by

2. o

AN
kg = o .\/'1“2 e B NA__em’}, (2)
- AV g T 8T g . m~n

n

Where A YD is the Doppler w1dth g and g are the degeneracy of
exc1ted and 1ower 1eve1s }\0 JS the wave length and N is the number of
molecules per cc. Thus once A mn. 1s known a measurement of the
'fract1on I/I of 11ght transmltted by the gas at the peak 1nten31ty will
y1e1d the concentrat1on N ‘ _ ‘

If, for example the gaseous molecule Xg is in equ111br1urn at

a pressure PAWIth a sohd X sat1sfy1ng the equatlon o

X =X,
s .8
the free’ energy of formation ‘of the gas will be .
AF® = - RTlnP AHC - STast. 3

- Since the entropies for most simple hlgh-temperatur_e molecules are

o available with highwaecuracy_; from spectroscopic data, it is possible to

' v,td:e;termine; LH to the accuracy‘to which the temperature and pressure
are known. At present abov.e_\;.l.OkOOOwC there is an uncertainty in the
'wo:rking.»temperature.\scalfe itself, .In the range-2000 to 3000° C. there
is about a 1% wuncertainty with respect to the thermodynamic temper-
ature scale. 8 "Thus, the main e.rror in AH will result from errors in
'P.  Differéntiating £nP in Eq. (3) with respect to AH and dividing both
sides by AH, one obtains : '

| | RT/AH) (dP/P) = dLH)/AH | o .
An est1mat1on of the errors involved 1n the 11fet1me measurement
the optical path length X, and the relative transxtlone-probablht.y measure~ )
miernt-indicates,an uncertamty in:P of about 10 %. For typical values of
T = 2000° K and -AH.= 100 kecal, a 10% error in.P introduces a 0.4%

error in AH.



¢

For the most part present determinations bf AH are of the
"second-law type) “while the abové method is a '"third-law technique. "

Second-law methods make use of the van't Hoff equation,

dinK _ AH

dT RT 2

- and require obtaining the equilibrium constant K at a number of

temperatures. From the variation of the equilibrium constant with
temperature, a heat of formation can be found. Unfortunately, these
measurements 1ntroduce a large number of temperature- dependent
errors which make the /_\.H's uncertaln to 10% even in the most favorable
cases. DSince the third-law ‘techmq_ue described above is uncertain to
about 0.4%, it is evidenf that a measurement of this type offers a
considerable increase in accuracy. v
The purpose of the work relported here was to determine the '

feasibility of accurate radiative.lifetime determinations for gaseous
rholecules, Although a number of methods have been devised, there
are relatively few capable of yieiding. lifetimes in the 10_8 sec range
to less than 1’0% error. The more successful techniques - ere based
on measur,iﬁg the pha{se angle between exciting light and fluorescent
light that is modulated. 9 Light modulation is accomplished by means
of either a Kerr cell or an intermittent diffraction grating. Bailey's
technique represents an improvement over past methods, since he
isolated a single harmonic of the modulated light. 10_ He has shown that
if the wave form of the modulated light is not sinusoidél,_ there need
not be a simple relation between the phase shift in the peak of the wave-
form and the lifetime of the molecule. However, isolation of a single ‘
harmonic does yield a simple relatienship between phase shift and |
lifetime; see Appendix I | '

| However, Bailey's phase shift measurements were made at
a frequency of 5 Mc, a region where small stray capacitances can

introduce serious calibration errors. Kromann, using a‘-simi}ar

method converted the 5-Mc ysignal to a 2-kc frequency, made p'hase'-s‘hift



measurements at 2 kc, 1 and uncove:red a consistent 8% error in
>B‘:ailey's values. Kromann's lifetimes are reported to an accuracy of o
+ 0.5%. \ ' _ - .
Becaﬁse of the accuracy possible with this technique, an v

apparatus was constructed which was patterned after the work of

Bailey and Kromann. Another advantage of the method is that it is not
depehd'etit on a knowledge of the concentration of the gas. Thus, if
‘concentrations and heats of formation are to be determined, a method
-of this type must be used. |

' If accurate measurements are to be made, the gas pressure
should be sufficiently low so that collisional deactivation and self-
absorption do not influence the lifetime measqremenfs appreciably.

Plots of 1/7 versus pressure, both from theory and experiment, show

that the effective 1/7 is changing most rapidly at low pressure because

of self-absorption. 7 Thus, if the absorption at the center of a line is

10%, self-absorption could introduce a 10% error in the lifetime. If

several determinations are made as a function of pressure, extra-

polation to zero préssure is possible. On the other hand, if the

sensitivity of the apparatus allows measurements to be made at less
" than 10% absorption, the lifetime error is correspondingly less.
To illustrate the magnitude of pressures required to satisfy

10% peak absorption, consider the 5890 £ sodium transition. Equation

(2) can be rewritten in terms of an f value,

k= 2 dn2 Twe Nf, (4)
0 A YD ™ mc

with e the charge of an electron and m its mass. The f value is a

~measure of the transition probability of an atom or molecule normalized
with respect to the transition probability for a ciaséical oscillating
electron. For the 5890 Ac?transition fis 0.70. For 10% peak absorp- |
tion use of Eq. (1) gives kyx = 0.105. By assuming a temperature, the
value of N can be determined from thermodynamic tables and & ) by

direct calculation, (see Eq. (7), p. 39 ). A judicious choice of the
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temperature gives a value -fof'.ko‘ »‘corrves_ponding to a convenient path

. length x. For s'_odium,"a_ pressure of 2.6 X 10-.1‘0 atmos ,.(10’9'0 C) is

required to give 10% peak absorption over a path length of 1.8 cm. 12

~If the {f value is smé,ller, the péth 1‘ength or the pre,$ sure _of the gas can

be increased proporti,onate,iy to give 10% absorpt"iQn. , Ih_ any event the

pressure is. quite low, and under these conditions collisional deactivation
is unimportant also.
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.. APPARATUS

" .The essential elements of the apparatus are shown'in Fig. 1. :
. Modulated»ligﬁtﬁéfith‘e proper spectral fréquency excites gaseous
.molecule's—i.'rito a higher electronic state. "The’ sp‘éc‘tral ’ré.ng’é can be

. ‘determined by ‘use of a filter placed between the modulator and the gas.
' -The excited molecules fluoresce by undergoing transitions to'all lower
levels. Some of the fluore;__Scentz’li"g?ht passes onto a photomultiplier via
a second filter which rejects the exciting light. The fluorescent and
exciting light are out of phase with each other with respect to the
modulation frequency, and this phas_é aifference is determined by a
phase detector. In order to have a point of reference, it is necessary
to replace the fluorescent gas by a scattering substance, such as a
BaSO4 sol, which does not introducé a phase shift. Finally, the life-
time 7 of the molecule in the excited state is related to the phase

angle ¢ .between_ the sol and the fluorescer by the relation
tan ¢ =w T ,

where w is the angular modulation frequéncy. (See Appendix I for .
derivation.) _ '

The range of lifetimes to be measured determines what
modulation frequency is to be used. Measurements of phase shift
should b e made as close to 45° as possible because then errors in the
lifetimé are minimum With respect to errors in the phase shift (see
. Appendix II). This restriction requires that the modulation freque'ncy
be chosen so that phase shifts near 45° are obtained. For fully allowed
dipole transitions in the visible spectral region, for example, life-

8

times are of the order of 1_0- sec, énd thus a 5-Mc modulation

frequency is desirable. o
The apparatus is divided into two parts: the short-lifetime

7 to 10»_9
5

sec, and the long-life- _ v

apparatus which covers the range 10°
to 107 sec.. Both

time apparatus, which covers the range 10”
methods are represented in Fig. 1. As the optical modulation and

electronic circuitry are different, each apparatus is discussed separately.
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" Fig. 1. Lifetime apparatus: simplified schematic
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Short- Lifetime Apparatus: The Light Modulator

There are relatively few methods for modulating light in the #
megacycle region. One of these is the Kerr cell, which has the dis-
advantag/e of a Iow'o.pt'ical speed, a low percent modulation of light, ¥
and an eventual deterioration of the birefringent liquid on exposure to
high electric fields and ultraviolet light. An ingenious method w’ith
none of the above disadvantages is_vba'sed on an invention by Debye and
Seafs13 and also independently by Biquard and Lucas. 14 The modulafor
used in this work follows .their design, The modulator consists of an

. ultrasonic tank filled With water and contains a quartz crystal at one

’ end and a reflect1ng stamless steel plate at the other: The crystal is ©

. dr1ven at 1ts resonant frequency, and by proper p051t10n1ng of the plate
the reflected wave is made to coincide with the incident wave. The
resulting steﬂnéi‘ng ‘wave sets up regions of condensation and rarefaction
in the liquid whose indices of refraction are changing periodically with
time., By passing parallel light through the liquid pe'rpendicula'r to the
direction of propagation of the ultrasonic wave, the light can be period--
~ically dispersedas in a transmission grating (see Fig. 2). The ifnage
pattern of the grating consists of a central image, the zero order, and
of higher orders on each side. Use of a slit to cut out the higher orders
but to allow paséage of the zero order results in a modulated light
source whose frequency istwice that of the crystal.

