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MEASURED LIFETIMES OF ELECTRONIC, VIBRATIONAL AND

ROTATIONAL LEVELS OF THE NITROGEN MOLECULE

CHAPTER I
INTRODUCTION

Due to the atmospheric content of the earth, the nitrogen molecule
plays an important role in electron and photon energy transport in our
environment. To describe the mechanism of photon energy transport, the
oscillator strengths and transition probabilities must be known. The
oscillator strengths and transition probabilities are determinable from
the lifetimes of the corresponding levels if the relative intensities
of the emitted radiation are known also. Due to this importance and
due to considerable confusion in p?evious measurements, the experimental
investigation herein to be described of tﬁé lifetimes of the nitrogen

molecule was undertaken.

Previous Work

The Bsng state of nitrogen decays by spontaneous emission to the
A32u+ state. This produces the relatively strong, near infrared first
positive band system. The spontaneous emission lifetime measurement of
this state is difficult due to competing collisional depopulation because

(1)

of the relatively long lifetime. Jeunehomme measured the pressure
dependent lifetimes of the vibrational levels v'=0 through v'=10 and
obtained values which ranged from 8.0 to 4.4 microseconds, respectively,

1



5
after extrapolation to zero pressure. Brenner(z) examined the rotational
equilibrium time in the nitrogen afterglow and claimed that the lifetime

(3)

3
of the B Hg state is greater than 2.4 microseconds. Wuster measured

the absorption oscillator strength of the zero-zero vibrational transi-
tion in a shock heated nitrogen gas. The value he obtained for the 0s-
cillator strength was 0.0028.

The electronic state of the molecular ion (N2+), which has received
the most attention in direct lifetime measurements, is the Bzzu+. This
level decays by spontaneous emission to the Azzg+ level. The resulting
spectral bands are referred to as the first negative systems. Bennett
and Dalby(4) were the first to measure directly tlie lifetime of the v'=0
vibrational level of the Bzzu+ state via the 3914 R band to be 65.8 nano-
seconds. Fink and Welgecs) used a phase shift technique and obtained a
value of 45 nanoseconds for the v'=0 level. Sebacher(6) used a 10KeV
pulsed electron gun and measured the lifetime of v'=0 tc be 65 nano-
seconds. Fowler and Holzberlein(7) viewed the radiation decay directly
and obtained a value of about 70 nanoseconds for the B22u+ state/
Jeunehomme(s) observed the radiation decay following a terminated, radio
frequency discharge. By applying a gate to the photomultiplier, he was
able to sample the radiation decay and accumulate a decay curve. The
lifetime Jeunehomme reported for the state was 71.5 nanoseconds. Hesser
and Dressler(g) obtained a value of 59 nanoseconds with a phase shift
technique.

The Csnu state of nitrogen has been examined by a number of inves-
tigators. This state decays spontaneously to the Bsng state to produce

the second positive band system. In all previous measurements, peculiar
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and previously inexplicable pressure and electron energy dependences
have been reported. Bennett and Dalby(4) did the original work on this
state also. They found the lifetime to be electron energy dependent.
Arbitrarily, they analyzed their data to yield a lifetime of 44.5 nano-
seconds. Fink and Welge(s) extrapolated to the energy of excitation
onset to obtain 27 microseconds as the lifetime of the v'=0 level.
Jeunehomme(s) extrapolated his pressure dependent values to give 49
nanoseconds. He arbitrarily disregarded the low pressure measurements.

(10) measured the lifetime of the v'=0 and v'=1l

Nichols and Wilson
levels of the C3Hu state with a delayed coincidence photon counting
technique. A pulsed proton beam was used as the excitation source.
They extrapolated to zero pressure from a relatively high pressure
region (50 - 400 Torr) to obtain lifetimes of 45.4 and 31.2 nanosec-
onds for the v'=0 and v'=1 levels, respectively.

A compilation and comparison of the above mentioned three states

of nitrogen is presented in a tabular form in Chapter IV of this

report.

This Work

The lifetimes of the B3Hg and C3Hu states of N, and of the B22u+
state of N2+ were investigated in an attempt to clarify the ambigu-
ities and inaccuracies which previous measurements have demonstrated.
The peculiar electron energy and pressure dependences of the C3Hu and
Bzzu+ states were also investigated and the results herein reported.

A possible explanation for the previous ambiguities will be presented.

A band of a diatomic molecule produced by a vibrational transi-
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tion is the result of many rotational transitions. The lifetimes of
the individual rotational levels of the 822u+ (v'=0) were measured
to test the common assumption that the lifetimes are all the same.

The results of these measurements will be given.

The rotational temperature of the B22u+(v'=0J of Nz+ was also
measured. The results of these measurements will be presented and a
comparison will be made to the measured temperature of the containment
vessel,

The Birge-Hopfield band system is produced by a transition from
the blnu to xlzg* states of the nitrogen molecule. An attempt was
made to measure the lifetimes of the upper level. However, due to
predissociation of this level, the radiation intensity was too weak
and the resulting lifetimes probably too short to measure. An inten-
sity comparison of the Lyman-o line of hydrogen was made to the
Birge-Hopfield bands to obtain the ratio of the probability of
predissociation to spontaneous emission of the blﬂu(v‘=l) level of
nitrogen. This comparison will be described and the results presented

in Chapter IV.



CHAPTER 11

THEORY AND MATHEMATICAL ANALYSES

Ceneral Relations Between Transition Parameters

For electric dipole radiation, the line strength, S(M,N), of a tran-
sition connecting upper level M to lower level N may be expressed as

follows.

- 2
sSMN) =L o | [P [m)] (1)

,n

l(mlf’ln)l2 is the squared matrix component connecting a state m of the
level M with a state n of the level N. P is the electric dipole moment
for the system. Natural excitation and unpolarized radiation will be
assumed in all that follows.

The transition probability, A(M,N), for the transition from level M

to level N may be described in terms of the line strength,

b 3
A(M,N) = 641 \3) (M:N) S(MaN) (2)

3hc (2JM + 1)

h and ¢ denote Planck's constant and the speed of light, respectively.
v(M,N) is the frequency of the emitted radiation for the M to N transition.
The factor (2JM + 1) is the number of states in level M and is necessary
simply because of the summation involved in the definition of the line
strength. Treatment in this manner is justified since the total transi-

5



6
tion probability of every state in a given level is the same.(ll) The life-

time,'%q, of a given level may be expressed as:

64n v LN) SOULN) -1 3)

-1
Ty = [ZN AM,N)] © = [EN

3
3hc (2JM + 1)

The lifetime of every state in a given level is the same.

If the lifetime, Ty is known, the transition probabilities may be
determined from a measurement of the relative intensities of the emitted
radiation from the level M. The total intensity, I(M,N), of a particular

transition M to N, in units of photons per second is:
IM,N) = AQM,N) Ny (4)

NM is the number of atoms in level M. A summation of Eq. (4) over all

lower levels N results in the following equation, with the use of Eq. (3).

I(M,N) 1

AM,N) = TIMN . Ty (5)

The absorption oscillator strength, f(N,M), of a transition from N to
M may be described in terms of either the transition probability or the

line strength.
2. + 1 3

M me AM,N)
FONM) = 05, + 1 8n2e? v2QM,N) (6)
or
f(N,M) = 8_'"_2_m_ V(MsN) S(M,N) (7)
3he? (29 + 1)

m and e denote the mass and charge of the electron, respectively. The

relations embodied in the equations in this section may be used with no
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difficulty for molecular electronic transitions if A (the projection of the
total electron orbital angular momentum on the internuclear axis) and S
(the total electron spin) does not change. If A is zero for one transition
and not zero for another transition, all of the factors (2J + 1) relating
to the A non-zero level must be multiplied by 2. This statement assumes
that S(M,N) is summed over both possible orientations of A. The most im-
portant use of this factor of 2 is in Eq. (6) which relates the two mea-

surable quantities f(N,M) and A(M,N).

Lifetimes of Rotational and Vibrational Levels

of Diatomic Molecules

Molecular transition factors are usually described with different
notation. To properly define the necessary notation, the quantum mechan-
ical description of the diatomic molecule will be briefly considered. In
the Born-Oppenheimer approximation to the diatomic molecule, the wave fﬁnc-

tion, y of a given state is separable into three functions.

evKAM»

YeviaM - Ye(ie’ R) _}R‘YV(R) YKAM(e’d)) (®)

Ve is the electronic wave function which depends on the coordinates of the
electrons, ie’ with respect to the molecular fixed axis and on the distance,
R, of separation of the two nuclei. The angle variables (6,¢) reference
the molecular fixed coordinates to space fixed coordinates. The quantum

number A describes the projection of the electron angular momentum along

,YV(R)

the internuclear axis. . . . .
—x— is the vibrational wave function and'yKAM (0,¢)

is the rotational wave function. The Schroedinger wave equation is approx-
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imately separable with the use of Eq. (8) for Hund's coupling cases a and
b_(lZ)
The separated rotational wave equation may be further simplified with
the following definition,
Mg

i
YkAM = F (8) e

The rotational wave equation as expressed by Kronig(ls) will yield the

following expression.

= 4 ysin®d .1 (M2 42MA cos 6 - A2cos26}-K]F = O

sing de@ de sin? o
€©))
Define a new variable, x.
x = 1/2(1 - cos 8)
The variable substitution reduces Eq. (9) to:
d(x(1-x)) g£_+ (K - M+ A(2x - 1))]F =0 (10)
dx dx 4x(1 - x)

Eq. (10) now has the same form as the separated equation describing the

symmetrical top which has been examined by Rademacker and Reiche.(14)

Similar to Eq. (1) for an electric dipole transition, the line

tyy1KE AL
strength, Sznznﬁuﬁn, connecting one level with another, may be described

as follows, valid to within the previous approximations.

e'viK'A!
ellVHKHA"

= S| Fryr R ¥ GaB) P(E) ¥ uGaR) QW (R) 0R |2 (11)
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A sum over the upper and lower states of M' and M" has already been per-

- !
formed. Pe is the electric dipole moment. Sgﬁ,,are the Honl-London

factors which are well tabulated for most common cases by Herzberg.(ls)
These Honl-London factors are obtained from the early work done on the
symmetrical top, since the form of the Schroedinger equation for the sym-
metrical top is identical to Eq. (10). The squared term in Eq. (11) is

1 alt
referred to as the band strength and designated by ps,sn. Henceforth,

the electronic designation on ps:sx will be dropped as all the following
discussion is to be applied to electronic transitions which have unique
e' and e". The inside integral in the band strength is the electronic
transition component. If it is a slowly varying function of R, it may be

removed from the integral over R. The electronic transition component is

usually designated as Re.

e'v'K®n ! K' A? _
Se"V"K'Y\" = SKH AN (RV'V") qV'V"

CN is the square of the vibrational overlap integral and is called the
Franck-Condon Factor. Rv'v” is the R-centroid and is dependent on the
particular v' to v'" transition.

For a transition from a rotation-vibration level in a given electron-

ic state to a rotation-vibration level in another given electronic state,

e'v'K'A !

Sy e May be described with Eq. (11),

the transition probability, A

similar to Eq. (2).

tartKIA P 4 3 1K 133’42l SKI'A l,l
Az":”"i"ﬁ " = 64 1 - (v K Y K ) K A V’-Vll (12)
3hc3 (2K' + 1)

v(v' K':v'"K") is the frequency of the emitted radiation due to the transi-
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tion which is being considered.
A simple expression results if the transition probability from a given
rotational (K') and vibrational (v') level is summed over all lower rota-

tional (K") levels in a given lower vibrational (V') level.

!K! SK'

v n 1P 10

én A ngn = T _Qiﬁ.vB(vv K' :v"K™) Kovivh (13)
v K" 3hc3 (K' + 1)

The e',e'", A' and A" notation has been dropped in Eq. (13) since it is
assumed to be completely specified and unique in all that follows. The
frequency of the transitions in a given band are nearly equal. Thus, the
frequency term may be removed from the sum in Eq. (13) and still give ap-
proximately the correct results. The only terms then left in the sum
which depends on K" are the Honl-London factors. It is easy to verify
that, for all the Honl-London factors tabulated by Herzberggls) the

following is correct.

Kl

K = (2K' + 1) (14)

Zyn S

Eq. (13) may be written as follows, with the use of Eq. (14).

AV KD 64t

= (15)
" "y
SRR S

g v3(v!,v") p

V'V"

v(v',v") is the frequency between the zero rotational levels. Eq. (15)
then states that, to the approximations employed, the transition probabil-
ities from all rotational levels of a given vibrational level to a given
lower vibrational level are the same. Hence, the sum of the transition
probabilities in Eq. (15) may be designated by only the vibrational levels,

A(v',v"). The lifetime of the vibrational level may now be written simi-
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larly to Eq. (3).

A',vM] = [éiﬂf

= [
v 3hc

T zvn V3(V',V") vavn] 1 (16)

Vl

Thus the theory predicts that the lifetimes of all the rotational levels
are the same to within the approximations made.