The transducer used in the tank was a 1- 1nch diameter. X-cut
quartz crystal obtained from the James K. Knight Co., Sandwich, Ill.
Quartz is particularlyvdesirable because it is readily available, cheap,
and rugged. An X-cut crystal is used because a compressional thick-

ness vibration is required. Circular-cut crystals have the advantage of

*‘being able to stand highier voltages without fracture and of giving more ¥
uniform radiation over their surfaces. For an excellent review and list
‘ . . . . . 1
of references in ultrasonics see Cady's book '"Piezoelectricity''. > ]

In the initial stages of this work, the l-inch-diameter crystal

was mounted over a 15/16-inch-diameter hole in a polystyrene disc.
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. R
o -l -2 -3
H _ G
from. power
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H A H4 Mercury llghf source
L, Glass lens, 10 cm focal length, 5 cm diameter
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S ,Sp Slits
- X - X-cut quartz crysfa/ o
R Stainless steel reflector
G Ultrasonic standing wave

MU-15661

6 S ' .Fig. 2. Light-modulating unit (séherriatic diagram)
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The crystal was cemented to the disc by moistening the 1/16-inch
overlap with benzene. The disc was in turn cemented to a partition at - #
one end of the ultrasonic tank., The air-side electrode consisted of
15/16-inch-diameter copper foil, 1 mil thick, which was cemented onto g;,
the side of the crystal facing into the hole of the disc; electrical contact
was made by means of a spring passing through a hole in the partition
and pressing up against the foil.

Consideréble difficﬁlty was encountered in obtaining a permanent
electrode on thé water side of the crystal, however. Although sputtering
of silver, platinum, or gold is often repbrtéd to give stable electrodes,
this technique was not available. Instead, vacuum deposition of silver
with and without silver plating was tried; electrical contact was made
through a fine wire imbedded in a flattened drop of solder which was
partly cemented to the elecfrode. These attempts were generaliy un-
succes.Sf.ul because of the metal!s poor adhesion to quartz. Coppér
foil cemented onto the face with benzene and polystyrene or Duco cement
showed deterioration at the edge because of cavitation. Finally, a
satisfactory mounting was obtained by cementing copper foil on both
sides of the cr'ystal, but deterioration at the edge was avoided by placing
the crystall in a 1-inch-diameter hole of a brass collar. The end of
the hole was mecked déwn to 15/16 inch diameter and 1/128 inch thiék—
ness to retain the crystal and to prevent the edge ‘from - being . exposed
to the water. The crystal was held in place by benzene and polystyrene
cement in the area of contact. The collar screwed into a partition so
that the tank housing and water-side electrode were at grouﬁd potential.

The quartz crystal in the tank is driven at its resonant
frequency, 2.603 Mc, by a thermostated crystal-controlled oscillator of
the same frequency and a power amplifier (Fig. 3). The thermostated @
crystal (type JK09, James K. Knight Co.) was found to control the _
" frequency to Within a cycle over a period of hours. The voltage a}pplied v
to the tank crystal was 350 v rms, and the power dissipated in the

crystal was estimated to be a few tenths of a watt. -
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For most of the work a mercury A-H4 light source was used,.
and it was operated on 130 v dc (starting voltage 230 v). If the lamp is
run on 60-cycle ac, the >slight nbnlinearity in the various electronic
stages introduces a .frequenéy component that interferes with the v
desired signal.

The fraction of light modulated ('fraction modulation'') was
determined by measuring the average dc current I of a photomultiplier
exposed to light from slit S2 (Fig. 2) when there is modulation (Im)
and when there isnft (I;lm), The fraction modulation is given by
v ‘(Inm/lrn) - 1, and was found to be 0.05. The low fraction modulation
is attributed to the mounting used, which undoubtedly restricted the
crystal's motion unnecessarily; it might even have changed its
resonant frequency. :

The ultrasonic tank is coustructed of brass vand contains quartz
-windows. Styr'o'foam is placed along the walls on the inside to absorb
-sound which might reduce the fraction r'nodiﬂation, The feflecting
plate can be positioned by several adjusting screws, and the best
sétting can be determined by replacing slit S2 with a lens of 10 cm focal
length and looking at the diffraction pattern on a scre€n.

Except for the windows, the tank is enclosed in 2-inch-thick
étryofoamn This insulation presumably reduces temperature fluctua-
tions which cause a change in the ultrasonic velocity and wave length

~and the need for frequent positioning of the reflector.

1. Optics
The optics are shown in Fig. 2. The condensing lens Ll
focuses an image of the light source on slit Slﬂ The light is rendered
parallel by lens L,, passes through the ultrasonic grating, and finally A
is broughi into focus in the plane of SZ. ¥
The fraction of useful light going through slit S?_ was defcer-
mined by measuring the fraction of incident light transmitted at

various stages in the optical train. Measurements were made by using

the full light of an AH4 mercury lamp and by reading the current
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~

generated in a Weston photronic light meter. Of the total light gi&en

off by the: sburce, L1 receives a fraction given by its solid angle/41r

or 0.0068. The fraction of incident light that is transmitted by S1 is 0.75;
the fraction of that incident on Lz,_ the tank, and L3 combined is 0.83;
and the fraction of that incident on.S2 is 0.55. Since the fraction
modulation is 0.05, the over-all useful fraction of light emitted by the
source is 1.2 X 1074, SR | . '

' Un‘ffortunately,-.productioh':of parall’el .1ight is neciessarily‘ '
wasteful. Strictly speakmg, only one point of the 11ght source produces
rays that are parallel to the optical axis. In practlce however, the
effective area of the AH4 is 2.4 cm >< 0.24 cm, and these rays can be
. made approx1mate1y “parallel to the optical axis. L1ght from po1nts .
outside this area are more- w1de1y diverging .and thus are not useful.

Use of a larger or faster condensing lens “therefore, does not 1ncrease
the amount of useful light significantly. - ‘

. It should be noted that. if light ,s‘oﬁrcevs ‘with larger areas than
the AH4 are use‘dv,_S1 will.be,c‘:onvne more of a limiting ap_ertu_re since its
slit width should be about 0.l cmor less to allow separation of the

different orders at SZ'

2. Electronic Circuitry

A block diagram of the electronics is shown in Fig. 4. There

are two signal channels: o o

1, the fluorescent cha.nnel,- which derives its signal from the fluorescent
or scattered light, aﬁd ' _ _

2, the reference channel, which derives‘ its signal from a small portion
of the exciting light. Both signals are'reduéed from 5.206 Mc fo
1000.2 cycles and placed on an oscilloscope in the form of a Lissdjous
p“attern. . The pa'tt‘evrn is »reduced to.a straight line, . corresporiding to é

0° or 180° phase difference, by ad_]ustment of the reference phase
 shifter. Substitution of the fluorescer by a BaSO sol causes the
pattern to open up. The phase change is determlned by adjusting the
calibrated phase shifter in the fluorescent channel until the Lissajous

figure is once again a straight line.
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In the initial stages of this work, it was hoped that one
channel could obtain its signal from a photomultiplier vievﬁng the
fluerescent or scattered light, and that the other channel could receive
a signal from the oscillator drivingvthe ultrasonic tank. This arrange-
ment was tried but proved impractical b.ecause of the large phase
changes occuiring between the voltage applied to the tank crystal and
its motion. The crystal because of its high Q produceé a large phase
change when the frequeﬁcy is changed only s‘lightly‘, ‘When the signals
are derived from twe photomultipliers, as in thevvabove arrangement,.

these phase changes go unnoticed.

a. _Frequency-reduction unit
. Frequency reduction is desirable because accurate phase-
shift measurements are more difficult at high frequeﬁcie‘s' than at low
frequenc1es Another reason is fhat the noise of the .photomultiplier
which is the limiting noise, can be reduced convemently by the use of .
a low-frequency narrow-band-width filter.

The mixer of the reference- 51gna1 channel is 1dent1ca1 to the
mixer in the fluorescent channel, and both are ‘driven off the same
beat oscillator (F1g 5). The dutput of both mixers is a 1000.2 + 0 05-
cycle signal. The fluorescent-channel low-noise amplifier and mixer |
is shown in Flg 8. ' '

To prevent the 5-Mc reference signal from getting into the
fluorescent chaunnel, an 1solat1on amplifier (Fig. 5)is used between
the beat oscillator and the fluorescent-channel mixer.

Frequency reduction does not alter the phase relationship

between two signals. For example, if two signals cos (m‘l t - $) and .

-cos (w.t) of the same frequency Wy and of phase difference ¢ are'mixed

1

" separately with a third signal cos (w t) of frequency wz, the resultlng

signals will be given by cos (w t) cos (w t) = (1/2) cos (wl +w )t +-

(1/2) cos (wl—wz)t and by cos (wlt - ¢) cos (wzt) = (1/2) cos ((w1 +m2)t.— ¢)

+ (1/2) cos ((w - wz)t - ¢). Itis seen that the phase relat_ionship is

- conserved in the sidebands of the same frequency In this work the

lower- frequency side band (w - wz) is retained and the other reJected
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b. Automatic frequency control

An automatic f'requency‘control (AFC) using a phase discrimin-

ator, Fig. 6, holds the 1000.2-cycle beat frequency to + 0.05 cycle or

‘better as determined by a Berkeley Eput meter. With the aid of this

controi,- drift in the beat frequency and the need for constantly deter-
mining its value are eliminated. Thus, more accurate measurements
‘can be made and ease of operation is greater.

Frequency control is achieved by placing a 1000.2 % 0.05-cycle

- frequency standard across a bridge in quadrature with the l-kc beat

note from the reference channel. When the frequencies are identi¢al

and 90o out of phase, the rectified output of the bridge is zero, and a

'bal_anc:e‘;fe sults. - When the frequencies are different, an imbalance

occurs, causing one triode of the 12AT7 to change the screen voltage
of the beat oscillator (6AK5). This action results in a change of
frequency in the beat oscillator, tending to keep the beat frequency
counstant at 1000.2 cycles. The frequency of the beat oscillator can be
varied up to one >cycle, and since the driving oséi_llator for the tank
and the beat oscillafor hold to within less than one cycle, the mefhod
is satisfactory.

To obtain a 90° phase relationship between the standard

frequency and reference signals, a variable RC network was used

across the output of the standard frequency signal.

It was found that theﬂAF_C did not lock in if the crystal ovens
for the beat and tank oscillators were used even though the thermo-
static contacts operated properly. Since good control could be ob-

tained without the ovens, they were not used. Also a 500-v regulated

_power supply for the tank oscillatér and power'amplifier were used in

place of an unregulated supply, since it gave better frequency control.
The frequency standard is a 1000.2-cycle tuning fork.(made

by the Riverbank Laboratories, Department of.Engineering, Gene'va,

. Il11.) whose two coils are in the grid and plate circuits respectively

of an oscillator. The oscillator was found to be constant to £ 0,05

cycle or better. The fork possesses a temperature coefficient of one
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part per million per °C in the range 0 to 70° C. Crude measurements
indicate its band width is of the order of 0.1 cps. This frequency
standard was found to be quite satisfactory, although evén better
control could be achieved by use of a 100-kc crystal-controlled oscill-

ator whose output is frequency-divided down'to 1 kc.

c. Light detector and preamplifier

The light .detector is a 6655 photorﬁultiplier having a 1-3/4-
inch -end-on phofdcathodp; It is operated at 1000 volts . To minimize
loss of the 5-Mc signal from the phototube, a cathode follower (6C4)
(Fig. 7) is used as an impedance-matching device between the photo-
tube and a low-noise amplifier (Fig. 8). The.g'athode follower is
mo unted on the base of the photomultiplier, and both are housed in a
hollow aluminum cylinder 3/32.in. thick. A 1ow—n?bise amplifier
f(éBQ?), grounded grid t.ype,' is used to amplify'the‘feeble‘fluorescent
signals priof to mixing. This laction insures that a strong beat note

will result and serves to increase the sensitivity of the apparatus.

d.  Phase shifter and calibration

The phase shifters in the feference and fluorescent channels
are the same iin circuitry, but only the fluorescent channel phaée
shifter is calibrated. The schematic and equivalent circuit for eachphase
shifteris shown in Fig. 9. .The 12 AU7 generates an ac voltage across |
a variable RC network and the plate and cathode resistors. If the
plate (El) and cathode (EZ) voltages are 180° out of phase and if they.
are equal with respect to ground potential, the output voltage EO is
a vector of constant magnitude with varying phase. From the vector
diagram we have tan (¢/2) = R/Xc“ .Knowing R and ‘Xc’ one can_
determine ¢. If ¢1 and ¢2 are the phase angles corresponding to
fluorescent and scattered light respectively, then the desired phase
angle is ¢ = ¢, - ¢;, where tan ¢ = w7 and w = 3.271X 107 sec™ !,
Through these relationships the 11fet1me 7 can be determined.

The cathode and plate voltages were checked with respect to

phase by observing their Lissajous pattern, which gave a perfectly
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straight line. Under these ideal_cbnditions phas_e angle can be
detected to within 0.3°. A more sensitive test of both phase and
amplitude balance was made by using-a nulling device-.- Two 55, 888-
ohm resistors in series were éonnec’ted aéross plate to cathode via
two 1-uf capacitors (XC = 169 ohms), _’Eo obtain ac coupling only.
When the plate and cathode voltages are equal in fnagnitude_ and 180° _
out of phase, the potential between gi'ovund.andvthe midpoint of the two
resistors is zero. . If th'e_amplitude'.—and phase are not quite in balance
a small signal remains. The ritio of the residual signal to the ac
plate voltage is a measure of the deviation from the condition of |
balance. Amplitude adjustn‘leht’s. were rr.1a'd_e with a 40-'ohm‘ potentiom-
eter in the plate load. The res_iciiial signal observed indicated that
" the phase and amplitude,are balanced to 0.1%.

The effect of the 12AU7 and plate and cathode resistbrs on
the impedance of the RC network was found fo be less than 0.2%.
The plate resistance of the 12AU7 is 4ke, ‘the plate énd-'c_'athb_éi.e resistors
4k, dand the capacitive reactance 30:kQi(assuming R = 0). The combined

impedance 1s"2=,2(30) / N30% ¢ 22 = 1.996 k2,

which deviates fromzm by 0.2%. As a check on this effect, the null
was observed while the value of R was changed from 0 to 40 k2. No
change in the amplitude of the null could be detected, thus the above
calculation was supported. ' » _

The effect of output loading on the impedance of the phase
shifter was found to be significant to 0.2%. Theload c'orisiéts essént—'
‘ially of a 5 meg grid resistor (6 AU6 circuit). The analysis is the
same as that given by Chance et al.’16 S o S

The phase angle is changed by adjusting the resistance R. R
can be varied in nine 4.6-kQ steps each and continuously with a 5 ten-
turn Helipot. The fixed resistors aré evaporated chromium film type,

“have a small temperature coefficient of -150 ppm/o.C, and are

noninductive. -
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The fixed resistors and Hehpot were calibrated w1th an imped-
ance brldge, Model 2.50 DA Electromeasurements, lncl.", Portland
Oregon to an accuracy of 0 1%. The Hel1pot is reported to be linear
to 0. 05 %, but a sllght nonl1near1ty was found between 0 and 2.50 ohms.
Consequently this region was plotted on a graph ' In the l1near region

2.50 to 5000 ohms, a least squares treatment ylelded the relatlon
y =1, l+507 0x, .

“where.y is in*ohms and x is in revolutions of the Helipot:: The equation_
can be used to a probable error of 0.2 ohm, but ronly to'an accuracy
of 0.1%, however. k
. The phase shifter's capacitor was a silver=mhica type of

+ approximately 5000 ppf. It was calibrated by means of a Ge'neral
Radio Impedance Bridge, type 650 A, . and a General Radio Precision
Capacitor type 222-S, which is accurate to 1 ppf in the range 0 to
2500 ppf. - Because 5000 puf is outside the range of the precision
capacitor, a 2500—puf_'capac:itor was calibrated and then added to the.
précision ¢apacitor in parallel. The value’ ":'obtained'Was 4945 ppf,
which is accurate to at least 0.1%. The corresponding reactance at
_1000 2 cps is 32 178 ohms |

' ‘Bécause the phase shifter attenuates the 1nput signal it is
'necessary to add a stage of amphflcatmn in the reference channel The

01rcu1try is 1ndlcated in Fig. 10.

Q- -multiplier filter

In order to increase the sens1t1v1ty of the apparatus, .it is
de31rable to ellmlnate as much of the noise as is possible at the phase
detector. By far the . largest contr1but10n is the. noise-in-signal com-
ponent of the photomultlpller As is well known, this noise is the
result of the statlstlcal nature of photoelectr1c emission. The mean-

1
square current ‘of the no_1se-—1n-_s1gn__al ¥ 1s g1ven by

1% = 267 Af
n
where Af is the band width of the entire electronic system, i is the
average photoelectric-signal current, and e is the electronic charge.

The signal-to-noise ratio (S/N} is given by
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S/N =T/42 12 - Treant/?.

Hence, to obtain a lar'ge'_-S/N the amount of light striking the photo-
multiplier should be large and the band width small. Unfortunately,
the signals encountered in these measurements will be small, but the
band width can be made small. A Q-multiplier filter,. Fig. 11, with

a center frequency of 1 kc-and a band width of about 4 cyéles was used
for this purpose both in the reference and fluorescence channels. = The
band width is sufficiently Iarge, however, so that frequency chbang.es of

- the_jor.,d_e.r of 0.05 cycle ‘will introduce negii\gible phase shift.

f. Phase detector

The phase 'detector consists of forming a Lissajous pattern on
an oscilloscope of the 1-kc refer{er’l’cé'a;'r}d'ffluorescence signals. The
reference phase shifter is adjusted until the pattern degenéré}tes into
a straight line, indicating 0° or 180° phase shift. . Substitution of the
BaSO4~s'bl"for ‘the fluoreser= causes the patterﬁ to open up. - The

calibrated phase shifter in the fluorescent channel is adjusted until a

straiglic-line patf.erﬁ appears a.gainn - From the initial and final settings

of the calibrated phase shifter, the phase angle can be determined.
.Ifeel that this phase detector lacks sensitivity and is actually
limiting the accuracy of the méasurement. - With this phase detector
lifetimmes could be determined to a precision of O,? %. A phase deteétor
employing observation of a null of twovsignals 180° out of phase and of

equal amplitude would be preferable.

g. Power supplies

The oscillator {6V6) and poWer amplifier (61L6) driving the
ultrasonic tank are run off a separate regulated power supply.  This
circuit drew 80 ma at 400 v. '

‘The power supply for the AFC, reference mixer, and beé.t
oscillator is voltage-regulated. It delivers 190 v at 70 ma. |

The remaining sectioﬁ of the reference channel is supplied with
a Pedersen 300-v supply, which is regulated and has a maximum rating
of 2 amp.