The variation of the lifetime (due only to the v3 factor in Eq. (13))
with rotational level will now be determined for a particular vibrational
level of the nitrogen molecule. The first negative system of nitrogen

results from a 2% - 2% transition. The Honl-London factors (SJX) for this

type of transition have been tabulated by Mulliken.(lé)
spl_sRl_i:_l_/‘t.
J ~ 3 7 J
SPZ_SRZ =J_2._'__1_/_L (17)
J ~%J J

¢ 1 P 21 -1
3 % TTE-D

J is to be taken as the largest of the two values J' or J". The two fac-
tors for both the R and P branch are due to the splitting of each rotation-
al level into two levels by the electron spin interaction. J is now the
quantum number for the combination of electron spin and nuclear rotation

in Hund's Coupling case b and takes on the values K ¢ 1/2. The extra
branches RQ21 and PQ12 are due to a change in J equal to zero transition
where the change in K is still plus or minus one. The frequencies of the
R1 and R2 branches are approximately equal for a given value of K. The
same holds for P, and P,. The frequencies of the transitions corresponding

1 2
to the Honl-London factors RQ21 and PQ12 are approximately equal to the
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frequencies corresponding to Rl or R2 and Pl or PZ’ respectively. If the
equations in (17) are substituted into Eq. (13), the following approximate

equation results.

v
ZKII AV"J" = (18)

64 T p

v'v" N LT LA (L (J'+1)2 -1/4
3he? (2K'+1) peratv B—gmyy— )

J'2 -1/4

T ) +v3(v'J':v"J") ( 0 A

+va(v'J':v"J") (
431 (J'+1)

The sum in Eq. (18) is limited to three terms due to the selection rules

for these transitions. The frequencies vp(v'J':v"J") and vR(v'J':v”J")

are the frequencies of the P1 or the P2 and the R1 or R2 branches, respec-
tively. The frenquency vQ(v'J':v"J") is equal to vp(v'J':v"J") or vR(v‘J':v"J")
according to whether J' is K'+1/2 or K'-1/2, respectively. Notice that

the coefficient on v, (v'J':v""J") approaches (23')-1 as J' becomes large

Q
while the coefficients of vp(v'J':v"J") and vR(v'J':v"J") approach J'.
Thus for large Jj'levels, the Q terms become small.
For the J' levels which are equal to K'+1/2, the summed transition

probability in Eq. (18) becomes:

v'J!
ZJH AVHJN =
64'"'4 3 st T eyttt K'+1 3t TY eqptt TN K'
— 5 Pyrwn [ VROV gpmy ¢ ROV ey | (19)

Eq. (19) is also correct for the J' levels which are equal to K'-1/2,
The summed transition probability in Eq. (19) has a form identical to

the summed transition probability of a 13+!% transition. This is
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exactly as is to be expected since the interaction of the electron spin
and nuclear rotation was not included in the approximation used to derive
Eq. (19). Since both J' levels of a given K' level have the same tran-

sition probabilities, the J' notation of Eq. (19) will be changed to K'.

lJ! lKl
XJI! VllJll -+ ZK" llKll
Let R(v',v",K') be the ratio of this summed transition probability

of an arbitrary level to that of the K'=0 level.

z le

K" V"K" _

ROV, VLKL = [T (20)
K" V"K"

vg(V'K':V"K") (K'+1) + vﬁ(v'K':v"K") K

vg(v'o:v"l) (2K'+1)

Table 1 gives this ratio, as calculated for the two bands, B 2Zu+(v'=0) >

X 2Eg+(v'=0) and B 2Zu+(v‘=0) + X 2Zg+(v'=1) of the nitrogen molecular
ion. The frequencies used were taken from the measurements of Childs.(17)
R(K') in Table 1 is the average of the other two R ratios listed.

The lifetimes of the v' and K' levels may now be expresséd with

the frequency corrected transition probabilities of Eq. (19).
V'Kl -
Tvv’Kv = { Zvu XK" V"K" ! (21)

vg(v'K':V"K")(K'+1) +va(v'K':v"K") K'

64ﬂ -
{ L Pvlvn : (2K'+1) }'1

With the use of the ratios defined in Eq. (20), a lifetime ratio may be



Table 1. Theoretical Ratios of Transition Probabilities (R) and Theore-
tical Ratios of Lifetimes (Z) of the Rotational Levels of the
BZZ;(V' = 0) Level Due Only to the Frequency Terms.

K' R(0,0,K") R(0,1,K") RK") Z

0 1 1 1 1

1 1.000 1.000 1.000 1.000
3 1.000 1.000 1.000 1.000
5 1.001 1.001 1.001 0.999
7 11,001 1.001° 1.001 0.999
9 1.002 1.002 1.002 0.998
11 1.002 1.003 1.002 0.998
13 1.003 1.004 1.003 0.997
15 1.004 1.005 ' 1.004 0.996
17 1.005 1.007 1.006 0.994
19 1.007 1.008 1.007 0.993
21 1.007 1.010 1.008 0.992
23 1.010 1.012 1.011 0.989
25 1.012 1.014 1.013 0.987
27 ~1.014 1.016 1.015 0.985
29 1.016 1.019 1.017 0.983
31 1.018 1.022 1.020 0.980
33 1.020 1.024 1.022 0.978

35 1.023 1.028 1.025 0.976
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formed.
! Iap v3(v'0:v"1)
v',K' - vt Fytyt TP .
TV' 0 Zvll pV|v|' VS(V'O:V"]) R(V"V"’K')

R(v!',v",K") is épproximately independent of v''. This approximation

is very good for the first negative system of N2+ as is demonstrated
‘in Table 1, since the two tabulated transitions constitute over 90%

of the total radiation emitted from the Bzzu+(v'=0) level. If R(K')

is now substituted into Eq. (22) for R(v',v",K') and then factored
from the sum, the lifetimes of the rotational levels of the zero vibra-
tional level of 822u+ of N2+ can be expressed in terms of the zero

rotational level.

Z is also given in Table 1.

Time Dependence of Excited Particle Concentration

The parameter referred to as the lifetime of a given electronic
State may be utilized to describe mathematically the density of excited
particles after the excitation mechanism has ceased. If spontaneous
emission is the only population or depopulation mechanism, the differen-
tial equation describing the rate of change of the density of excited
particles, N*, is:

dN*
-d—t-— = —zj AJ. N* (24)

e ity
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A. is the transition probability of a transition from the state of the N*
particles to a lower state, j. Solution of Eq. (24) and use of the defini-
tion in Eq. (3) gives:
N* = N e t/" (25)

N; is the density of-the excited particles at time zero. More general popu-
lation mechanisms are discussed by Holzberlein.(ls)
The mathematical description of a particular case of depopulation mech-
anisms will now be considered for later we. Assume that the important
population and depopulation mechanisms are spontaneous emission, volume

collisional depopulation, and wall collisional depopulation due to diffusion.

The mathematical analogue for these conditions is:

T = CAN* - NowN* + DV2N* (26)

A stands for the sum of all the transition probabilities from the excited
level which N* occupies, No is the density of particles in the ground state,
o is the cross section for the volume collisional depopulation of the ex-
cited level which N* occupies, v is the velocity of the collision, D is
the diffusion coefficient for the nitrogen molecule and V2 is the Laplacian
operator. Inherent in Eq. (26) is the assumption that all excited par-
ticles, N*, which contact the wall of thé'invertron are depopulated with-
out the emission of a photon which the excited particle characteristically
emits in free space.

Since the results of this analysis will be applied to the invertron,
the Laplacian operator of Eq. (26) is best expressed in cylindrical coor-
dinates. The immediately simplifying assumption of no angular or axial

dependence of the excited particle density will be made. The lack of
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axial dependence is a reasonable assumption since the invertron excitation
region has a ten to one length (&) to radius (a) ratio. Eq. (26) is now

separable by expressing N* as follows.
N* = R(z) T(t) (27)

R(r) is an assumed function of the radius, r, and T(t) is an assumed func-
tion of time, t, only. Substitution of Eq. (27) into Eq. (26) and utili-

zation of (-p2) as the separation constant leads to the following equations.

dT

gl o (p2

It (p? + A+ NOUV)T (28)

2 32 2.2 .
r< d<R r dR + Pr R= 0 (29)

TP Tt D
Solution of Eq. (28) and (29) yields the following result, after the re-
quirement of finiteness is imposed on the solution.

* = P T
N* = Cexp(-p? -A - Nov)t J_ {P-/_-% } (30)

J0 is the zero order Bessel function. Let the boundary conditions be as

follows.

t=0 N* = N* r< a
0
N* =0 T> a (31)
This leads to the general solution:’
2
® -0¢ D T
N* = N T exp {( - A - Nogv)t} 23, l2, 3 (32)

The an's are zero roots of Jo and a is the radius of the invertron.

The time dependency of the total emitted light, I(t), for a given
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transition may be expressed now by integrating N* from Eq. (32) over the

volume of the invertron. The result of such an integration is:
At
I(t) = 4ma® N¥¢ A* Y —r— (33)
n=1 n

A* is the transition probability for the particular transition under study
and the effective transition probability, A, is defined as follows.

a2 D
L (34)

A =A+Nov +
n 0o 22

The third term on the right hand side of Eq. (34) can be evaluated with

(19) (20)

the use of the measured diffusion coefficients of Winter and of Winn.
For the use of this analysis, D is expressed in terms of the concentration

of the neutral particles at the temperature of the gas in the invertron.

D = 9.2 x 10 (35)

N0 has units of particles per cubic centimeter. The first (n = 1)

exponential term in Eq. (33) can now be expressed with Eq. (34) and (35).

A=A+ Nov + 0.52
o) N

(o)

(36)

The subscript on A has been dropped. No is now expressed in units of 1015

particles per cubic centimeter and the values of the radius of the inver-
tron (a) and the first zero root of Jo is used in Eq. (36). Nocv is often
referred to as the collision frequency.

An interesting and useful series can be obtained from Eq. (33). At
zero time, the intensity is known independent of Eq. (33) and can be ex-
pressed as follows.

I(t = 0) = (ma?) & A*N* (37)
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Eq. (33) also expresses the intensity of radiation at time zero.

I(t = 0) = (&) (ra?) £ AWE [ () (38)

n=1l a
n

Equating (37) and (38) then yields the following infinite series.

1/4 = —) (39)

n=1 a

He~18
—

The fraction (f) of the intensity due only to the first term in the

series of Eq. (33) can now be determined for t equal zero.
f=(—)=0.7 (40)

Thus the first term of the series (hereafter referred to as the first mode)
contributes most of the total intensity.

Another factor contributes to the dominance of the first mode. The
higher modes decay more rapidly than the first mode. For example, in
Eq. (33), the first term of the exponential in the sum includes anz. The
ratio of the equivalent lifetimes of this term for the second mode to the
first mode is greater than five to one. The initial boundary conditions
used in Eq. (32) assumed a constant concentration. Due to the faster
decay of the higher modes, the correct boundary conditions would have a
functional dependency of N; on r which decreased with increasing r. This
would have the effect of weighting the zero mode even more than Eq. (40)

implies.

Time Dependency of Decay Curve for Multiple

Photoelectron Distortion

The time dependency of the decay curve, when Timing and Detection
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System III: Delayed Coincidence is used, is a function of the average num-
ber of photoelectrons per excitation pulse to the invertron. This time
dependency can be derived in analytic form in the following way.

Assume that Pc is the probability that a photon emitted in the inver-
tron will create a photoelectron in the photomultiplier after passage
through the monochromator. Let A be the reciprocal of the lifetime of a
certain state, and let A' be the transition probability for decay of that
same state to produce a photon whose wavelength is under observation.

Let N be the initial number of excited atoms of the same particular state.
From time t to t + dt, the probability, dP, that an excited atom will pro-

duce a photoelectron and that this is the first photoelectron produced

for a given pulse to the invertron may be described as:

dpP = Pe Pc Pf de (41)

Py is the probability that a particular atom exists at time t, de is the
probability that this atom decays into the observed mode during t to t + dt,
Pf is the probability that all other atoms have failed by time t, and Pc
is as previously defined. Each of the separate probabilities will be con-
sidered. First, Pf will be obtained.

Note ﬁhat the probability that no other photoelectron has been cre-
ated by time t is equal to the probability that all other particles in the
Particular excited level‘have failed to create a photoelectron by time t.

To find this probability of failure of all other atoms, consider the prob-

ability of success, Ps’ for a given excited atom by a time t.

P = [1 - exp(-At)]P (42)
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Now the probability of failure of a given excited atom is:

(1-P) = {1 -p[1- exp(-At)]}

The probability of failure of all atoms other than the one for which Eq. (41)

was written is Pf and may be written as:

P = {1- P.[1 - exp(-At)]}N'1
=1 -0 - DL - exp(-anylp, - BRE221 L exp(oan))?
oo |
)" 1 - exp(-at)]" (-1)"
~] < - (43)
n=0 )
The validity of the last approximation is based upon the fact that
e )"
<< 1] n = integer
n .
is correct for much smaller values of n than is the expression,
(N -~ n) «< N
Now define:
NP =M (44)

M is the average number of photoelectrons produced per excitation pulse.

The combination of Eq. (43) and (44) gives:

_ E (-1)"M[1 - exp(-At)
n

]n

P = exp{-M[1 - exp(-At)1} (45)

£ n=0

The other terms in Eq. (41) are well known.
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P, = exp(-At) (46)

= A' dt (47)

de

Insertion of the values from Eq. (45), (46) and (47) into Eq. (41) gives:
dP = A’ exp(-At)Pc exp{-M[l-exp(-At)]} dt

Now the intensity, I', of the observed radiation is:

I' = E%% = NA'PC exp(-At) exp{-M[l - exp(-At)1}

The time dependent part, I(t), is the part of interest.
I(t) = exp(-At) exp{-M[1 - exp(-At)1} (48)

An interesting demonstration, which lends credibility to the results
of Eq. (48), is to show the relation of Eq. (48) to a Poisson distribution.
The justification for applying a Poisson distribution is the same as the
justification used to obtain the approximation in Eq. (43). To show the
relation, consider the average number of photoelectrons not counted using
a Poisson distribution. When zero or one photoelectrons occur for an
invertron pulse, no photoelectrons are lost, ie all are counted. When x
photoelectrons occur for an invertron pulse, X minus one photoelectrons
are not counted. Poisson statistics then gives the average number of
photoelectrons lost per pulse as:

E exp(-M) M (x-1) _ y E exp (-MM* _§ exp (-M)M*

4 ! L | ]
x=2 X: x'=1 X" x=2 X:

(49)

Now the fraction of photoelectrons lost per pulse, Fi, is given by dividing
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Eq. (49) by the average number of photoelectrons per pulse.