The fluorescent-signal channel receives its power from a

second Pedersen 300-v regulated supply with a maximum current rating

of 2 amp.
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Both photomultipliers rece1ve 1000 v from a Pedersen Electronlcs

regulated supply rated at 3 kv and 10 ma.
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PROBLEMS ASSOCIATED WITH THE PHOTOMULTIPLIER

Although the photomulti,plie.r is unsurpassed in its ability to
detect weak light signals, if is severely limited when time rheasure-
menté are being made in the range of 10_8 second or less. One
difficulty arises because photoeléctro_ns ejected from different areas
of the photocathode travel different distances to the first dynode, and

thus have different transit times. Measurements on transit times

- have been made at the Radiation Laboratory, University of California,

Berkeley18 because of their importance in measuring fast nuclear
events., The resuits show that for flat-faced photocathodes, such as
the RCA 6655 photomultiplier, electrons leaving the center of the
photocathode arrive at the first dynode »10_8 second sooner than those
leaving the edge. It will be noticed that 10'—8‘ second is a typical life-
time value, and therefore the effect is of considerable_' importance in
lifetime measurements. _ |
A second difficulvty‘pecqliar to semitransparent photocathodes
arises because about 30% of the incident light is transmitted by the
cathode. This light bounces around inside, ejecting photoeiectrons

from the dynodes or the vacuum side of the photocathode. This effect

'~ is not so important as the area effect, but evidently is present, and

is difficult--if not impdssible’—-to eliminate without changing the design
of the tube. -

So far as lifetime measurements are concerned, the photo-
multiplier produces a signal that is the sum of many signals differing
in phase and amplitude but of the same frequency. The resultant
signal is characterized by a certain amplitude and phase, and ‘t;y the
same frequency. This point is illustrated by considering the summa-

tion of the various component signals, namely,

Re sultant. signal = ¥ a  Sin (wt + ¢n) .
Expanding each sin term and factoring out the sin wt and cos wt yields

-
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Resultant signal = p cos wt + gsin wt
= r sin (0wt + 6)

where sin 9 p/r p = als1n ¢1 + a sin ¢2+ . ,:i}\, o
q = (al' cos ¢, ta,cosd, +... .. ),, and r.z,,= pz_+ qZ. - Thus, the
time dispersion of the signal itself in no way alters the accuracy of
the lifetime measur.e,fnenf.?_ Howe,ver,‘vif for any reason the\géometry'
of the light falling on the .photorﬁultiplier i,s._chaﬁge__d in a given run, '
errors in the lifetime of more than 100% can result. | L

o Tilis_ effect was demonstrated by mo_nito‘ring,livght of- 5 Mc
modulation with two photomultipliers and by obse”r_ving'the,ir L_issajou‘s
. pattern on an oscilldscope, If one.photomultiplier is moved slightly
from side. to syideb so that differentv‘ar,eas of the photocathode are
illuminatgd, the Lissajous exhibits a large change in phase angle.

The effect was also observed when an attempt was made to
~ calibrate.the phase shifter by usidg the vtrans'it'tintie for light traveling
a known distance. The distance the light tra.velgcfl_ before-reaching -—
the photomultiplier was varied by»mov.ing a mirror along an optical
bench. The light’image was about 1/8 inch square and remained so
over a distance of 250 cm. The photocathode was ma.éked down to a
1/8—inch—square opening in its c.kenter. . Under these condi.vti’on‘s_
measurements were far from being reproducible. It was suggested
that a scattering agent placed in front of the .cathode would help in
reproducing the light geometry for 'different settings of the mirror;
ho/wever, this idea was never explored.. ' _

In view of these results, consideration must be given to
whether or not the BaS_O4 sol reproduces the effect of the fluore scent
substance with regard to light geometry. To test this effect, a
0.008 M BaSO4 sol in 50/50 water-ethanol was prepared, and a
number of dilutions were obtained from it down to 10“4 M. The
- different conce,n,trations-. were compared with respect to differences in -
phase of the scéttered light. The sols were placed in cells 1 inch

long and 7/8 inch in diameter. When the incident light was masked
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down to prevent light from scattering off 'the walls or neck of the cell,
a br1ght shaft of scattered l1ght 1/2 by O 04 by 1 1nch could ‘be seen in
the cell For concentrat1ons of sol less than 7 X 10 i M no difference
in phase could be detected The 0. 008 M ‘sol d1ffered 1n phase from
the 7 X 10 -4 M one by a few degrees however The same results
were observed whether the full l1ght of the mercury lamp was used.

or _]ust the 3650 Aline. The difference in phase angle for the higher-
| concentratmn ‘sol is to be attributed to its larger grad1ent in llght

1ntens1ty Therefore a sol whose concentrat1on is less than 7X 10 -4 M

would simulate the l1ght geometry of a fluoresc1ng substance provided
the latter has nearly uniform brlghtness along its 0pt1cal path length.

. On the other hand, if the fluorescent substance itself had a
“high opt1cal dens1ty9 dllute sols would not reproduce the l1ght geometry.
‘EConsequently, hfetlmes that are determ1ned by making measurements
at high concentrat1on and by extrapolatlng the se data to 1nf1n1te dilu-
.t1on will be 1n error if this effect is not cons1dered ,

Attentlon must also be glven to where ‘the. reference photo-
lmultipher is placed 'so that its l1ght geometry 1s not affected when
the fluorescent substance and BaSO sol are 1nterchanged _The best
procedure is to place the reference photomult1p11er ahead of the
Afluorescent photomult1pher In th1s way 1nterchang1ng the sol for the
‘fluorescer can have no effect on the 11ght geometry In the present
arrangement the reference photomult1p11er receives a srnall amount
‘of modulated l1ght from a mlrror placed in a port1on of the l1ght
"_beam emergmg from S This procedure was cons1dered preferable
| to us1ng a‘ sol 51nce less than 10% of the llght is 1ntercepted by the
mlrror whereas even a d1lute sol can reduce drast1cally ‘the ‘amount «
'of llght fallmg on the fluorescent substance v In add1t1on the
-reference photomult1p11er receives a more intense s1gnal from the
mirror than a dilute sol. Contrary to Bailey's experience, no
difficulty was encountered by using a mirror. |
A few attempts can be made to minimize the dispersion' '

time in a photomultiplier::., One way is to mask down over one-half
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the photocathode S0 that only the central 'part"can be exposed to light.
Another method is to increase the voltage between the cathode and the
first dynode ~since the transit t1me goes mversely as the square root
of the voltage Fmally, the be st method is to use a ‘spherical ‘photo-
cathode SO that all points on the cathode are equidistant from the first
‘ , dynode Spher1cal cathodes reduce the tlme d1spers1on to 10 -9 second.
" A few photomult1pl1ers on the market posses spher1cal photocathodes,
perhaps by acc1dent however now that the magmtude of the effect is
_known a conscious effort is belng made by RCA and others to produce.
the spherical photocathode. , '

There is no doubt that one of the anomalies that B‘ailey
_encountered can be explained by the characteristlcs of the
ph‘otomultiplier In this connecti‘onv one seriou's objection can be
‘raised with regard to his method (and Kremann's also) of determ1n1ng
phase. His. phase detector involved determ1n1ng a null, which in turn
required chang1ng the amphtude and phase relation of two signals.

The amplitude vva's changed by the adjustment of two slits in front of

the two 1P21 photomultiplier s, and thus the light geometry and phase

angle could have been altered dur1ng a run. Bailey mentions, however,

that slit S (see F1g 3 in his paper) had to be masked down to avoid a
phase sh1ft when the photormultiplier sllts were opened Masking slit
S'2 reduced the llght image in one d1rect1on whereas the photomultiplier
slits reduced 1t in the other d1rect10n and thus an exceed1ngly small
image was str1k1ng each photomultiplier. The obvious d1sadvantage

in their method is that practically all the light must have been wasted.

' The present arrangement on the other hand, uses practically all the

light com1ng from slit S With this modification the sensitivity of

the apparatus is 1ncreased perhaps 100 fold

18
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SENSITIVITY OF THE APPARATUS
-As a guide to future work, the sensitivity of the apparatus was

determined. Sensitivity as used here means the minimum brightness

temperature of a light source that is required to make a reliable life-

time measurement. A _reliable measurement is defined as one for

which the signal-to-noise ratio (S/N)_at the phase detector is 6 and the
optical density of the absorbing gas is low enough t/o prevent significant
self~absoi‘ption. The brightness temp'eratﬁre of a subs'tancer is defined
as the temperature a black body Would have if it had the same intensity
as the substance at the wave length in question. The advantage of using

the brightness temperature is that it actually allows one to determine

_how maﬁy photons per second the source is emitting, whereas the

equilibrium temperature does not. A fuller discussion of these con-

" siderations and.a list of recently determined brightness temperatures

19

for various sources are given in the thesis of Eé‘rl F. Worden.
" The miﬁimum brightnesé temperature needed to make a meas-
urement was obtained first by determining the number of photons per
sec striking the photomultiplier when a . S/N of 6 was observed at the
phase detector. This condition was achieved simply by decreasing the
amount of light falling on the photomultiplier until a S/N of 6 was ob-

served. The anode load was then replaced by a 10-meg resistor, and

‘the modulator was turned off. The voltage drop across.the resistor

was observed on an oscilloscope thereby allowing dc voltages to be
measured. - With an anode-supply voltage of 1000 v, the dc vo'lt'age
observed corresponded to a.current of -5 ><10‘=8 amp. Since only 5% of
the current measured can be modulated, the ambqnt of useful current
was 0.25%X10°8 amp. | . _

To proceed further, consider an exper1ment in Wh1ch one of
the sodium D lines is used to excite sodium vapor, and the resonance

transition is observed in emission. To convert anode current into the

.corresponding number of photons/sec striking the photomultiplier, the

current amplifiéation’ and quantum effici'e'ncy at the photocathode must
be known. - These quant1t1es were measured at the U. C Radiation

Laboratory for the particular RCA 6655 photomultiplier in use. For
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1000-v anode sufﬁ_’plji vihe ga}in‘f of the tube was 1306, and the quantum

‘efficiency at ‘the peak spectral -rés'p‘orise' at 4400 & was -0.1_25. In other

words, 12.5% of the incident photon§ are converted into electrons. Using

‘this. absolute value at the peak sens’itivity and the RCA plot'of relative

sensitivity versus wave "length, one obtains’ a quanturh e'fn.fi-ciency.'of 3.4%

for sodium D light at 5890 2. ‘

' . The minimurh number of photons/sec at 5890 & striking the

" photocathode that would be required for measuring thé lifetimeis

©(0.05)(5 X108 x6.2x10"8)/(10° X0.034) or 4.5 X10° photons /sec of |

modulated light. Using this value and the known efficiency of the optics,

" “onée can determine what brightness temperature‘of the source is required.

Proceeding in this way, one estimates that about 1/6 of the fluorescent

 light strikes the photomultiplier. To avoid significant self-absorption

the,dptical density of the'gas should be low enough so that only 1/10

{(or less) of the incident light is absorbed. ‘Finally, it was shown

ioreviousl‘y that of all the light emitted by the source the fraction

1.2 ><10-4 of modulated light will be incident on'the vapor. These factors

yield a value of 4'.16:'><10'12- photons/sec being emitted by the source in all

directions. B ' S ' .

 The brightness témpe’rature is found through the use of Planck's

law, o o

PPN 8w h-v3 1
CAEBN) = TR —
‘ cre -1

v, B

where d_(E/V)'i“'s"a.;’differential energy density for radiation over the
frequeéncy interval dv ﬁhdér’équilibriu’m conditions. The light source
is in a steady state and not in an equilibrium, however; hence, the
‘energy density is 1/2 that givenin Eq(5). The power dissipated by the
source is c {area of source) d(E/‘V), - If-the power is divided by hv, the

‘units will be photons/sec, ‘and (5) becomes

V 1 :
Power =. 47 — —7 dv (area). . (6)
| 2 ehv7k']f'_1 o .

C

The ‘effective area of the sdurce-"was taken as 0.6 sz, ‘which was the
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value obtained for the A—H4 mercury lamp; dv was taken.as the Doppler .
width | . o
» 1/2 : . :
L 2(Rin2 1/2
avp = BRI yopt/E )

< .
of the sodium line at 1090C, corresponding to a convenient low pressure,
2..6)(10-10 atmos, for preventing,self-abéorptiori. Equating (6) to
4.6?)(1012' photons/sec and solving for T, one.xb‘btains a brightness tem-
perature of 1840°K. If the light flux were underestimated by a factor
of ten, the temperature would be 2200°K. A factor-of-ten uncertainty
in the flux is considered to be a reasonable estimation of the error in-
volved. Since the brightness temperature of a Pirani sodium lamp is

about 4300°K for each D line ., 19

and various other atoms should be poSsiblé. It should be noted that the

a lifetimme measurement for sodium

2200°K value is supposed to represent a typical case with the present
apparatus for a resonance transition. However, a lower temperature
could be obtained if the percent modulation were increased and if the
wéve length of fluorescent light matched the peak sensitivity of the
photocathode. _ ‘

The feasibility of measurements in molecular-gas-phase systéms
. is even more promising in some respects. If the transition for an atomic
line and a rotational line are the same with respect to transition prob-
ability, degeneracy, population, and wave length, the intensity will be
the same in the two cases. In contrast to atoms that possess a singler
line or a few lines in a narrow wave-length region, molecules possess
many rotational lines, and cons'equently, ‘'molecules are capable of
giving much larger signals than atoms. In the extreme case in which
the spectrum is continuous, the largest s'iéna.ls of all can be expected;
this situation would correspond to the large organic molecules such aé »
acridone. _ '

The question might be raised whether each excited rotational
level has the same lifetime. So far as the molecular -wave function is
separable vinto electronic and nuclear wave functions, 20 the 1ifetimé' of
each excited state is the same. Therefore, .if the signals are weak, one
could observe an entire sequence of band heads and feel that witvhin a

first-order approximation the lifetime for each excited state is the same.
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Orie of the more profnising'"mévle!culés for lifetime measurements
~is the CN radical. A convenient light s\ourcein t‘his case would be a v 1
.carbon arc burning in‘a .r'ﬁfrogfen a“tt“nbs'phere'."s’ This source produces the
violet CN emission in.its:plasma at a brightness-témperature of_55000K '
.at. the band head of maximum intensity, .38833:,_1\-9»; The minimum
brightness temperature of a light source:at 3883 & that would allow a
lifetime measurement.to be made is 3150°K. This value is obtained by
.the use of Eq. (6) and the minimum number of photon.s_/sec; ~4.5 ><105,
-neéded to make.a measurement. The calculation assumes the same
line width for CN as was used for siodium_ aﬂd the same photocathode
efficiency.  The ratio of the -inténsity of a light source at 5500°K to one
at 3150°K is:lOZ'l",» co'rresponding to a light flux 102"l times .the
minimum required to make ameésurement, This value is a .lower
1imit,-.howeﬁer, since the CN band-head is considerably bro'ader than

the 5890 & line of sodium at 109°C.
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THE LIFETIME OF ACRIDONE: A DISCUSSION OF ERRORS

Of all the molecules invvesti‘gated by Bailey or Kromann, acridone
was. the only one whose lifetime ._was indeperident of cdncentratioh, Hence,
self-absorption is not significant, and the need for _extrapolatir.lg. the
lifetime to infinite dilution is avoided. Because .of these advantages
and -the desirability of repeating one of their determinatiorrs, the lifetime
of acridone was measured

Eastman Kodak. Company acridone Wh1ch had been recrystallized
~ three times from glacial acetic acid by Kromann was.used. A saturated
aqueous neutral solution was prepared and placed in a quartz cell 1 inch
1eng_and_7/8 inch in diameter.. A 7X1641\_/I BaSO, sol in 50/50 water -
ethanol was used as the scattering agent and was placed in a second cell
of the same dimensions. - The remainder of the optics were essentially
glass, but allowed a sufficient transmission of the excitirig light, the
3650 & mercury. line. A small portion of hght from slit S , Fig., 2,

. was reflected by a 45° mirror onto the reference photomult1p11er The
remaining light passed through a Corning filter #5840, which passed
only the 3650 Bx line. The exciting light entered an enclosure by means
of a narrow opening in its side, pavsse_d through the acridone or sol, and
emerged from an exit opening on the oppoeite side of the enclosure. The
.Eentrance-to the enclosure was masked down to prevent exciting light
from hitting the neck and walls of the cell. - With these precautions
bv‘-irtuall'y no exciting light reached the photomultiplier, and the need for
a light filter in front of the photbmu‘ltiplier ‘was avoided. The measure-
ments were carried out with the acridone solution at room temperature,
and the solution was air-saturated.

‘The results of these measurements and the values obtained by‘
Bailey and Kromann are listed in Table I. Tc‘)'t‘he_vauthor's knowledge
no other lifetime- determinations have been made for acridone.

The errors associated with the ca_libratioh' of the phase shifter
are of the order,of_ a few tentha of a percent in the lifetime. However,
lifetime measurements are not dependent on an absolute phase-angle
determination but rather on a difference,in two phase angles; thus the

errors tend to cancel.
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Table I

The fluorescence lifetime of acr1done accordmg to dlfferent 1nvest1gators

Author o T Lifetime (103“-'8 sec)
‘Bair:ley. | - _ 159 10,01
Kromann - 1.452+0.005

This work | 7 1.50% 0.01

In this work the Qrecisien is limited by the sensitivity of the
phase detector. If a more sen_sitive' phase _detec,torvwere used, such
as a nulling device, the accuracy of the measurement should pi'esumably
be limited by errors : associated.with optical nrob.lems rather than
calibration errors. For example, one mlght quest1on how closely the
sol s1mu].ates the. fluorescent substance w1th respect to the geometry
of the hght falling on the photomultlpher Although Kromann's velocity-
of -light measurement mlght have been.correct, at best it is a check

only on the calibration of his phase shlfter and not on hls hfetlme

measurements

Table I indicates that each 1nvest1gator cla1ms an accuracy of
) l% or better, but they differ from each other by 3 to 10% Part of the
_discrepancy can be traced most ].1ke1y toa cahbratlon error in Bailey's
~ phase shifter. There are three reasons for behev1ng this to be the
.case: (a) phase shlftlng was done at a frequency of 5 Mc, where stray
capacitances can 1ntroduce S1gn1f1cant errors, (b) the calibration was
based on knowing the character1st1cs of a -vacuum tube in. .the phase-
shifter 01rcu1t “and (c) Kromann s measurements are consistently
about 8% lower--where measurements have been repeated-—than
Bailey' s, 1nd1cat1ng.that the dlscrepancy is not a. ra_ndom error... If
Bailey's value is discarded, this wofk and. Kr'omann's agree to within
3%, Wthh is probably the best measure of the uncertalnty involved in

.this te chnlque
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LONG-LIFETIME APPARATUS; LIGHT MODULATOR |

The long-lifetime apparatus is fundamentally the same as the
short-lifetime apparatﬁsﬂ, but the difference in modulation frequency
requires a different modulator and‘different-associated electronics.