% x! @ =X X
F, = y exp(-MIM™  _ %. y e M (50)
x'=1 x'! x=2 x!

The fraction of photoelectrons lost may also be calculated from the
time dependent function, Eq. (48). The best way to do this is to calcu-

late the fraction not lost, Fn.

8

S
Y S

(o]

The denominator in Eq. (51) expresses the total number of photoelectrons
that occur. A constant multiplier has been omitted in both denominator

and numerator. Eq. (51) may be easily integrated to give:

p oo [l- exp(-M)]
n M

The fraction lost then becomes:

_ - [1 - exp(-M)]
F,=1-F =1- = (52)

It can be shown that Eq. (50) and Eq. (52) are equivalent by multiplying

Eq. (52) by exp(M).

exp(M)FL = exp(M) - Sfﬁiﬂl + %— (53)

Eq. (53) can be expanded using the normal infinite series expansion for
exp(M). After the similar terms are cancelled, Eq. (53) becomes identical
to Eq. (50) after multiplying, as correction, Eq. (53) by exp(-M) after
the series expansion and cancellation.

To demonstrate the distortion of the true time dependency as compared
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to the observed time dependency of the decay curve, for values of M not
small, the distorted curve is plotted in Figure 1 for two values of M
(1 and 0.3) along with the true curve, exp(-At), which is the same as M
equal zero.
In practice, M cannot be measured directly since a measurement of
the number of counts will miss the fraction lost. However, Eq. (52) can

be manipulated to yield M from the ratio of the measured counts (CM) to

the total number of possible counts (CP). From Eq. (52),

CT - CM

- 1 -
Fpo=1-gll - exp(-M)] = T (54)
CT is the true number of counts. In addition,
M= ST (55)

- CP

Eq. (54) and (55) contain two unknowns, M and CT, each of which are unique-

ly determinable. The determination of M from Eq. (54) and Eq. (55) follows.
CM
M=-In[1- ()] (56)

For small values of g%3 M may be approximated as follows.

C_M) 2 (_C_M.) 3
M= (%%) + Cg + Cg (57)

For (%%D less than 0.1, M may be taken to be equal to (%%J with less than
% error in the results. For values of (g%a larger than 0.1, Eq. (56)
should be used to determine M. Failure to make this correction will result

in underestimates of the decay time.
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CHAPTER III

EXPERIMENTAL APPARATUS

Introduction

The equipment used in this experiment can be divided into three

general categories:

1) Invertron and associated vacuum system

2) Monochromator and photomultiplier

3) Electronic equipment.
The invertron was an electron gun of a special design used to create atoms
and molecules in excited states. The associated vacuum system was used to
maximize purity of the gas and to produce sufficiently low pressufe for
the proper operation of the invertron. The monochromator was used to
select the proper wavelength emitted by the excited atom or molecule
which was characteristic of a desired excited state. The photomultiplier
was used to detect the emitted radiation. The electronic equipment was
used for two purposes. The first electronic equipment group was used to
produce the excitation pulse which was applied to the invertron for
electron acceleration. The second group of electronic equipment was used
to detect the photomultiplier output and display it in some observable
manner.

Figure 2 is a photograph of some of the experimental equipment.
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Figure 2.

Experimental Apparatus.
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NUMBER IDENTIFICATION OF EXPERIMENTAL APPARATUS

(Figure 2)

Vacuum Gauge

Vacuum System

Excitation Cable

Rate Meter

Time-to-Pulse Height Converter
Photomultiplier

Monochromator

Multichannel Analyzer
Invertron Surrounded by Heating Coils
Induction Heater

Printer

Photomultiplier Power Supply
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Invertron and Associated Vacuum System

The invertron was originally developed by HolzberleingZI) The
invertron used in this experiment has been only slightly modified. Figure
3 is an illustration of the modified invertron. The cathode of the inver-
tron was a nickel cylinder about 10 centimeter long and 1 centimeter
radius. A barium oxide coating was used to increase the electron emission
from the surface of the cathode which was heated with an induction heater.
The grid structure was located inside the cathode. (Thus, the name, inver-
tron, is due to the inverted nature of the electron gun from usual ones of
cylindrical shape.) For the work reported in this paper, only one of the
grids shown in Fig. 3 was used.

The grid structure was a tantalum mesh or tantalum rods supported
by the cylindrical tantalum supports. The main body of the device was
machined from stainless steel. The lucite or teflon spacers (both were
used) insured electrical insulation of the grid bases and the cathode base.
Viton A O-rings were used for vacuum sealing of the parts. The quartz
window allowed optical viewing of the excitation zone. Not shown in the
figure is a masonite support epoxied to the cathode base for the main sup-
port of the device. Also not shown is a doughnut shaped, aluminum disc
used to hold in place the O-ring which sealed the quartz envelope to the
cathode base.

The operation of the invertron when the excitation pulse is ap-
plied to the grid has been analyzed by Russellgzz) The application of
the excitation voltage is not followed immediately by the complete, radial

penetration of the electrons into the excitation zone. Only after a suf-

ficient ion density has built up in the middle of the device to reduce the
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space charge does the electron current flow along a diameter into and out
of the central region. However, with the use of a preionization pulse,
immediate penetration of the electrons can be effected.

The vacuum system, which was used with the invertron for the
measurements made in the quartz transparent wavelength region, was com-
posed of a mercury diffusion pump, a mechanical backing pump, a mercury
McLeod gauge, an ionization gauge, a thermocouple gauge, a dosing system
for the gases, and assorted glass connections and glass valves. A base
pressure of less than 10-6 Torr was attainable with the vacuum system.

The leak rate of the system, when closed off from the pumps, was less than
1073 Torr per seven days.

The invertron vacuum system used on the vacuum ultraviolet spectro-
graph differed from the previously described one as follows. An oil dif-
fusion pump instead of a mercury diffusion pump was used. A palladium
thimble for admitting hydrogen was connected to the vacuum system. Nitrogen
was admitted into the vacuum system from a tank of research grade gas ob-
tained from Matheson. The nitrogen continually flowed through the system
and was admitted through coils cooled to liquid nitrogen temperatures. The
base pressure attainable was less than 10-6 Torr. With the nitrogen tank

closed off, the leak rate was less than 10-3 Torr per hour.

Monochromators and Photomultiplier Tube

A Y%-meter and a %-meter Jarrell-Ash monochromators were used for
the wavelength resolution of the visible and near visible radiation. The
L-meter Ebert mounting monochromator was used exclusively for the rotational

Studies. Drive mechanisms were already available or were built to allow
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the scanning of a spectrum.

The vacuum ultraviolet monochromator was designed and built by the
University of Oklahoma staff. Robertson(zs) did the vriginal focusing
of the instrument. A 1200 lines per millimeter grating was inserted
after the original focusing. The refocused instrument had a resolution
of less than 5] between 1100 to 15008. Although the instrument was
capable of better focusing than was attained, the resolution was suf-
ficient for this experiment. This vacuum monochromator was operated at
a base pressure of 2 x 10”7 Torr.

Photomultipliers were used with all the monochromators to detect
the radiation. An EMI 9558 tube was used for the red and infrared
studies of the nitrogen molecule. This tube has a venetian blind dynode
chain and consequently is a relatively slow tube (=10 nanoseconds.)
Since the lifetimes which were measured with the use of this photomul-
tiplier tube were greater than 1 microsecond, there was negligible
effect on the measured lifetimes due to the photomultiplier response
time. An RCA 8575 photomultiplier tube was used for all the other mea-
surements. The fall time of this tube is between 1 and 2 nanoseconds.
The output signal is fed from the inside of the tube to the outside
connections via a 50 ohms line. Since the photoelectron pulses were
detected by zero-level crossing of the signal, the resolution time of
the tube was much less than one nanosecond. Thus, the time of the de-
vice had negligible effect on the measured lifetimes of forty nanosec-
onds or greater.

A scintillator was used for conversion of the vacuum ultraviolet

radiation into a wavelength which would pass through the face of the
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photomultiplier tube. Both p-terphenyl and p-quaterphenyl were used
successfully. Benzene solutions were sprayed onto the vacuum side of

a quartz window. The p-terphenyl had the higher photon conversion ratio.
A plastic scintillator was also used. The trade name was Pilot B, manu-
factured by Pilot Chemicals, Inc. Although the conversion ratio of the
plastic scintillator was not as large as the p-terphenyl, the ease of

use made this scintillator highly desirable. The plastic scintillator
was machined to be the window in the vacuum system, thus eliminating

the use of a quartz disc. The main advantage of the plastic scintillator
was that it did not noticeably evaporate, while the other scintillators

lasted only from one to two days.

Electronic Equipment

To produce the excited electronic levels of the molecules, a pos-
itive voltage was applied to the grid of the invertron. The resulting
electron current then excited tha gas. To measure the lifetime of an
excited level, the source of excitation must terminate, thus allowing
the excited level to decay with its characteristic lifetime. The ter-
mination of excitation was effected with two devices. One device was a
terminated coaxial cable which automatically turns off. The other de-
vice was a mercury switch used as a shunt across the invertron after
a positive voltage had been applied. These pulse generating devices are
described below.

The time dependency of the radiation emitted from the excited gas
was monitored with three devices which are categorized by these titles:

(1) Direct Observation; (2) Sampling Scope; and (3) Delayed Coincidence.
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These devices are described below in the sections titled, Detection and
Timing Device. Decay constants were then obtained from the time depend-
ent intensity as measured with the detection and timing devices.

Some auxillary electronic equipment‘necessary for the lifetime

measurements reported herein are also described below.

Pulse Generating Device I: Coaxial Cable

A charged coaxial cable was used to generate the voltage pulse to
drive the invertron. When a coaxial cable is charged to a given volt-
age and then switched across its characteristic impedance, a square
pulse is generated of amplitude one-half the original charged value, and
of width twice the length of the cable where one foot length is taken
equal to one nanosecond length, approximately. A gas thyratron (2D21)
was used as the switch across the 50 ohm cable. Hereafter, this device
will be referred to as the Square Wave Generator. (See Appendix) The
center of the coaxial cable was connected to a power supply (0 to 4000
volts) via a resistor. This resistor must be connected directly to the
center conductor with short leads so the reflected wave in the cable will
see essentially an open circuit. To ensure this, the resistor must be
much larger than the characteristic impedance of the cable.

The cable was usually charged to between 1500 and 2000 volts. When
voltages of this magnitude were applied to a selected 2D21, the rise time
of conduction of the 2D21 was less than one nanosecond; consequently,
the rise time of the excitation voltage applied to the invertron was less
than one nanosecond. The fall time of this square wave was determined

by the length of the cable; that is, the width of the pulse. Since the
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invertron required a time greater than 100 nanoseconds to start at pres-
sures of less than 0.0l Torr, a basic limitation of cut-off times was
encountered when the real coaxial cable was used, although even a one
microsecond wide pulse generated by a real cable showed a cut-off time
which was small compared to a 10 nanosecond lifetime. In order to mea-
sure lifetimes which are about one nanosecond, a second pulse generating

device was developed.

Pulse Generating Device II: Mercury Switch

and Pulse Forming Network

Mercury switches were observed to have a very fast turn on time
(less than 0.3 nanoseconds) when applied as the switch across the real
cable. Since the turn off time of the pulse is all important for life-
time measurements, little was to be gained by using the mercury switch
as the start switch; however, a method was developed whereby the fast
start of conduction of the relay was used to crowbar a pulse. In order
to describe this method, a description of the Western Electric #218A
switch will be given.

There are five external connections to the 218A mercury switch.
The switching arm (pin 5) closes contacts 1 to 2 and 3 to 4, alter-
nately, with a possible frequency range of 60 to 240 Hertz. The
jitter time of the closing of pin 1 to 2 was about 100 microseconds at
a frequency of 60 Hertz. It was accidentally noticed that the arm
always touched pin 1 about 10 microseconds before pin 2, with a jitter
time of about 0.5 microsecond in the 10 microseconds delay.

This observed operation of striking one pin before the other was
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used in a system to take advantage of the fast switching capability of
the mercury switch. The relay was driven from a Variac at 60 Hertz.
When the switching arm touched pin 1, an adjustable delay circuit
(Delayed Trigger Generator) was activated by the connection of pin 5
to ground via pin 1. The output from this delay circuit was used to
trigger a 2D21 in a pulse forming network. The output of the pulse
forming network was a pulse 8 microseconds wide and 500 to 1000 volts
amplitude fed into about 50 ohms. (This circuit is described more in
the Appendix.) A resistor divider chain determined the voltage which
was then applied across the grid and cathode of the invertron. Pin 2
was connected to the grid of the invertron. Since the cathode was
connected to ground, the switching arm, upon closing pin 1 to 2, acted
as a shunt across the invertron. Thus, an excitation pulse of duration
1 to 8 microseconds could be applied to the invertron with a measured
fall time of less than 0.3 nanosecond, the limit of the response time

of available oscilloscopes.

Detection and Timing Device I: Direct Observation

When the excitation voltage to the invertron was turned off, the
production of excited states by electron bombardment ceased. The
excited states of the gas then began to decay. Those decaying by
emission of a photon could be detected with a photomultiplier attached
to the exit slit of a monochromator. The monochromator was, of course,
used to separate the emitted radiation sd that a particular excited
level could be observed. All of the detection and timing systems uti-

lized a photomultiplier and monochromator. They differed only in the
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handling of the output from the photomultiplier.

With the Direct Observation, the output from the photomultiplier
was fed directly into a Tektronix 555 oscilloscope with a real time
sweep. An oscillogram of the resulting single trace on the CRT was made

for later analysis.

Detection and Timing Device II: Sampling Scope

In this system the output of the photomultiplier was fed into a
Tektronix 1S1 sampling unit and displayed on the CRT for photographing.
The sampling unit had an internal gate which opened at prescribed in-
tervals after a start signal was received. While the gate was open, the
signal entering the unit was sampled. A dot was then displayed upon the
CRT with the vertical displacement of the dot proportional to the sampled
voltage and the horizontal displacement proportional to the time between
the start signal and the opening of the gate. Another start signal began
the operation over, with the gate opening at a prescribed later time.
Thus, by repeating the process over and over, a facsimile of the entering
signal was produced on the CRT, if the entering signal was repetitive.
The resolution time of the sampling unit was 0.3 nanosecond as compared
to about 4 nanoseconds maximum with the real time oscilloscopes.

In addition to the better resolution time, the sampling unit had
the capability of improving the signal to noise ratio. The sampling
unit stored a voltage which was proportional to the vertical displace-.
ment of the previously displaced dot. The next voltage sample was taken
and compared to the stored voltage to obtain a difference voltage. A

new voltage was obtained by dividing the difference voltage by z (the
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smoothing factor) and adding to the sampled voltage. This new voltage
then become the stored voltage and was displayed as a dot on the CRT.

Consideration must be given to the curve distortion when the
smoothing control is used. To maintain the response time of the sampling
unit, the dot density on the CRT must be increased when the smoothing
factor is increased. A criteria for determination of dot density will
now be developed.

Let B be the time between samples. This is a parameter related to
the dot density, since the dot density (n) in units of dots per centime-
ter is equal to the sweep speed (S) in units of seconds per centimeters

divided by B (in units of seconds).

=]
1l
m| wn

(58)

Now assume that a negative step function is applied to the sampling
unit when smoothing is being used. The effective decay time of the dis-
Played signal will be longer than the zero decay time of the step func-
tion. Indeed, the first dot after the step will be intermediate between
the peak before the step (A) and the bottom of the step (taken to be
zero). By this first dot, a time B will have elapsed. At the second
dot, a time 28 will have elapsed, and so forth. The amplitude (Al) at

the first dot position can be described as follows:

A

where z is the smoothing factor. By the second dot, the amplitude (AZ)

will be reduced to:
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z ~ 1.2

A2 = ( z ) A
In general,
z -1 t Z =t
An=A( 7 ) B =A(E—_*—1—)B

The envelope, f£(t), of the dots can then be expressed in equivalent time.
t
£(t) = A exp[-(5) n()]

The new parameter y is defined as follows.

2
)”'(z_l)
The minimum effective decay constant (K) is now determined.

B

SR TYco)

The maximum value of z is 3 for the 1S1 sampling unit. With this value,

K becomes:

~
n

(2.5)8

The value of K determines the minimum lifetime (r) which should be mea-
sured for a given dot density and sweep speed. This also gives the cri-
teria for the necessary dot density. K should be less than one-tenth of

1. This then imposes on B the value:
0.1

Combination of Eq. (58) and (59) then defines the necessary dot density



40

for the measurement of a given lifetime at a given sweep speed.

n =25 (%J

For ease of determining the lifetime from the oscillogram, the factor S
divided by T should be about 1. Thus, the dot density should be main-

tained at more than 25 per centimeter.

Detection and Timing Device III: Delayed Coincidence

The two previously described detection and timing devices measured
the envelope of the photoelectrons originating in the photomultiplier
tube as a result of the emitted photons from the excited states under
examination. (A complete description of this smoothing of discrete
events is given by Holzberlein.(ls)) Since the decay of excited states
is a discrete occurence, a measuring system which utilizes this fact
might be capable of measuring weaker light levels. Such was found to
be the case. The delayed coincidence system, which operates on single
photoelectron signals from the photomultiplier, was found to be capable
of detecting lower light levels as well as measuring lifetimes of shorter
duration than the other two systems. At the same time, when light levels
are large enough and lifetimes long enough, the other two systems have
certain advantages. Criteria for determining which system to use for a
particular case will be discussed in more detail later.

The operation of the delayed coincidence system depended upon the
measurement of the time between the occurence of two events: the cessa-
tion of electron excitation in the invertron and the production of a

photoelectron in the photomultiplier tube. This measurement was per-
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formed with a time to pulse height converter (Ortec model 437) and a
pulse height analyzer. A start signal for the time to pulse height con-
verter (TPHC) was derived by the differentiation of a small portion of
the applied voltage to the invertron. A single, amplified photoelectron
signal from a photomultiplier tube was used to generate the stop signal
for the TPHC. A gate was applied to the TPHC in the coincidence mode

to assure that a start signal could activate the TPHC only during the
cutoff time of the excitation voltage applied to the invertron.

A brief discussion of the circuits used to develop the start pulse,
the stop pulse and the gate pulse will now be presented. A detailed
description of the circuits is given in the Appendix.

The start pulse for the TPHC was obtained with a simple differentia-
tion of the invertron signal. Upon differentiation of this signal, a
positive and a negative pulse were obtained. The negative pulse, which
coincided with the cessation of the invertron excitation, was used as
the start pulse to the TPHC. The width of the pulse was approximately
equal to the product of capacitance and the total resistance in the
circuit. This value was kept at about 0.1 nanosecond.

The stop pulse was obtained with two techniques. One technique
utilized an Ortec Time Pickoff Control (TPC) and an Ortec Photomulti-
plier Timing Discriminator and Preamplifier (PTDP). The TPC controlled
the bias level of the PTDP, which controlled the minimum necessary pulse
signal from the photomultiplier required to trigger the PTDP. The pulse
from the photomultiplier (the photomultiplier pulse has approximately a
gaussian shape) was differentiated by the PTDP. The zero crossing point

of this differentiated signal was used as the timing reference. Although
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the pulse width and height from the photomultiplier fluctuates consid-
erably, the jitter in the zero crossing point is less than 100 pico-
seconds as referenced to the time of production of a photoelectron.
The output from the PTDP was a negative-going logic pulse; Ze, a
negative pulse of constant height and shape. This pulse was then applied
to the TPHC via a terminated 50 ohm cable.

The envelope of the photomultiplier output, as was used in Detec-

tion and Timing Device I and II with high intensity light levels, has a
(18)

minimum resolution time equal to the fall time of a photoelectron pulse.
For photomultiplier tubes, the fall times range from about two to 10
nanoseconds, which is about the minimum time resolution achievable when
the light envelope is used. However, the minimum time resolution of the
delayed coincidence system is limited by the jitter time of the zero
crossing point. For this reason the delayed coincidence system has the
capability of measuring shorter lifetimes. In addition, since it operates
on a single photoelectron pulse, it is inherently more sensitive than the
other two techniques.

The second device used to obtain the stop pulse was a Logic Pulse
Generator (LPG). A tunnel diode was biased beiow its transition point.
See Appendix for a more complete discussion.) The output pulse from the
photomultiplier which had resulted from a single photoelectron was used
to trigger the tunnel diode to its transition point. The resultant trans-
ition cycle of the tunnel diode produced a logic pulse which in turn was
applied as a stop pulse to the TPHC. The minimum resolution time of this
type circuit is less than the rise time of the photomultiplier pulse

which in turn is less than the fall time of a photomultiplier pulse.
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Thus the minimum resolution time, though probably not as good as that
obtained from a zero level crossing circuit, is far superior to the enve-
lope resolution time.

A single-photoelectron detection system has an additional advan-
tage over the envelope type detection system. Noise which originates
from any element in the photomultiplier can be discriminated against
by adjustment of the bias level. Thus, the signal to noise ratio is
improved.

The gate applied to the TPHC was generated with a Gate Pulse Gen-
erator (GPG). The CPG was triggered either by the Delayed Triggered
Generator or the Timer. (For a discussion of the GPG, DTG and Timer,
see the Appendix.) By appropriate adjustment of the timing sequences,
the output of the GPG was brought into coincidence with the stop pulse
derived from the Trigger Differentiator. The critical requirement was
to assure that the gate did not coincide with the initiation of the
exciation pulse to the invertron, since there was usually a negative
component of the differentiated signal at this point.

A peculiarity of the TPHC will now be described. The specifica-
tions of the Ortec TPHC claimed that no negative pulse could trigger
the circuit when operated in the coincidence mode except during the time
that a gate was applied to the gate input. This is correct unless the
negative pulse is immediately preceded by a positive pulse. When a
large positive pulse precedes a negative pulse, the TPHC can be acti-
vated even if a gate is not applied in the coincidence mode. In
applying the differentiated signal of the invertron excitation pulse,

extreme care must be taken to assure that this does not occur. The only
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way that was found to minimize this difficulty was to suppress the pos-
itive pulse as much as possible by setting the amplitude of the differen-
tiated signal at a level where the negative pulse coinciding with the
cessation of the invertron signal was barely of sufficient amplitude
(approximately 0.25 volts) to trigger the start of the TPHC. Since this
amplitude is dependent on the size and shape of the invertron excitation
pulse, the adjustment of the Trigger Differentiator must be made each
time the TPHC is to be used.

The output of the TPHC was a pulse of amplitude proportional to the
time between the applied start and stop signals. This pulse was fed to
a Pulse Height Analyzer (PHA). Each pulse was then recorded as a single
event in a channel of the PHA determined by the height of the pulse from
the TPHC. By many repetitions of the above described sequence, a signal
was accumulated in the PHA. This signal decayed with an exponential
factor identical to the exponential factor of decay of the envelope of
the many-photon signal emitted after a single excitation pulse to the
invertron observed for high radiation levels. The two exponential fac-
tors are the same because this decay constant describes the probability
that a certain fraction of excited atoms will decay in a time interval
between t and t + dt as well as the probability that a given atom will
decay in a time interval between t and t + dt.

A modification to the above statement must be made. If a second
photoelectron had originated in the photomultiplier tube after a single
excitation to the invertron, this second stop pulse would not have reg-
istered in the TPHC. Thus, it would not have been measured. This,

then, represented a distortion to the desired exponential decay. Quan-

!
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titatively, it was obvious that this distortion would be greatest when
the average number of photoelectrons was the largest. The theoretical
distortion of the decay curve due to multiple photoelectron occurence
was derived in Chapter II. Figure 1 displays this distorted curve for
two values of M (1.0 and 0.3). For M equal to 0.1, the difference
between the distorted curve and the undistorted curve could not be dis-
cerned in the figure. With a fine pencil, theoretical values of the
distorted curve were plotted for two values of M and were then fit with
a straight line. The resulting measured decay constants were 0.973 T,
0.983 7, and 0.997 T for value of M equal to 0.12, 0.10, and 0.06, re-
spectively. (1 is the lifetime used to determine the theoretical values
of the decay curve.) Correction curves were plotted for the data pre-
sented in Chapter IV. All corrections made to the measured lifetimes
were less than 2%.

To monitor the average number of pulses from the TPHC produced by
the photoelectron pulses, a Classmaster Rate Metér (RM) (Model 1613A)
was modified for use. A Rate Meter Amplifier (RMA) was used to produce
uniform pulses to drive the RM. The RMA is necessary since the output
pulses from the TPHC are of different amplitudes. The RMA was triggered
by signals of about 400 millivolts. Thus, when the TPHC output was set
at the maximum value of 10 volts, only pulses which would occur in the
first 4% of the channels in the PHA would fail to be registered by the

RM.

Combination Electronic Systems

The separate systems described above were combined with each other

S k.
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in various manners. The combination systems are categorized as follows:
Combination System I: Direct View and Coaxial Cable

Combination System II: Direct View with Mercury Switch and
Pulse Forming Network

Combination System III: Sampling Scope and Coaxial Cable

Combination System IV: Sampling Scope with Mercury Switch and
Pulse Forming Network

Combination System V: Delayed Coincidence and Coaxial Cable

Combination System VI: Delayed Coincidence with Mercury Switch
and Pulse Forming Network

Block diagrams of Combination System I and III, II and IV, V, and VI are
given in Figures 4, 5, 6, and 7.

Combination Systems I and II are self explanatory. The separate
components are discussed in Pulse Generating Device: I and II and Detec-
tion and Timing Device: I. The Trigger Differentiator was used to start
the sweep circuits of the oscilloscope. Combination System II was used
instead of Combination System I when longer excitation times were needed.

Combination Systems III and IV were used in place of I and II when
one of two conditions necessitated their use: (1) the signal from the
photomultiplier tube was too noisy to obtain a good measurement or; (2)
the lifetimes to be measured were too fast for the response of the direct
display oscilloscope amplifying circuits. Care must be taken when Com-
bination System IV is used due to the jitter in the pulse width of the
crowbarred excitation pulse. Since the sampling scope requires the sig-
nal to be repetitive except for the noise which is to be eliminated, the
signal from the photomultiplier must be examined. This can be done by

integrating the output from the photomultiplier to eliminate just the
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noise and applying the signal to a regular oscilloscope. The signal will
be distorted, but this is of no concern. What is of interest is the uni-
formity of the repeating signals. Any observable non-uniformity will
distort the decay constant measured from the sampling scope oscillogram.
Uniformity of the signal must also be maintained when Complete System III
is used, but this was usually no problem since the excitation pulse can
be easily maintained constant in height and width.