' - The light modulator consists of an aluminum wheel, 10 inches
in diameter. ar_1dv0.4_inchvth.ick, with>_5_00;V-.sl'11aped wedges per inch,
.pointing out (fadielly) on its rim. A set of alternate dark and light lines -
on a slide are imaged onto a 0.4-by-0.4-inch area of the rim so that a
pair of lines just covers one wedge. As the wheel rotates, the:direction
of reflection of light from the rim changes periodically. Reflected light .
seen from any particular direction in the plane of rotation will be
changmg its.intensity periodically, and hence the 11ght is modulated.

- The glass optics shown in Fig. 12 consist of a light source, a
set of condensing lenses, a slide 2-by-2-inch with 100 pairs of white
and dark lines per‘inch, a pro_jectivonilens, and a lens for collecting the
modulated light. - All of the optics are mpunted on a Central Scientific
o'p'tical bench. The condenser gathers light from the source and images .
‘.1t on the projection lens, The slide placed near the condenser is imaged
by the projection lens onto the rim of the wheel; fhe size of the image is
reduced by a factor of five solthat there are now 500 pairs of lines per
inch. : | |

The projection lens should be of good optical quality to avoid
eny distortion of the slide's image on the wheel, Its aperture should |
vbe' large enough to receive all the light- coming from the condenser and
yet not obstruct the reflected 11ght from the wheel. ‘A compromlse
between these requirements, the need for a lens of proper focal length
and ava11ab1hty resulted in.the use of a Jena Tessar F 2.8 of 5 cm
focal length. | _

The slide ‘was prepared from a drawing: on a paper 2 by 3 feet.
The negative of a photograph of these lines constituted the slide.

B The wheel is driven by a Bodine universal motor rated at

1/3 hp and 10,000 rpm. The wheel is connected to.the fnotor through
a spindle (Fig. .13) Which is designed to minimize wobble, fn the

spindle, one matched pair and a single angular -contact-bearing No. 206

!
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Fig.-12. Long-lifetime modulator unit. .
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- of precision ABEC-7, were used. In testing the modulator between
5,000 and 10,000 rpm these precision bearings were essential for pre-
venting wobble. Initially, the wheel was to be\run at 10,000 rpm,
corresponding to a modulation frequency of 2.6 Mc. - This idea was -
abandoned when it became evident that too much time was being spent
trying to maintain the spindle and motor in operating condition at high
speed. . A few of these problems were arcing of the brushes to the
commutator, overlubrication or underl\ibrig:ation of the Spindle, and
dynamic instability in the motor. Opération below 4000 rprr-\)/\was satis -
factory, however. Operation of the motor at 240 rpm, ‘corresponding
to 60-kc modulation, allows . lifetime measurements to be made between
10m5 and 10-7 second, a range which supplements the short-lifetime
measurements, | v |
The image of the slide on the wheel must be reduced to exactly
the ‘_rig_ht )diméAnsions, otherwise modulation cannot occur. The size is
controlled by movement of the slide and the projection lens along the
optical bench, The projection lens can be moved small distances by
screwiﬁg' it in or out of its holder. . The slide is in a jig which can be
rocked to obtain alignment in the plane of the slide. The slide and the
projection lens are placed about 30 and 5 cm respectively from the ')rim
of the wheel, and are positioned by trail and error until modulation is
observed by eye. Modulated light can be seen if the jig is moved
vertically by means of a screw adjustment. A fine adjustment can be
made then by”maximizing the output of a photorhﬁltip.lier which is
monitoring the modulated light. ’

. The efficiency of the optics was deterfnined, The relative
amounts’ of light in various places in the optics were obtained by reading
the current of a photomultiplier monitoring the dc light. The following
results were obtained: one-half the light falling on the projection lens

is not transmitted simply because its aperture is too small; only one-
fourth of the light reflected off the wheel can be collected, partly because
the projection lens is in the way of the reflected beam and partly because
of light scattering by the wheel; one-half the incident light on the ph'oto-
multiplier is modulated. The fraction of light thei condensing lenses

receiveér from. all theilight.emitted byrt¢he source
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is calculated to be about one-tenth. - Thus, the useful fraction of light
emitted by the source is 61073, »

- A,  Electronic: Gircuitry

A block diagram of the circuitry is given in Fig. 14, In
general, much of the circuitry uéed for the short-lifetime apparatus is
used in the lbngelife‘time apparatus as.well. The fluoreécent—signal
channel is the same as the circuitry used in the short-lifetime meas-
urements, ahd.consequently,. the calibration of the fluorescent phase
shifter and the method’of\determining phase are the sameée. Therefore,
this circuitry need not be described again. The light-detector circuitry
is the same as that shown in Fig. 7, and the reference phase shifter is
given in Fig. 9. The reference amplifier and cathode follower are

_given in Fig, 1..0, ‘and the reference Q-multiplier filter in Fig. 11,

‘ ‘The reference sigﬁ.a]_ is obtained from a phbtomultiplier viewing
modulated light from the .\x}heelb The same signal is used to drive a
motor -speed control (MSC) which keeps the 60-kc modulation frequency
~constant ‘to:within 1 cycle. -Both fluorescent and reference signals are
reduced from 60 kc to 1 ke byrmiﬁérs andﬁ a common beat oscillator,

. Fig. 15. The reference mixer is the same as that shown in'Fig. 8.

The beat frequency, about 1'kc, is held constant to within 0.2 cycle by

an automatic frequency control.

1. . Automatic Frequency Control

FreQuency control is.‘accomplished through use of a phase
~discriminator (6BN6), Fig.. 16. Two signals derived from the same.
1-kc reference signal, but differing in phase, are dpplied.to separate
grids of the 6BN6. The tube conducts only when both grids-are
positive, and thus the phase difference determines the net output. The
phase difference is dependent on the frequency-" of the signal and the RC
coupling network between the mixer and the 6BN6. - When the output of o
the 6BN6 is m.inimum, a condition of balance is achieved, and the
frequenéy tends to be constant. I o

The output of the phase discriminator is dc amplified and fed
into an increductor whose inductance is dependent on the amotint of

current flowing through it. The increductor is part.of the beat oscillator's
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MU-15673

Fig. 14.. Schematic of long-lifetime apparatus (electronic
circuitry) L ‘
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Fig. 15. dc Amplifier of AFC and beat oscillator
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Fig. 16. Automatic frequency control: cathode follower,
amplifier, and phase discriminator
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grid circuit, so that a change in its inductance results in a change in
the radio frequency of the oscillator. Thus, the beat frequency changes
correspondingly, and in this way is.driven towards a stable ‘COndition-.' |
The difference f'requency.itself can be set to any desired value
~within the l-kc range, however. This feature is an inconvenience,
since the frequency must be measured accurately each time a phase
measurement is made. I

2. Motor -Speed..Control

The block.diagram fo'r.'this".c,ontrol is represented in Fig. 17.
The signal from the reference photomultiplier, following amplification
‘and limiting (Fig. 18), is fed into a conventional frequency discriminator,
Fig. 19 : The output is dc amplified and power amplified. vThe power
- amplifier (Fig. 20} is in series with the armature winding of the motor
~and a manually controlled d¢ voltage supply. The field windings are
v‘wrunvoff.a; second dc supp-ly“, also manually controlled. . When the
moduletion _frequeney is the same as the center frequency--60 kc--of
- the frequency discriminator, there is no dc output. When the frequency
is different; a dc output results, causing the wheel to speed up and
attain the lock-in frequency.

Operation of the MSC at high frequencies is convehi'ently.
achieved by reducing the photomultiplier signal from a megacycle or
so to 60 kc. . For this purpose, a mixer and crystal oscillator can be

switched into the circuit as shown in Fig. 21.

) B. The Fluorescence Lifetime of Iodine Vapor
> The fluorescence lifetime of iodine has been of interest for

21,25 Mo st of the work has centered around the

more thah 20 years. ‘
efficiency of quenching and of energy transfer of the excited molecule

in the uppef' state of the visible band s’vysteme . Probably the reason

so much attention has :been given iod‘ine is that the quenching and energy-
transfer efficiencies are 1farge. - The quenching is associated with an
induced predissociation. The efficient energy transfer to colliding
‘molecules is explained qualitatively by the fact that the separation
between neighboring rotational and vibrational levels in the excited

state is small and that transitions involving small jumps in energy are

‘the most probable. 22 |
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Fig. 17. Motor-speed control schematic
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Fig. 20. Motor-speed control power amplifier
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If the lifetime of the molecule in the exc1ted state is long com -
pared w1th the time between collisions and if the probab111ty for quench-
ing or energy transfer 1S»h1gh, the intensity of flupreseence will de-
crease markedly with increasing pressure. This idea is stated more

succinctly in the Stern-Volmer expression

1=1(0/(1+_az£), \ o | (8)

. where I 1s the fluorescence intensity with no collisiOnal deactivation,
Iis the 1ntens1ty with deactivation, Z is the average time between
collisions and varies inversely as the square of the collision diameter,
and a is the fraction of collisions that result in quenching or in energy
transfer, - Various investigators have measured I/I@ and assumed a
value for 7 and for the collision cross section in order to calculate ‘a.
Alternatively, others haveassumed a value for T and a unit collision
efficiency (a.= 1) in order to calculate a cross section. - Assnming at
of 10-8 sec, Rossler has reportecl23 an effective collision radius for
iodine itself of 20 &, which is considerably larger than the gas—kinetic‘
cross section. Although large ‘cross sections are known for other
molecules, the question can be. raised whether the correct lifetime
was assumed. - Wood and Rabinowitch showed that when iodine is in the
presence of a few hundred mm of foreign gas, corresponding to a
collision time of 10-10 sec, the same amount of dissociation occurs
 whether the exciting light rais.es I2 to above or below its dissociation
limit in the excited state. 24 Assuming a 1ife_time of 10—7 éec, they
showed that every collision results in a dissociation.