Complete System V (Figure 6) was the combination of the Delayed
Coincidence System and the real cable which have been previously described
The Timer was used to initiate the Square Wave Generator (SWG) and the
Gate Pulse Generator (GPG). A portion of the signal from the SWG was
used in the Trigger Differentiator, as previously described, to start the
Time to Pulse Height Converter. The GPG applied a gate to the TPHC in
the coincidence mode. The stop pulse was derived from either the Ortec
equipment or the Logic Pulse Generator. The Rate Meter Amplifier was
connected to the 100 ohms impedance output of the TPHC. The other output
of the TPHC (impedance 1 ohm) was applied to the PHA via terminated
coaxial cable. An oscilloscope connected to the PHA was used for con-
tinuous monitoring of the accumulated signal as well as for the taking
of the final oscillogram. A printer was also used to obtain the digital

information from the PHA when desired.

Auxiliary Pulse Generating Device: Preionization

A preionization pulse is desirable for two reasons. First, the
preionization of the gas allows the electrons of the excitation pulse
to penetrate into the central region of the invertron at below or near

ionization energies. In other words, the excitation pulse does not have
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to produce the ionization. The second reason is to control the excita-
tion time. Short excitation times preferentially excite the desired
level more than longer lived levels which might cascade into the desired
level.

The preionization pulse was obtained from essentially the same
circuit as the one used with Pulse Generating Device II. The only dif-
ference was in the method of connecting the pulse to the invertren. The
preionization pulse was physically connected into the excitation pulse
chassis by a three inch coaxial connector. Under operation, the voltage
developing resistor of the excitation pulse was also used as the voltage
developing resistor of the ionization pulse.

The sequence and rate of activation of the preionization and excita-
tion pulses was determined by the Timer. The actual delay time between
the preionization pulse and the excitation pulse was chosen by observing
the light output. The delay was continually increased until the excita-
tion pulse would only barely penetrate into the excitation region of the
invertron. The delay was then slightly decreased to allow stable opera-
tion but still minimize the interaction of the preionization pulse with

the excitation pulse.

Timing Calibration gg_the Detection and Timing Devices

The Detection and Timing Devices I and II were calibrated with a
Standard Signal Generator, Model 80, Measurement Corporation. The signal
generator had been calibrated by the use of a Hewlett Packard Counter.
which was calibrated against special broadcast frequencies. The signal

generator was found to drift an insignificant amount. By applying the
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output of the signal generator to the input of the oscilloscope, a display
of the oscillating signal was obtained on the CRT. For a given sweep
speed, the frequency generator was adjusted so that at least five complete
oscillations per centimeter appeared on the CRT. A count of the number
of oscillations that occurred in ten centimeters then allowed the calcu-
lation of the sweep speed. The error was thus kept to less than 2%,

since the measurement was good to a fraction of an oscillation out of

50 oscillations. Error of the calibration of the signal generator was
certainly less than one part in a thousand.

Detection and Timing Device III required a different technique for
calibration. Measured time lengths of coaxial cables were used. The
coaxial cables were measured by applying the output signal from the
Standard Signal Generator to one of the coaxial cables. to be measured
and to the input of the 454 Tektronix oscilloscope, simultaneously. The
other end of the coaxial cable was connected to the other input of the
oscilloscope. Adjustment was made on the oscilloscope so that the two
input channels would add together to be displayed onthe CRT. Mathemat-

ically, the combination of the sine waves is described as follows.
sin wt + sinw (t +d) = 2 sinw (t + ga cos(!%a

w is the frequency of oscillation from the signal generator and d is the
delay time introduced by the coaxial cable. To determine the time length
of the cable, the frequency of the signal generator was adjusted to_pro-
duce a minimum amplitude of the signal on the CRT. The minimum occurs
when:

wd
cos = = 0

or !%-= n+1/2) «
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The frequency necessary to produce a minimum was determined for two ad-

jacent values. Thus:

(w1 - w2) %'= (n1 - nz)w =7

where w. and w, are the adjacent frequencies. Thus:

1 2

2m 1

d = =
Wy-wy) — (£-15)

f is the frequency of oscillations in units of Hertz.

For convenience, the cables used for these calibrations were
divided into two groups. One group (Group I) was composed of three lengths
of cable of the approximate size of RG 59/U. The cable was actually tri-
axial cable but the outer conductor was not used. The other group (Group
II) was composed of the cables used to generate the excitation pulses.

For timing calibration, the two groups were not mixed with each other. The
results of measuring the lengths of cable are given in Table 2.

The three lengths of coaxial cable in Group I were used to cali~-
brate the Time to Pulse Height Converter (TPHC) and the Pulse Height Ana-
lyzer (PHA). A trigger signal was applied to the start input of the TPHC
and one of the measured coaxial cables simultaneously. The other end of
the coaxial cable was connected to the stop input of the TPHC. Thus, a
known delay time between the start and the stop pulse occurred. The out-
put of the TPHC was connected to the PHA, and a number of counts were ob-
tained in the PHA. The other timed coaxial cables were used in the same
way. Counts were thus accumulated in three channels., The known times and
the known channel numbers then allowed the calculation of the equivalent

time per channel.
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Table 2. Time Lengths of Coaxial Cable Used
for Timing Calibration

Group I
Cable Length
Short 27.85%0.2 nanoseconds
Medium 44.00+0.2 nanoseconds
Long 88.20£0.8 nanoseconds
Group II
Cable Length
A 63.2%1.2 nanoseconds
B+ E 256.5%4.0 nanoseconds
D 46.5%1.0 nanoseconds
A+D 90.9+1.0 nanoseconds

Extra Long 380.4+2.8 nanoseconds
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The linearity of the TPHC was tested, also. To do this, the
coaxial cables were connected in various combinations to the TPHC to
obtain as many points as possible. A plot of the pulse amplitude out of
the TPHC versus the time between the start and stop pulses then determined
if the TPHC was linear. If the points were on a straight line, the TPHC
was linear. The 100, 200 and 400 nanosecond range settings were found to
be linear. The 50 nanosecond range scale was found to be non-linear and,

consequently, was not used to measure lifetimes.

Techniques for Obtaining Decay Constants

The decay constants of the examined levels were extracted from
the data two ways. One way was used exclusively with the digital data
output from the PHA. This was to graph the digital printer information
on semilog paper. An exponential curve forms a straight line when plotted
on semilog paper. By drawing a straight line through the plotted data,
the decay constant was obtained from the slope of the curve.

One other technique was used to obtain the decay constant. This
technique utilized a Comparator and an Exponential Function Synthesizer
(EFS), which was designed specifically for the analysis of the data ob-
tained from the invertron. (A description of the circuit of the EFS ap-
pears in Appendix.) The EFS was capable of producing three exponent-
ially decaying signals with variable decay constants. In addition, the

amplitudes of the three signals could be independently adjusted.
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The EFS was used in the following manner. First a picture was
taken of the displayed information on the CRT. This information repre-
sented the signal obtained directly from the photomultiplier output, the
sampling scope display or the display of the number of the counts per
channel from the PHA. The oscillogram was then placed in the Comparator.
The comparator contained a beam-splitting mirror which allowed the ob-
server to focus his eyes on the oscillogram and the face of an oscillo-
scope (Tektronix 545) simultaneously. The output from the EFS was then
applied to the viewed oscilloscope. By proper adjustment of the EFS
output, the signal on the oscillogram and the signal displayed on the CRT
resulting from the EFS could be brought into coincidence. The calibrated
dials on the EFS then supplied the amplitude and time constant of the
radiation decay from the excited atoms as recorded on the oscillogram.
The time constants as obtained above were in units of centimeters. To
transform into unit of time, the sweep speed (in units of seconds per
centimeter) of the oscilloscope used to make the oscillograms was multi-
plied by the time constant obtained from the EFS. This then gave the
lifetime of the observed level of the atom as well as the levels which
cascade into the observed level. When the time constants of the various
exponential decays of a single oscillogram differed by a factor of two
or more, they could be reasonably well separated if no more than three
décay constants were present. For differences of factors of less than

two, the correctness of the results became doubtful.



CHAPTER IV

RESULTS OF MEASUREMENTS

As an overall test of the Combination System V, a few levels of
helium were measured for comparison with other measurements and with
theory. The data was obtained at low pressures (less than 0.05 Torr)
for levels with lifetimes short enough to not be appreciably affected
by collisional depopulation. Table 3 tabulates the results of this work.
Also tabulated in the table are results obtained by other measurements
and by theory. The results of this work for helium agree well enough
with previously obtained values to justify the use of the overall

system.

B3 State of N
g 2

The lifetimes of six vibrational levels of the B3Hg electronic
state were measured at various values of gas pressure. This state de-
cays by spontaneous emission to the A32; state to produce the first posi-
tive band system, which is very prominent in the nitrogen afterglow and
the aurora. In Fig. 8, these levels are displayed in an energy level
diagram. The wavelengths chosen to monitor the radiation decay of the
vibrational levels are given in Table 4. Listed under B3IIg and A32: are
the vibrational quantum numbers of the upper and lower leﬁels, respectively.

58
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Table 3. Lifetimes of Electronic Levels of Helium

Level Worker t(nanoseconds)
4ls Pendelton and Hughes (24) 879
Bennett et al. (25) 8419
This Work 89+3
Theory: Gabriel and Heddle (26) 90
41p Fowler et al. (27) 354
Pendelton and Hughes (24) 47+5
Bennett et al. (25) 34.5 ¥4
This Work 41+3
Theory: Gabriel and Heddle (26) 38
33p Heron et al. (28) 115#5
Fowler et al. (27) 918
Pendelton and Hughes (24) 1152
Bennett et al. (25) 105%5
Jeunehomme and Duncan (29) 127£10
This Work 12245
Theory: Gabriel and Heddle (26) 97
43s Heron et al. (28) 67.5. 1
Bennett and Dalby (4) 77.5 *4
Fowler et al. (27) 59+6
Pendelton and Hughes (24) 681
Bennett et al. (25) 64.5 *4
This Work 62+3
Theory: Gabriel and Heddle (26) 64
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Table 4. Wavelengths of the First Positive

Band System.

B37rg %L A (R)
3 1 7626
4 1 6788
4 2 7504
5 2 6705
6 3 6624
7 4 6545

8 5 6469
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In Fig. 9, a spectrogram is given of the first positive system
which results from a change in vibrational quantum number of three. The
three main peaks noticeable in each bandare characteristic of a triplet
state. Since the upper state is a 3 state, the additional structure,
which is discenable in the spectrogram, is much more complicated with
greater wavelength resolution.

Combination System I was used to obtain the oscillograms repre-
sentative of the light decay. A simple resistor, capacitor integrating
device was used to smooth the output from an EMI 9558 photomultiplier
tube. The decay constant of the integrator was always less than one-
tenth the decay constant of the excited level under observation. A %-
meter Jarrell-Ash monochromator was used for spectral isolation of the
desired radiation. The time constants and resulting lifetimes were
measured from the oscillograms with the Exponential Function Synthesizer
and the Comparator.

Since the lifetimes of these levels are relatively long (greater
than 2 microseconds), the analysis developed in Chapter I for the case of
wall quenching and volume collisional depopulation must be used to deter-
mine the spontaneous emission lifetime. A description of some of the
consideration needed to analyze the data will be given before the results
are presented.

Consideration must be given to the collision frequency term
contained in the mathematical analysis of Chapter I. For the analysis
of the data herein to be presented, this collision frequency term was as-

sumed to be proportional only to the concentration of the particles
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contained in the invertron. This assumption is reasonable if the temper-
ature of the gas is kept constant for all pressures. The temperature of
the cathode was measured with an optical pyrometer. (Since the colli-
sion frequency is proportional only to the square root of the tempera-
ture, the error this measurement produces is relatively small.) The gas
temperature was then taken to be the temperature of the cathode. A com-
parison of the Boltzmann temperature of the excited states with the
measured cathode temperature is presented elsewhere. The agreement be-
tween the Boltzmann temperature and the measured cathode temperature
lends creditability to the assumption that the gas kinetic temperature
is also the same.

The concentrations of the nitrogen gas particles were determined
from a measurement of the pressure with a mercury, McLeod gauge. The
concentration or number density (No) was then determined with the following
relation.

T

Ny = Ny

NM is the density of the particles determined from the McCloud gauge at

the ambient temperature Ty T is the temperature of the gas inside the

invertron.

From Eq. (36) in Chapter II, the effective transition probability

may be expressed as follows.

A=A+ N (ov) + o&sz

(0]

(60)
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A is the reciprocal of the measured lifetime. Measured lifetimes were
determined for a number of different pressures with Combination System I.

A least squares fit was imposed upon the data to match the form
of Eq. (60). The two parameters, A and (ov), were determined by the

following equations, which resulted from the least squares fit.

0.52 o\ 1epa 0.52
PR S S . e D S D S
2 2
nz )2 - (N)
0.52
L.A. - I, N. - AL.N,
11 1 1 11
ov = n

Ai and Ni are the measured reciprocal lifetimes and number densities,
respectively. (Ai and N, are designated A and No’ respectively, in
Eq. (60).) n represents the number of measurements. In the least
squares fit, only the Ai's were assumed to vary.

As can be seen in Eq. (60), A becomes very large as N0 becomes
small, due to the third term on the right hand side of the equation.
Thus A has a minimum value as implied by Eq. (60) and becomes infinite
as N goes to zero. In fact, this does not happen. The difficulty is
with the diffusion term used in the analysis of Chapter II. For small
number densities where the mean free path becomes comparable with the
size of the containing vessel (in this case the invertron), diffusion
is no longer a valid concept.

The technique used to analyze the data was to find the minimum

point of the curve and then let this value (A

min) of the reciprocal

lifetime hold for all smaller values of No'
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Figures 10 to 12 display the measured values and estimated
errors of the effective transition probability and the derived curve fit
(solid line). Table 5 gives the derived value of the spontaneous emis-
sion reciprocal lifetime (A), the spontaneous emission lifetime (7), the
product term (ov), and the minimum point of the measured reciprocal

lifetime (Ami ). The estimated error for A is 15 per cent and for ov,

n
10 per cent. Also, in the same table is given the derived value of the
effective cross section for the depopulation mechanism, o. The value of
the velocity (v) was taken to be the average velocity of a nitrogen
molecule at the measured temperature (1050° K) of the invertron, 105 cm
per second.

The Knudsen relation describes the number of particles which
strike the walls of a vessel of area B and volume V at a given tempera-
ture. Thus, an effective transition probability (hereafter referred to
as the Knudsen transition probability, AK) can be determined for the

case where the diffusion concept is no longer applicable and volume col-

lisional depopulation is no longer important.

S
i
>
+
<
<|w

B is the area of the containing vessel and V is the volume of the vessel.
The second term on the right hand side of the above equation is the
Knudsen term. For the dimensions of the invertron and the measured
temperature, 1050° K, this second term has the value of 0.6 x 10° per

second. For each vibrational level, the values of Ay are given in Table
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Table 5. Reciprocal Lifetimes (A), Lifetimes (tr), Cross-Sections (o), and other
Associated Parameters Concerned with the Vibrational Levels of the B3

Level of N

2

v 3 4 6 7 8 units

A 3.0 2.5 2.5 2.3 2.5 105sec™?

T 3.3 4.0 4.0 4.3 4.0 10" 6sec

ov 3.0 4.8 2.4 2.3 1.8 10" sec™ em3
o 3.0 4.8 2.4 2.3 1.8 10”8 cm2
AL 3.7 3.5 3.4 3.0 3.1 105sec™!

Ay 3.6 3.1 3.1 2.9 3.1 105sec”!
TI)* 6.8 6.5 6.0 5.3 4.8 10" %sec

*M. Jeunehomme(l)

0L
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5. AK and Amin should be equal if the assumptions of this analysis are
correct. Table 5 demonstrates the reasonable agreement between A . ~and
Ay

The results indicate that the collisional depopulation cross-
section peaks for the v' = 4 vibrational level. The potential energy

curves of N, determined by Gilmoreczo) indicate a near asymptotic crossing

2
of the B3ng and A3E: potential energy levels between v' = 4 and v' =5

of the B3ng state. The resonance energy, collisional perturbation of the
A32; level may account for the increased collisional depopulation cross-
section about the B3Hg (v' = 4) level.

(1

The results of Jeunehomme are also given in Table 5 listed by
t(J). Jeunechomme extrapolated to zero pressure the reciprocal lifetime
to obtain the values given. He excited N2 mixed with NO to reduce the
diffusion losses, although no attempt was made to correct for the dif-
fusion losses. Correction for diffusion losses tends to lower the
measured lifetimes. No comparison was made between Jeunehomme's measured
cross-sections and those given in Table 5 since the main particle producing
collisional depopulation in his vessel was NO.

Wuster measured the absorption oscillator strength of the B3ng(v'=0)
to A3Z£(v'=0) in a shock heated nitrogen gas. The value, 0.0028, which
he obtained corresponds to a lifetime of 3.64 microseconds for the upper
vibrational level if the branching ratio of 0.34 predicted by the Franck-
Condon factors as calculated by Halmann and Laulicht is used. 1In the
calculation of this lifetime, the electronic transition moment was assumed

constant. Wuster's result agrees well with the results of this work but

differs from Jeunehomme's results by a factor of two.
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C3Hu Vibrational Level of N,

The second positive band system of nitrogen results from vibra-
tional transitions from the C3Hu to B3Hg states. (See energy level di-
agram in Fig. 8) The lifetimes of four of the vibrational levels of the
Csnu states (v' = 0,1,2,3) were measured with Combination System V.
Spectral resolution of the desired lines was obtained with a %-meter
Jarrell-Ash monochromator. The band pass of the monochromator was ad-
justed so that only the radiation from the band heads to two angstrom
units behind the band heads of the vibrational levels was admitted onto
the face of the photomultiplier. Since the C3Hu level is composed of
two only slightly non-degenerate electronic states, the two states were
measured as one. All that follows treats these near degenerate electronic
states and the rotational levels as one level.

The transitions chosen to monitor the number densities of the
respective vibrational levels are listed in Table 6. Under C3Hu are
listed the upper level vibrational quantum numbers, under B3Hg are
listed the lower level vibrational quantum numbers, and under ) is listed
the wavelength in angstroms characteristic of the transition.

The electron cross section for the production of the C3Hu state
from the ground state has the triplet shape. The cross section is very
large near onset excitation energies and then decreases rapidly as the
electron energy increages. In Figure 13 are two spectrograms which
graphically demonstrate this effect. The radiation from the B3£; states

increases slowly in the energy range of 28 - 100 eV.(S) The radiation
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Table 6. Lifetimes (rp and TE) of Vibrational Levels of the C3IIu State

and the Wavelength (A) used for the Measurements.

3 3;
C Hu B Hg A Tp #P TE #E
(nanoseconds) (nanoseconds)
vti=0 «v"=0 3371 38.4%2.0 7 39,742 4
1 0 31598 39.242.0 8 39,742 4
2 1 31368 37.8%3.0 6 39.6%3 4

3 2 3117R 38.0+3.0 5 39.6%3 4
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from the C3Hu states decreases dramatically, however, from 28 eV
excitation energy to 100 eV excitation energy.

Due to considerable confusion resulting from previous measure-
ments of the lifetime of this level, a pressure dependent and energy de-
pendent examination of the vibrational levels was undertaken. The
pressure dependent examination will be described first.

If spontaneous emission and volume collisional depopulation
are the only population or depopulation mechanisms of a level, the in-

tensity (I) of the emitted radiation has the following time dependence.

I-= I0 exp{-(A +'N°cv)t] (61)

Io is the initial intensity, A is the sum of all possible transition
probabilities, No is the total number of particles, o is the effective
collisional depopulation cross-section and v the velocity of the parti-

cles. The measured reciprocal lifetime (AM) may be defined from Eq. (61).

AM = A+ Noov

The lifetimes of four vibrational levels of the C3ﬂh states were
measured over a pressure range of 0.03 to 1.4 Torr. For a gas temperature
of 1000° K, this corresponds to a number density of 0.028 to 1.3 x 1016
per cubic centimeter. The excitation voltage applied to the invertron was
60 volts. No detectable dependence of the lifetime on number density was
observed. Since the spontaneous emission lifetimes for this level are so

short, the lack of dependency on number density was not unexpected.
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However, the data did set an upper limit on the collisional depopulation
cross-section at 4 x 10" °cm? for v! = 0 and v' = 1 and 6 x 10"'%em? for
v' = 2 and v' = 3.

In Table 6, the average of the measured values of the lifetimes
of the 0, 1, 2 and 3 vibrational levels of the C3Hu state are listed
under T The estimated error is also given. This estimated error is
the total estimated absolute error. The fluctuation in the measured
values is less than the reported absolute error. Under the symbol #p
is given the number of measurements which were averaged to give the re-
ported value.

A possible dependency of the lifetimes of the C3I[u states on
electron energy was also considered experimentally. Previous measure-
mentscs) indicated that the lifetimes increased by about a factor of two
to over 70 nanoseconds with a change in the exciting electron energy
from 40 eV to 100 eV. In principle, the spontaneous emission lifetime
of a given level should be a parameter characteristic only of the level.
To test the validity of the principle, the lifetimes of the C3Hu(v'=0,1,2,3)
levels were measured over a range of electron excitation energies of 40
to 125 eV. The pressure was held at 0.06 Torr for all these electron
energy dependent measurements. This pressure corresponds to a number
density of 5.6 x 10"43 per cubic centimeter. Collisional depopulation
effects account for much less than 1 per cent of the measured values at

these pressures.
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When the invertron is operated with 40 volts applied to the ac-
celerating grid at pressures as low as 0.06 Torr, the pre-ionization
Pulse must be used to get stable, reproducible excitation. For these
measurements, a 30 volt amplitude preionization pulse of about 8 micro-
seconds width was applied 20 microseconds before the application of the
excitation pulse. The intensity of the radiation, which was emitted
from the observed C3Hu levels and produced by the preionization pulse,
had decayed to a value which was less than 10" times the value of the
intensity produced by the excitation pulse. Thus, there was a negligible
residual background radiation for the lifetime measurements.

The excitation pulse width was 130 nanoseconds. The width was
set at this value to reduce the population of long lived species which
might cascade into the observed levels. Thus, the decay curves resulting
from the observed light decay were composed of only one exponential decay
Plus a small constant background.

The measured values of the lifetimes varied by less than 1.5 nano-
second for the v' = 0, 1, 2, 3 levels of the C3Hu state with a change in
the electron accelerating voltage from 40 volts to 125 volts.

In Table 6 is listed the average of these measurements under Tg

As can be seen, 1, and Tp agree to well within the estimated error. Since

E
the pressure dependent study and the electron dependent study were per-
formed under different absolute calibration conditions, the agreement was
expected to be no better than it is. Under the column labelled #E in

Table 6 is listed the number of measurements made for the electron energy

dependent study.
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Figures 14, 15 and 16 contain the plot of the raw data (circles)
from the multichannel analyzer for three decay curves. Note the ab-
scence of a long cascade component. Only a constant noise level had to
be subtracted from the counts. The squares in the figures represent
the raw data with the noise level subtracted. This corrected data has
been plotted with a shift to the left side for clarity. The solid
straight line is the fit to the data and was used to obtain the decay
constants and corresponding lifetimes.

An average of all the lifetime measurements given in Table 6
for the C3nh level is 39 nanoseconds. In Table 7 is listed the results
of all known investigators to date who have measured the lifetime of the
C3ﬂh state of N,.

The measured value of this work for the (3311u level agrees to
within the reported experimental error of Bennett and Dalby.(4) Fink
and Welge(s) reported a value for the lifetime of this level, which does
not fit the extrapolation to onset energy of their data. A reanalysis
of their data yields a value for the lifetime given in Table 7 in paren-
thesis, which agrees much better with the results of this work.

(8)

Jeunehomme's reported value does not agree with the results of this
work to within the reported possible error. However, in his paper,
Jeunehomme ''suggests' a value of 47+8 nanoseconds. Due to the peculiar
technique Jeunehomme used to obtain his reported value from his pressure
dependent lifetime measurements, the '"suggested" value is probably the

(

better value. Nichols and Wilson 10) did not measure the lifetimes they

reported below a pressure of 50 Torr. A very small error in the measured
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Table 7. Measured Lifetimes of the C3Hu States of N2

Experimentalist Lifetime (nanoseconds)
Bennett and Dalby(4) 44 .56

Fink and Welge(s) 27 5 (39)*
Jeunehomme (&) 49 5 (47%8)%
Nichols and Wilson!?®) g E:’,: : (B

This Work 39 *2.5

*
A better extrapolation of Fink and Welge's electron
energy dependent curve is 39 nanoseconds.

* %
Value suggested by Jeunehomme.
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pressure dependent lifetime or in the measured pressure would dramatically
affect the extrapolated zero pressure value of the lifetime from pres-
sures as high as they operated. In addition, a discrepancy exists be-
tween the large difference (50 per cent) in the lifetime of the two vibra-

(10)

tional levels reported by Nichols and Wilson and the relatively small

dependence (10 per cent) of the electronic transition moment of the C3Hu
to B31% transition.(SI)

Collisional depopulation cross sections for these levels calcu-
lated from the pressure dependent lifetimes measured by Nichols and
Wilson should be more accurate than the zero pressure lifetimes. If the
temperature of the gas in their vessel was 300° K, their results indicate
an effective collisional depopulation cross section of 1.7x10-16cm2 and

4.2x10° 16

cm? for v' = 0 and v' = 1, respectively. These values are well
below the upper limit of 4x10" %cm? set by the results of this work.

The transition probabilities for the various vibrational transi-
tions of the second positive system may be calculated from the lifetimes
of Table 6 and relative intensity measurements. The measured relative

(32) were used to calculate the transition

intensities reported by Tyte
probabilities given in Table 8 with the use of Eq. (5). The sum term
listed in the table was obtained by normalization of the Franck-Condon
factors calculated by Zare et aZ.(SS) to the measured values of Tyte.
Since the sum term adds a small correction, the error introduced into

the other transition probabilities by the error in the correction will

be very small.



Table 8. Transition Probabilities for the C3-IIu - B3‘II0 Transitions and Lifetimes

for the C3Hu State of the Nitrogen Molecule.