More reeentiy, Polanyi has reported collision efficiencies for
vibrational energy transfer of excited iodine molecules in the presence’
of. fore1gn gases such. as D2 and H 2'5 . Assuming a lifetime for the |
excited state of 3><10 sec, he f1nds that vibrational transfers do
x In the

same periodical, Arnot and McDowell report tnat the ratio of the rate

occur out of one collision in.55 for H, and "one in 11 for D

constant for vibrational energy transfer to the rate constant for
fluorescence is ten times that predlcted by 0011131on theory if a value

of 10 -8 sec is atssumed for the lifetime. 26 /

\ ~
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Prlngsheim in his book "Fluorescence and Phosphorescence
g1ves an excellent review of the past ‘work on iodine. He mentions that
although several different techn1ques have been used in an attempt to
measure the fluorescence llfet1me, none ‘of these is rellable, a.nd at best
give an.upper limit of 10 6 sec. In'view of this uncerta1nty and the
desirability of knowing the lifetime accurately, I made a direct determina-
t10n of 1ts lifetime. | '

_ Iod1ne vapor was 1llum1nated by the green l1ne 5461 2,1 %band
A' w1dth from a.n A-H4 mercury 1amp 'This excitation corresponds to the
trans1t10n ' I'I (v! 26)<———— st ( ' 0) ;T'he fluo're'scence spectra
yinclude trans1tions from v' = 26 to all the ground state v1brat10nal levels,
coverlng the range 5461 to 9000 A. The green line was isolated by use
of a Wratten filter #62 and neodymium glass; this combination. gave 10%
transmission at 5461 &. The fluorescent light passed through a Corning
filter #3480 wh1ch reJected the green llght and gave a 65% transm1ss1on
at 5795 R, the pr1nc1pal fluorescent line.

Baker Reagent Analyzed iodine was pur1f1ed and dried under
vacuum (ultrmate vacuum of 10 -5 mm Hg) ‘Iodine was distilled into a
Pyrex cell (opt1cal part 1 inch long and 7/8 inch in d1ameter) which
‘had been baked out at 400°C under vacuum, and was then sealed off. A
'fluorocarbon grease, ‘Kel F, ‘was used in the stopcocks, since its rate

of reactlon w1th 1od1ne is slow A McLeod gauge was used to read the
lowest pressures, but it was separated from the 1od1ne ampoules by a
| liquid n1trogen trap and wasn't open to the line when the cell was being
filled. These precautlons Were taken to avo1d contamination by mercury
or other foreign gas, wh1ch mlght conceivably affect the lifetime meas-
urement. ‘ ' '
» Wood has shown for h1s partlcular experimental arrangement
‘that the 1nten51ty of fluorescence is linear with vapor pressure when the
"temperature 1s below 0 °c. 2T These results suggest that self- -absorption
¥ and collislonal deact1vat10n are unlmportant below 0°C. Since the amount
of self absorptlon is dependent on the optlcal path length his results
are amblguous to that .extent. However, if our optical path lengths are
equal to or smaller than Wood's, a measurement at 0°C should yield

the true fluorescence lifetime.
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By condensing iodine vapor in a side arm of fhe cell, one c.oulbd
observe the fluorescent signal decrease a factor of six from the room -
temperature value. The résidu.all,signal was photomultiplier noise.

" The results of lifefime'measurements’ at two tempefatures
(2.1hO and OQ‘C) are tabulated below, ' |

P T

Lifetime t ]
: . “collision o 2 v o
- (sec) {sec) (mm Hg) o - {"C)
4x107" 6.4x107" 10.23 . 21.0
<4x10™ ", 4.8x107° 0.03 - | 0.0

The time between.colli.sibnsﬂ was calculated from the kinetic theory

expressions . .
L= I/len AZ,

v, ='~.ﬁ 8kT71T.'M )
.where L is the mean free path and_va is the average velocity; n is the
‘ numb_er of molecules per cc, and the collision diameter A was taken as
5.44 ><.10'.8,fcm. Because of the low S/N and the shortness of the lifetime,
.the accuracy of the measurement is not high. At 21°C the accuracy is-
estimated to be of the order of 20%. At.0°C the uncertainties are
larger because both the signal and obsérved lifetime are smaller. The
only significant point about the OOC measurement is that its lifetime is
smaller than the 21°C value. The observed lifetime and collision time -
at 21°C suggest that collisional deactivation could be just as important
as deactivation by fluorescence. If this wére the case, the vlifetime
should increase when the pressure is lowered, sihce the time between
collisions becomes longer. The 0°C lifetime is shorter, however.  The
remaining explanation consistent with the data is that self-absorption is
more important than collisional deactivation at 21°C. The effect of self-
absorption 1s to increase the_ obser.ved lifetime. Thus, when the pressure .
is r_edﬁéeds both the self-absorption and the lifetime decrease. Admittedly
these results dorn't settle what the true 1ifétime is, but :they do give an '

upper limit of 4)('_10_7 sec.
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THE PROBABILITY OF o
SPONTANEOUS NUCLEAR REACTION IN: MOLEC ULAR HYDROGEN
The probability of spontaneous nuclear reactiod in molecular
hydrogen would appear to be of the same order of magnitude as for two
low-energy protons in collision. However, the dlfference in'thickness
between a Coulomb and a molécular-barner at the same internuclear
. distance suggests that the molecule should .react more lrveadily. Since
the probability of penetrating the barrier is an exponenﬁal function of
the thickne sé, small changes in the thickness can result in large
changes in the probability. For this reason it seemed worth while to
" determine the importance of this effect on the over all reaction rate.
The probability per second (probability current] for rea.ction'28
can be divided into (a) the probability of finding the two protons in the
volume of a deuteron and (b) the probability per sec that they will react
once they are 1ns1de this nuclear volume. The first probability is

given by jl s,MJ dv; -where | is the normalized wave function for the

: . two protons; and the’ 1ntegrat1on is over the volurne of the deuteron,

Region I in Fig. 22. . For the-sake of simplicity WKB wave functions
 are used, . and thus, :the calculation can be expected to be correct to
within a few orders of magnitude.: If u is defined by r y(r) = u, the u

functions have theé general WKB form-

. 4.“

/N’E),exp(jgdru (c /%’g‘) L exp (- [gdr) (9)

By restmctmg the wave functlon to be finite at the or1g1n one obtains,

from Eq 9), .

u; = sinnyr .. .. (€& =0, S state),

where. G e e
2.1/2 1/2

= (@u/n?) Y 2@y /2

‘The u functlons for Reglons I, 11, and IV are then found by applying

the cond1t1ons of cont1nu1ty in u and du/dr atr = a, and by applying the
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,_UI
. ;
= E
-
U, ~ 0.5Mev
E =Groundstate -energy level in
T U molecule
MU-15681
F1g Z%J. ngeg/?al energy schematlc for the hydrogen molecule
' o~ ev
U(l) ~ 0.5 Mev '
E Ground state energy level in molecule
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connection formulasz9 at b and c. These operatlons y1eld

uII - / gII exp( j gIIdr +C 1/ exp (/£ gII dr) 5

,.‘:
|

1 - ZC+/ g1yp) \:exp (G/Z:l cos f giIIdr - ﬂ/4] + C_/'\/—g‘iﬁ.%xp (-G/Z)]

cos [fgn dr + T\'/4 - " | - (10)
r
Uy (C / gIV)EeXp (G/ 2 fexp ( J(:g ﬂ |
where g5y = igIH \/(2 p/‘h u(r ] and e G/Z = exp (- f gll'dr),
. Ta T

the usual penetr’atlon factor. ‘
The probab1hty of f1nd1ng the two protons in the volume of a

deuteron is

_ PR 1 ,
(I/N) f(; u dﬂr (a/2 - Zy sin Z'ya) N (11)

where N'i's the normalization and a is the radius: of a deuteron. The

normalization integr“al 1s approximated by i dv = ué _dr,
III III 1 I11

since the wave funct1on outside Region III is small. In Eq. (10) the

second term on the right of Uy is negligible since we have e_'G/21<< eG/Z,

T c

eG/Z cos j gIII dr - w/4). (12)
. r :

1~ ke gm) ]
Since the radial part of the ground—state. wave function fo;' the molecular
nuclei approximatee that of a harmonic oscillatdér, Eq. (12) should
approximate a ground state harmonic- OScillator wave .function This
" .relation can be shown if an average value of gTTT is taken over the
range of 1ntegrat10n e e Bypg <t \/2}1/’5 (E-T) . By the virial theorem
.we have U = (l/Z)E for a harmonic oscillator, and g gyy1 = pth'Z)l 2

where in this case E is measured from the bottom of the potential

well, If only the first few terms in the expansion of the cos term in
.Eq. {12) are compared to the first few terms in the expansion of the

harmonic oscillator wave function exp E@.a(r-ro)z/z],,i.'it can be seen
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that we have _
' © .cos ( f gHIdr -Tl'/4) ~ exp[-a(r ro) /2]
1 ‘ r

\

: where a = 41r v/ Fmally, the normahzatmn can be g1ven with

sufficient accuracy by

N =(aci/gy) j ’és'cp,[‘-a(r-ro)z»]-“di

= 2C% N/ uE & ~/fr/a ﬁ o (13)

Substitution of Eq. (13) into (11) gives the probability for penetra'ting

the mole cﬁlar -barl‘ier ,

? u, dr . f ,

P s || | o) (14)
NT/a | C+ ‘ .
A where : ‘ . o
C+: N g(a),/; [sin. ya »+ e coe va ] | and
2 1/2
y=[% (E- U] /2
, a
Here ( L Uy dr)/(Z'\/ TT;(].) is essentlally a ratio of a deuteron d1ameter

-8 cm), and-

("‘10 13} cm) to a molecular 1nternuclear dlstance (~10
W~ pLEﬁiZ)/(C ) is essent1ally a ratio of the relative velocity of the nuclei

in the molecule to the relative veloc1ty of the protons in the deuteron

'volurne or 10 4. The product of these ratios, ~ 10 9,‘ is merely the
ratio of the molecular vibrational frequency (10 4 ) 1) to the oscilla-
tion frequency th /pR l()23 ) of the protons in the deuteron volume.