Vit v! =0 v! = 1 v = 2
1

A(R)  A(0,v")x10°sec” x(®) AQ ,v")xlossec—1 r& A, vx 106sec™”

0 3371.3 12.4 3159.3 11.1 2976.8 4.6
1 3576.9 8.8 3339.0 0.62 3136.0 10.9
2 3804.9 3.1 3536.7 5.3 3309.0 0.72
3 4059.4 1.0 3755.4 4.7 3500.5 1.9
4 4343.6 0.29 3998.5 2.4 3710.5 3.3
5 3943.0 2.4
6 ?n o = 0.15 ?H = 1.6 4200.5 1.4
vh= vi=5 4490.2 0.42
¥ =0.49
v''=8

¥8

T 38.3x10 Jsec 39.3x10 sec 38.5x10 2sec
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B2zt of N
u 2

The radiation produced by the BZZZ to Xzzg transition of the ni-
trogen molecular ion is referred to as the first negative system. See
energy level diagram in Fig. 8. The lifetime of the zero vibrational
level of the 82£; state is probably capable of being measured more ac-
curately than any other molecular vibrational level. The reasons that
this is so are many. The electron production cross-section for this
level from the neutral nitrogen molecule is large. Since the transition
occurs in the nitrogen molecular ion, resonance absorption of the radia-
tion occurs only from the produced ion. With short excitation pulses
the ion number density may be kept low. Cascading levels into this level
are very weak and have relatively very long lifetimes. The lifetime of
the BZXS(V' = 0) level is long enough to be easily measured by the ap-
paratus yet short enough so that collisional effects can be made small.

Due to the possibility of precise measurements of the lifetime
of this vibrational level, it was chosen for the study of any dependence
of the lifetime on the rotational level. The BZZ:(V' = 0) to X‘Zé(v"= 0)
is the strongest transition from the upper level and results in the
emission of radiation with the bandhead at 391.4 nanometers. The band
system was resolved into 35 rotational components of the R branch. Figure
17 is a spectrogram showing these components. (Since the spin splitting
of the rotational levels was not observable with the apparatus used, this
transition will be discussed as if it were a !I to I transition.) In

order to ascertain the pressure at which the lifetimes should be measured
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B2z* of NT
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The radiation produced by the Bzz: to X22; transition of the ni-
trogen molecular ion is referred to as the first negative system. See
energy level diagram in Fig. 8. The lifetime of the zero vibrational
level of the BZZZ state is probably capable of being measured more ac-
curately than any other molecular vibrational level. The reasons that
this is so are many. The electron production cross-section for this
level from the neutral nitrogen molecule is large. Since the transition
occurs in the nitrogen molecular ion, resonance absorption of the radia-
tion occurs only from the produced ion. With short excitation pulses
the ion number density may be kept low. Cascading levels into this level
are very weak and have relatively very long lifetimes. The lifetime of
the 822;(v' = 0) level is long enough to be easily measured by the ap-
paratus yet short enough so that collisional effects can be made small.

Due to the possibility of precise measurements of the lifetime
of this vibrational level, it was chosen for the study of any dependence
of the lifetime on the rotational level. The BZZ;(V' = 0) to Xzz;(v“ = 0)
is the strongest transition from the upper level and results in the
emission of radiation with the bandhead at 391.4 nanometers. The band
system was resolved into 35 rotational components of the R branch. Figure
17 is a spectrogram showing these components. (Since the spin splitting
of the rotational levels was not observable with the apparatus used, this
transition will be discussed as if it were a !X to !¢ transition.) In

order to ascertain the pressure at which the lifetimes should be measured
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so that collisional terms would be negligible, the pressure dependency
of the lifetimes was examined. A more extensive, low pressure examina-

tion of the lifetimes was then performed.

Pressure Dependency

The pressure dependencies of the lifetimes of the three rota-
tional levels (K' = 11, 19, 31) of the (v' = 0) vibrational level and
of the lifetime of the (v' = 1) vibrational level of the 822: state were
measured. Combination System V was used to perform the measurements.
Four lifetimes for each referred to level were measured at a pressure of
0.12, 0.24, 0.5 and 1.0 Torr, which correspond to a number density of
0.10, 0.21, 0.43 and 0.87 x 1016cm—3, respectively, at the measured cathode
temperature of 1100 K. Figures 18, 19, 20 and 21 are graphs of the mea-
sured reciprocal lifetimes versus the number density. The solid straight
line is the estimated best fit to the data points. The error bars repre-
sent the maximum estimated error in the precision of the measurements.
These measurements are estimated to be accurate to within * 6 per cent of
the given value.

Two decay curves are illustrated in Figs.*22 and 23 to demonstrate
the pressure dependence. Both are of the BZZ;(V' = 1) level. Figure 21
was obtained at 0.12 Torr and Fig. 22 at 0.24 Torr. The measured life-
times were 56.2 and 54. 6 nanoseconds, respectively.

The values of the.lifetimes, 1, at zero pressure are given in
Table 9 which were obtained from Figs. 18, 19, 20 and 21. The quoted

errors are the precision errors. The accuracy error is * 6 per cent.
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Table 9. Zero Pressure Lifetimes and Depopulation Cross Sections of the BZZJ
(vt = 0, k' = 11, 19 and 31) and BZZJ(V' = 1) Levels of N,.

v' = 0
v =1 units
K' = 11 19 31
T 59.1+1.4% 59.2+1. 4% 59.3:1.4% 58.5 10 %sec
G 2.07 2.22 3.28 3.94 10" %cm?

*
Estimated precision.

v6
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Also included in Table 9 are the measured effective depopulation cross-
sections, o, calculated from the same figures. The measured depopula-
tion cross sections ¢ given in Table 9 are nearly the same as the dif-

15

fusion cross section of nitrogen (3.42x10° cm?) as tabulated in the

Landolt-Bornstein Tables.(34)
From Figs. 18, 19 and 20 the approximate error in a measured
lifetime due to collisional depopulation can be determined. At a tempera-

ture of 1100 K and pressures of 0.05 Torr or less, the error is less than

0.3 nanosecond for the K' = 11, 19 and 31 rotational levels of the

BZZZ(v' 0) level.

A compilation of the direct measurements of the lifetimes of the

0) level is given in Table 10. The first direct measurements

(4)

BZZ+ (V'
"
were performed by Bennett and Dalby. They used interference filtess

to resolve the emitted radiation from the excited gas. The electron
energy dependence of the lifetime which they observed was probably due
to the mixing of the radiation from the second positive system in their
Photomultiplier tube. Consequently, they probably underestimated their
error. Nevertheless, their result and the result of this work do agree

(5)

within the experimental error. Fink and Welge quote a value of 4514
nanoseconds as the lifetime of this level. However, a straight-forward
extrapolation of their data to zero pressure gives a value of 59 nano-
seconds. They also probably had a spectral resolution problem. The
electron energy dependent lifetime which they measured for the BZZZ

state approaches the lifetime of the C3Hh state. A persual of their

nitrogen spectrum for different energy values leads to the conclusion
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Table 10. Measured Lifetimes for the BZE;(V' = 0)

Level.

Experimentalist T{nanoseconds)
Bennett and Dalby(4) 65.8+3.5

Fink and Welge(s) 45 4 (59)*
Sebachercé) 65 2

Fowler and Holzberlein(7) 70 15
Jeunehomme(g) 71.5%5

Hesser and Dressler(g) 59 16

Nichols and Wilson(lo) 65.9x1

This work 59,24

*
Value obtained by extrapolation to zero pressure
from their data.
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that for lower energies the radiation from the C3Hu state could indeed
have dominated the spectral range in which the Bzz; radiation occurs.
Thus, they should have regarded the dependency of the lifetime on electron
energy as instrumental. Their pressure dependent lifetime of 59 nano-
seconds agrees well with the results of this work.

Sebacher's(6) result for the"Bzzz level barely agrees to within
the quoted error with the results of this work. He used a 10 KeV pulsed
electron gun as the excitation source. However, there was not enough
information in the published article to comment on the measurement. The
result of Fowler and Holzberlein(7) agrees with the result of this work.
Jeunehomme's(s) result does not agree with the results of this work. One
possible difficulty he might have had was a large cascade component in
the radiation. The excitation pulse he used was a r-f discharge which
acted for a relatively long time before termination. Consequently, the
long lifetime cascade components had time to become significant in the
decay curve, thus complicating the analysis. A more severe problem was
the long cut-off time (quoted at 25 nanoseconds) of his excitation pulse.
Early measurements made in this work on the BZE; levels with Combination
System I indicated that the lifetimes were about 70 nanoseconds. This
value was the result of a band pass in the electronic equipment equiva-
lent to only 20 nanoseconds. A cut-off time of 25 nanoseconds could
easily produce a measured lifetime for this level as large as 71.5 nano-
seconds, which is Jeunehomme's reported value. The result of Hesser and
Dressler(g) agrees well with the result of this work. They used a phase

shift technique to measure this lifetime, This level is particularly
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well suited for measurement by a phase shift technique for the same rea-
sons given at the beginning of this chapter.

The listed result in Table 10 by Nichols and Wilson(lo) is added
only for completeness. In their article, they reported only this result
with no description of the analysis necessary to obtain this result.

Consequently, no comment is possible.

Rotational Level Dependency

No previous test has been made on the possible dependency of
molecular lifetimes on the rotational levels of a given vibration level.
The theory predicts (see Chapter II) that the rotational lifetimes should
remain nearly constant, with a possible small change due to the frequency
term in the transition probabilities. The rotational lifetimes of the
B22:(v' = 0) level were examined to test the validity of these assump-
tions by monitoring the radiation decay of the BZZ:(V' = 0)+X222(v“ = 0)
transition.

In Fig. 17, a spectrogram of the 39148 band is reproduced to
demonstrate the rotational structure of the BZZZ(V' = 0) level. This
spectrogram was obtained by monitoring the emitted radiation only within
-25 and +50 nanoseconds of the time of cessation of the excitation in the
invertron. For this reason, it is referred to as a time dependent spectrum.
The original data was corrected for the double photon effect with the use
of Eq. (52) and (56). Figure 17 is the plot of the corrected results. The
rotational level which produces the lines are labeled. The P branch is
only partly resolved, so that branch is not all labeled. All the lifetime

measurements were made on the R branch. The arrow notes a change in the
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slit width of the monochromator. The alternating intensity structure
demonstrated in this figure is characteristic of I states of homonuclear
molecules. The envelope of the maximum peaks (with the exception of

K' = 23) is a simple result of the gas temperature and the level statis-
tical weight. The K' = 23 level is overlapped by the bandhead (3884.38)
of the BZZZ(V' = 1) - xzz;(v" = 1). The existence of this level was
fortuitous. It was difficult and tedious to adjust the monochromator on
a particular line. However, the reference offered by the 3884.38 transi-
tion plus the alternating intenéity pattern of the lines greatly facili-
tated the monochromator adjustmént.

The pressure dependent results previously described of the BZZL
level indicated that collisional depopulation effects would change these
lifetimes by less than 0.3 nanoseconds at pressures of 0.05 Torr or less.
All of the results now to be described were obtained from data taken at
pressures lower than this value.

Thirty-nine measurements of the lifetimes of various rotational
levels from K' = 7 to K' = 35 were made. Figures 24 to 28 are plots of
the multichannel analyzer output of some of these measurements. (All
measurements were made with Combination System V) A short excitation
pulse was used to minimize any possible long cascade components. As
can be seen in the figures, only a small part of the curve is due to any-

thing other than the one exponential decay.
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Since the measurements extended over a few days, the system was
recalibrated six times with respect to the effective number of nano-
seconds per channel. Table 11 gives the average values of the measured
lifetimes for the listed ranges of K'. The quoted error is one standard
deviation. (<2.5per cent) The number of measurements for each range of
K' is also given in Table 11.

Within the error of the measurements, the results indicate no
dependency of lifetime on rotational level. Since the measurements were
made with different time calibrations, the reproducibility of the experi-
ment is apparently good.

In an attempt to analyze the data for very small dependencies of
the lifetimes on the rotational levels, a different comparison was made.
Only the two ranges, K' = 15 - 20 and K' = 30 - 35, were compared. The
values in one range were compared to the values in the other range only
for measurements made with the same absolute calibration. The total
average difference (DA) was then calculated from the differences (Di) in

the values for a given absolute calibration condition.

The total number of differences was n. The calculated result is as

follows.

DA = 0.35 * 0.71 nanosecond. (62)



106

Table 11. Rotational Lifetimes of the Bzzu(v' = 0) Level of N,.

K! less 14 15-20 21-25 30-35
t(nanosec) 59.6%1.4 58.5#0.8 59.5+0.32 59.5%0.9
# 6 16 4 13

Table 12. Vibrational Transition Probabilities of the
BZZ:(V') - x22;(v") Transitions.

Vl
I 0 1
0 A= 11.76x106sec™? 6.39 x 106sec”!
1 4.07 3.90
2 .830 4.41
3 .158 1.73
4 T = .067 .041
v'=4 -
¥ = .026
V=5

T 59.2 nanoseconds 58.5 nanoseconds
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One standard derivation of the differences is 0.71. In Eq. (62) a plus
value indicates a longer lifetime for the larger vibrational quantum
number. From the calculated ratios of the lifetimes tabulated in Table
1, the value of DA should be -0.95 nanosecond, which disagrees with the
results in Eq. (62) by more than one standard derivation.

The results displayed by Eq. (62) indicate that the lifetime
does not depend upon the rotational level, in agreement with the ap-
proximations used to obtain Eq. (16). The frequency corrections tabu-
lated in Table 1 do not agree with the results displayed by Eq. (62).

A small coupling of the vibrational and rotational motion probably ac-
counts for the discrepancy. From a practical point of view, this small
effect will be of negligible importance in energy transport calcula-
tions, since the experimental errors of all absolute values of lifetimes
obtained from direct measurements are much larger than this relatively
small frequency effect. Consequently, a lifetime obtained by monitoring
the radiation in the bandhead is a useful parameter to use as the life-
time of all the rotational levels in the vibrational level under observa-
tion.