To evaluate the penetratmn factor e G, where .

. b ' - ,
G=2 LJ% (W) - B ar (15)
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it is necessary to know the potentlal funct1on U(r) for the‘rnoiecule.
U(r) can be expre ssed convemently by the Dunham3q expansion about

the equ111br1um 1nternuc1ear d1stance Tes. namely

U(&)—-a g2 (1 +a § +a é +a, & A+ )= 31.94 ev, ¥ (16)

where £ = (r r. )/r , and the at 's are funct1ons of spectroscopic constants 31
ag = 9.845 ev, a1 = —1 593, az" 1. 880 a = -2.144, the last three

being dimensionless. Equat'ion (16) is. qu1te accurate near the equilibrium
distance o but is very 1naccurate at small” internuclear distances
because there are not enough terms to represent the sharply r131ng

' ,repulslve energy of the nuclei. Since it is the shape of the repuls1ve

part of the potential curve that is important in this calculatlon Eq. (16)
had to be modified. The repulsive energy is simply e /r and if this
quantlty is subtracted from Eq (16) to terms in 5th degree in'«‘_';, the
remaining energy will be the electron energy Figure 23 shows a plot

of the resultlng expresmon

Ugl = ->5L. 34 +19.40 ﬁ - 9 55 £2 + 3,72 g - 0.898% - 1. 71£° ev, (17)

which is seen to be a slowly varylng function with distance. At very
small distances, however, Eq. (17) giyes too small a value, as its
‘41ntercept is 4 ev smaller than the electron energy of He.

» To obtain the behavior of the electron energy at very small
1nternuc1ear separat1on a calculation’ was made of the energy (consider-
1ng coulombic 1nteract1ons only) requ1red to move two protons in a
helium atom a small dlstance apart “Thé electrons are assumed to have
a2 charge dens1ty ep which 1s spher1ca11y symmetr1c and constant in -

" the reglon of 1nterest " For’ two protons each at the same distance r from

dthe center of a sphere, the effect1ve negatlve charge out31de is zero, v
and ,inside'visvve(4/3)'1,'rr3} P, and it actsas if it were concentrated at a
point at the center of the sphere The force between the protons and .

the negvat1v.e charge is (Ze/r e(4/3)rrr p), and hence the electronic

-~ — o ,
kO ‘ i
The energy is considered to be zero when the nuclei are separated

from each other, and the electrons from the nuclei and each other, by

an infinite distance,
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f

Helium atom electron energy

T L

' A Eqdafion 8
o Equation 17
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® Hirschfelder et al. #

‘hydrogen molecule.
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28 y:_Elecfron energy of fwo Hydrogen atoms -
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' MU-15682
Fig. 23. Electfon energy vs internuclear distance in the
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energy at v‘ery small distances is
=(4/3me’pr® - 78.98 ev. s
Here p was calculated by

jq; @1dr quZ. (2,1)’d7 - (19)

where the subscrlpts 1 and 2 refer to the two electrons Three _

. different wave functlons of Kellner and Hylleraas5 were used in Eq.. (19)
and they all ga-ye _the same limiting behavior. The lj-wave functions used
were S : ! ' '
W E NI exp [-1.68 ,(r1 + ?2),/a0]'.’

by = Npp exp [.—2 K (r, + r‘Z)/aO‘ +2cr 12/""0]? k = 0._93, ¢ =0.13;

by = 151

It is seen that a reasorlable joining of t}rezp;lots of Eqs. (17)and (18) can
be made at small internuclear d1stances _ 7 -
L Hirschfelder's tabulation of the potent1a1 energy at 1ntermed1ate
and large dlstances6 is plotted in Fig. 23 in terms of electron energy,
also H1s data are the result of a Rydberg- Klein treatment of the
v1brat1ona1 levels and quanturn -mechanical calculatmns at large distances.
It is seen that Eqgs. (17) and (18) fit on smoothly to his curve and thus
extend the data to zero internuclear d.istanee.A

The quantity G was determined by adding eZ/r to U, and by
integrating Eq. 15 graphically.: The probability of penetratmn Eq (14),

is given in Table II for the different 1sotop1c reactions,

1..1°

JHH H -+ [3 o+ [3 + v, (20)
ulu? He 3 Py (21)
HZ'H2 — He3 +n , ' (22)

For comparison the probabilities of penetration were calculated with -
a Coulombic potential function. For this case G can be evaluated :

analytically. 34

NIlI {exp [‘-.z(r1 frz)]} (1 +c,r 2); z ,=;1.85/a0, Cl_*: | 0',3..f/a0.

1
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.The total probability per second for nuclear reaction is the
product‘of the probability for penetrating the barrier and the probability
per second for B, "y, or n emission. The probab111ty for beta. emission
.Pﬁ in Eq. (20) is assumed to be completely allowed. Using Salpeter! sj5
values for the beta decay constants, one obtains PB =1.6 X 10" -4 sec—l.

The probability for 'y emission in Eq. (21) and neutron
emission in (22) were taken from .Salpeter 35 The y—emission value is
based on cross- sect1on measurements of thermal neutrons reacting
‘with deuterium (J‘Y = 0.25 ev), and the neutron-emission value is the

" result of cross-section measurements of DZ'--D2 reactions at 20 to 250
kev (T = 5 10° to 10X 10> ev). The probability for emission is I'/ir.

A summary of all the data is given in Table o.

Table 1I

Probabilities (and half life) for barrier penetration (see text).

‘Molecule _-Ppen(molecular) Ppen(Coulomb) 1:1/2
o (years)
plal 2.6 x 107°! 5310770 5x10%
mla? Lax10%? 3.5% 10783 5% 10%0
H%H® 1.4%x 10783 355 107100 1x 10°%

Column 2 gives the probability of penetration for a molecular barrier,
Column 3 the probab1l1ty of penetration for a Coulomb barrier at the
same 1nternuclear d1stance and Column 4 the half life, which includes -
the probability for B, y, or n emission. The fact that HlH has. the
shortest half life appears reasonable, because as the mass 1ncreases,v
the probability of penetration decreases but the_proloability-for reaction
inside the nuclear volume increases. It is seen that the Goulornbr'.l
barrier is more difficult to penetrate than the molecular barrier by_ a
-factor of about IOIS'. However, even for the most favorable reaction
only one molecule of HlH2 in an Avogadro's number. would vli'eact in

1 023 year 5.
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Append1x I The Relatmn Between Phase Shift and Lifetime

The rate equatlon for the productlon of photoactlvated molecules

Craxt/at =k I() L RxF, (A-1Y

..where Kk is the sum of all f1rst order deactlvatlon constants, .including

) nonrad1at1ve processes " and ko is’ determ1ned by the concentratlon of

molecules in the initial level, the opt1ca1 path Iength, and the absorption
coefficient. ‘ . ‘
Exciting light J(t) of modulation frequency w is given:by
J(t) = (ap/2) 4ecos wt. -~ {A-2)

Here a /2 is the average intensity, ‘whéreas (a cos wt) is the variation

- about that average.

Substitutmn of Eq (A—, 2_) into (A-—l) 1ntegrat1on and use of

2 1/2

51n¢—w/(k +w arld cos¢ k/(k + w )1/2 . (A-3)

yields /
(k a) cos (wt ¢)

21 w2y /2

X" = (agky/2K) + ‘k-t).  (A-4)

+ (ce

For typical values of k = 10—8 sec’ 1, the .e_xponential term in Eq. (A-4)

becomes negligible a fraction of a second after the modulated light is

turned on.

The intensity of fluorescent light is given by
1=kX*, | (A-5)

where k! is the sum of all first-order con";stants for deactivation by
fluorescence. It .. should be noted that in éctual ,experiment,. 'o.ne
observes the variation in the num-ber of photons per second rather than
a concentration, since photons are not accumulative. The fluorsecent
light follows the kinetics of. Eq (A-4), and thus is out of phase'with' the
exciting light by the angle ¢.. Equation (A- 3) shows that the phase angle

can be expressed by
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tan ¢ =wT = w/k
where ¢ is a function only of the modulatmn frequency w and the life-

time 7 of the molecule in the exc1ted state

Appendlx II: The Effect of Errors in Phase Angle on the Llfetlme

The phase angle ¢ and 11fet1me T are related by
N v tan ¢ = wr. v S (A-6)
‘Equation (A-6) in differential form is ' o a
dtan ¢ =wdr (A
‘and dividing Eq. (A-7) by (A-6) yields .
d¢/S1n¢ cos¢ d’r/'r S " (A-8)
Thus, the fractlonal error. in 11fet1me is largest When the phase angle

is near 0 or w/2. Ob\(musly,. at ¢ = 7/4 the errors in ¢ reflect a

minimum error in the lifetime.
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