The transition probabilities (A) for the v' = 0 and 1 levels of
B22: are given in Table 12. The relative intensities used in Eq. (5) to
calculate the transition probabilities of Table 12 were taken from recent

(35) The sum term listed in Table 12 was de-

(36)

electron beam measurements.
termined from the Franck-Condon factors given by Nichols. The life-

times used for these calculations are given in Table 12 beside .
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Rotational Temperature of 3914R Band of N;

To test for the correlation between the temperature of the cathode
and the temperature of the gas, measurements were made on the rotational
temperature of the 3914% Band of N;, which results from the BZZ;(V' = 0)
to XZE;(V" = 0) transition. Implicit in the following discussion is the
assumption that the rotational Boltzmann distribution corresponds to a
temperature which is equal to the kinetic temperature of the gas.

Figure 17 is a spectrogram of the 3914R Band emitted from the
pulsed invertron. The results were corrected for double photon distor-
tion. Since the spectrum was taken within 100 nanoseconds of the in-
vertron cutoff pulse, the emitted light intensity is due almost entirely
to direct electron excitation of the excited level.

The number of particles in a given rotational band depends upon
the temperature of the gas. For thermodynamic equilibrium, Herzberg has
derived the following equation. The rotational temperature of the R
branch of the 3914% transition may be measured from the following equa-

tion.(ls)

1, R B, K' (K'+1)he

K!
log(—>=) = A - T
R

K (63)

IK,R is the photon intensity in the R branch which originates from the

K' rotational level, A is a constant, Bv' is the vibrational spectroscopic

Parameter, T_ is the rotational temperature, c is the speed of light, and

R
h and k are Péanck's and Boltzmann's constants, respectively. Figure 29
Ik

KT Versus K'(K' + 1) of both the maximum and minimum peaks of

is a plot
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the spectrum in Fig. 17. A plot of the same parameters of only the maxi-
mum peaks is given in Fig. 30 under another set of conditions. The ano-
malous peaks at K'(K' + 1) equal to 552 and 600 are due to the 3884.38
bandhead of the BZZ;(V' = 1) to xzz;(v" = 1) transition in N;.

Table 13 gives the experimental conditions and the results ob-
tained from Figs. 29 and 30. P is the pressure in the invertron. TB is
the brightness temperature of the invertron as measured with an optical
pyrometer which had been calibrated against a tungsten lamp. TR is the
rotational temperature obtained from the slope of the lines in Figs. 29
and 30. The reasonable agreement between the rotational temperature and
the measured temperature agrees with the assumption that the cathode
brightness temperature and gas kinetic temperature are the same. If one
assumes that the emissivity of the cathode is unity, then the above mea-
surements indicate that the rotational temperature is the true tempera-
ture of the gas. Conversely, if one assumes that TR of Eq. (63) is the
true temperature, then this indicates that the emissivity of the cathode
is one. Since the brightness temperature of the cathode was measured on
the inside part of the invertron, the cavity effect of the cylindrical
cathode approximates a black body. The difference between the bright-
ness temperature and true temperature of a radiating body with an emis-
sivity of only 0.3 is about 50° K at 1100° K. Since the emissivity of
the invertron cathode is probably more than 0.3, these measurements in-
dicate that the rotational temperature of the 3914R Band is about 5 per

cent less than the true temperature.
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Table 13. Comparison of Rotational Temperature (TR)
and Brightness Temperature (TB)

P Torr T K Tg°K
Figure 29 0.05 1052 1078
Figure 30 0.4 1068 1123

Predissociation of blﬂﬁ(v' = 0) Level of N,

The initial goal of these measurements was to determine the im-
portance of those radiations, which are called the Birge-Hopfield bands,
in energy transport in nitrogen. The lifetimes of the upper levels of
the Birge-Hopfield bands are parameters which are necessary to describe
the energy transport. Since the Birge-Hopfield bands which originate
on the blﬂu(v' = 1) level are in the vacuum u-v (1050 - 14383), the in-
vertron was connected to a vacuum u-v monochromator. (See energy level
diagram in Fig. 8.) The lifetimes of these levels was expected to be
about one nanosecond. Thus the very rapid cut-off pulse of Combination
System VI was believed necessary for these measurements. (Indeed, the

system was originally designed to make these measurements.)
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The invertron was first connected to the vacuum ultraviolet
monochromator with a standard double slit arrangement. The first slit
was used as a pump slit and the second slit was used as the entranée
slit to the spectrograph. The region between the two slits was pumped
to maintain a difference of pressure in the monochromator and the in-
vertron. The excitation voltage to the invertron was generated with a
mercury switch system.

First, the emission spectrum of hydrogen was observed between
1500-10008. Lyman-o and Lyman-8, plus the multiline family of the hydro-
gen molecule, were readily observed when hydrogen was admitted to the in-
vertron. When nitrogen was admitted to the invertron, only the nitrogen
atomic spectrum was detectable in this region. In order to assure that
the blnu emission spectrum was not absorbed in the space between the in-
vertron and the slits, or in the monochromator, several things were done.
The spectrograph was cleaned, new seals were put in place, the pump oil
was replaced, and a new grating was obtained. A LiF window was used in-
stead of the differential pump slit to allow the shortening of the length
between the invertron and entrance slit. The excitation pulse was changed
to one generated by a real coaxial cable. (Combination System V). This
allowed for shorter pulse widths to eliminate the possibility of build up
of the higher vibrational levels, which might then absorb the radiation
from the blnu states. In addition, a gas flow system was employed to as-
sure that the gas in the invertron would be replaced between excitation

pulses.
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With these changes, a survey of the radiation from the invertron
was again undertaken. First, the dark current of the photomultiplier
was measured and was found to correspond to an effective 0.005 counts
per excitation pulse to the invertron. The counts here refer to the
number of single electrons originating at the photocathode of the photo-
multiplier during the time increment of 100 nanoseconds. This time in-
crement was located from 20 nanoseconds before to 80 nanoseconds after
the excitation pulse to the invertron was stopped. In the case of the
dark current measurements, each pulse may correspond to more than one
electron at the photocathode. In the measurement of the count rates due
to photoelectrons, the probability of a double electron pulse can be
disregarded for the conditions to be cited.

At a resolution of 3.5 & on the vacuum ultraviolet monochromator,
the radiation from the 2p2(3P)3s +2p3 transition array of the “*P-"s?
multiplet (= 1200 R) of nitrogen gave a measured output of greater than
0.1 counts per pulse. The gas pressure in the invertron was 0.01 Torr.
The accelerating voltage applied to the invertron was 200 V.

Under the same conditions, the spectral range from 1200 R to
1300 R was carefully observed. An additional atomic transition was ob-
served and identified at 1243 R. At all other points in this spectral
range, the output count rate was nearly constant and about twice the
dark current rate. The monochromator was set at 1258 R, a point of an
expected transition from the blﬂu state. A decay curve was obtained at
this wavelength. Although the curve had considerable noise superimposed

on it, a lifetime of roughly 60 nanoseconds was obtained.
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The uniform count rate observed between 1200 R and 1300 ] was
probably due to a very low level of scattering in the monochromator of
the 1st Negative system of N; and the 2nd Positive system of N2 which
have a measured lifetime of 59 and 39 nanoseconds, respectively.
~ A similar examination was undertaken in the spectral range 1000

to 1100 % with similar results: no detectable emission from the blnu.

Explanation of Results
For short electron excitation pulse widths, the number of ex-

cited states at time t is given by!

N =N A _o(X0-b1)

b1 = Yo B T, AGI -X3) [1-exp(-t/T})] . (64)

i is the current in the beam, e is the charge of the electron, B is the
area of the bean, (Tl) is the lifetime of the bl level, o(X0-bl) is the
Ccross section for electron excitation from the XO level to the bl level,
N,. is the number density of the molecules in the XO level, and A(bl-Xj)

X0
is the transition probability from the bl to the Xj level. Notice that

1/(T)1 = Zj A(b1-Xj)

The emitted radiation, I(bl-Xj), for a particular transition
is
I(b1-Xj) = A(bl-Xj)Nbl . (65)

For times longer than T., the radiation Eq.(05 becomes approximately,

1!

i A(DI-Xj)

I(b1-Xj)  Nyy TF I AGI-XK)

o (X0-b1) . (66)
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Let bl be the blnu(v' = 1) leve1(37) and Xj be the xlz;(v" = j) level of
NZ' From Eq. (64), it is seen that the parameters applicable to a parti-
cular state are the cross section for production and the ratio of the
transition probability of the particular transition to the sum of the
transition probabilities of all the possible transitions. (This transi-
tion probability ratio will be referred to as the branching ratio). For
the blnu(v' = 1) level, there are two obvious contributing factors to

the inherent weakness of a particular transition. First, the largest

(38)

branching ratio is not more than 0.1; and second, the cross section

for production is relatively small.(zg)

Specific information may be obtained from a comparison of the
expected intensity I(b1-X10) of the blnu+ XIZS transitions with the ex-
Pected intensity 1(1200 R) of the atomic nitrogen transition which oc-
curs at approximately 1200 R. Equation (66) leads to the following ratio,
after cancelation of the common terms:

R(1) = %%%%6%1%%
(67)

223
_ _A(b1-X10) o (X0-b1) Z;A(2p3s-j)
I, A(bI-Xi) o[XO-N(1200 A)]  A(1200 A)

A(1200 R) is the transition probability of the nitrogen transition which
gives rise to the =1200 R lines, ZjA(2p235-j) is the sum of the transi-
tion probabilities of all the transitions from the atomic level under

discussion, o[X0-N(1200 R)] is the cross section for the production of
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the aforementioned atomic level from the lowest vibrational level of
the nitrogen molecule. The other terms have been previously explained.
The branching ratio for the bl-X10 transition is estimated to
be 0.1.(38) The cross section, o(X0-bl), was taken from the electron
absorption spectroscopy studies of Lassettre(40) et al., and Meyer(sg)
et al. From Ref. 40 the total oscillator strength for a broad energy
range is given as 0.945. From Ref. 39 the fractional part of the
oscillator strength due to excitation to bl is estimated as 0.012. For
electrons with energy of 200 eV, the fractional part of the oscillator

strength corresponds to a cross section, via the Born approximation:(4l)

2

_18cm )

0(X0-bl) = 8.1*10
As a check, the ratio of the C3Hu(v' = 0) cross section to the bl cross
section is taken from Skerbele(42) et al. With this ratio and recently

(43)

measured cross sections for the C3Hu(v' = 0) level, the cross section

is calculated with the Born Approximation to be at 200 eV,

18

o(X0-B1) = 7.5%10"  “cm? .

The individual terms in Eq. (67) relative to atomic nitrogen are
not obtainable, but a measureable ratio can be formed from Eq. (66) to

obtain the product of the atomic nitrogen terms.

R(2) = L(1200 o)
= T[HEP-1S)]
N

A(1200 )  o[XO-N(1200)] X0 A(2P-1S)

= Vi ~ - ~ ~
XjA(Zp 3s-3) UIHZ H(2P) ] NH2 ZkA(ZP k)

(68)
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I[H(2P-1S)] is the intensity of the atomic hydrogen transition 20-1S,

O[H_-H(2P)] is the cross section for production of the cxcited atomic

2
level 2P from molecular hydrogen, NH2 is the number density of molecular
hydrogen in the invertron, A(ZP-IS)/ZkA(ZP—k) is the branching ratio for
the atomic hydrogen transition, and the other terms are the same as pre-
Viously defined. Notice that only the relative number density of
molecular nitrogen to the number density of molecular hydrogen is needed.
It is possible to write a ratio similar to Eq. (67) and (68) be-
tween the molecular nitrogen transition and the atomic hydrogen transi-
tion. This was not done because of experimental necessity. The mole-
cular hydrogen radiation is strong in the region where the molecular ni-
trogen transitions radiate. Only the atomic nitrogen radiation was
strong enough to be distinguished easily from the hydrogen radiation.
The three terms relating to atomic nitrogen may be eliminated from Eq.
(67) and (68) and a predicted value for R(1) obtained. The cross section

for the reaction

H2 + e~>H + H*(2P) + e,

is taken from the results of Fite and Brackman(44) to be 8.0x10_18cm2 at
200 eV. With the above mentioned value of the parameters, plus the ob-
served ratio of atomic hydrogen and atomic nitrogen, in the invertron,
R(1) has a predicted value of greater than 1.0. But the observed value
of R(1) was less than 0.1. An incorrect value for the branching ratio
of the b1-X10 transition is the most likely explanation for this discre-

pancy. The vibrational levels of the blHu state above 1 definitely are
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known to predissociate either into the ground level of atomic nitrogen
or into the first excited level. Energy considerations allow the v' =1
level to dissociate also into the same above mentioned atomic nitrogen
levels, although evidently not to as high a degree as is the case with
v' greater than 1.
Therefore, the conclusion is that the branching ratio
A(b1-X10)
ZiA(bl-Xi]
used in Eq. (67) does not in fact correctly describe the bl level. The
sum in the denominator of the branching ratio must also include the dis-
sociation transition probability. The results indicate that the prob-
ability of dissociation of the blnu(v' = 1) level is over ten times as
large as the probability of spontaneous emission of the same level.
This is another way of saying that the branching ratio for spontaneous
emission of this level is never greater than 0.01 for any given band.
The lifetime of the blnu state is not the correct parametér to
use to calculate the absorption coefficient of the ground state nitrogen

(39) et al. and Huffman(45)

molecule. The work of Meyer et al. point out
clearly that the major absorption coefficients are due to the vibrational
levels of the blﬂu state above v' = 1. It is only the v' = 1 level which
has ever been observed in emission; thus the lifetimé of only the v' =1
level can be measured, at best. Since this level also predissociates

preferentially, its lifetime cannot lead to a correct value for the ab-

sorpticn coefficient from the ground level of Nj.



120

The absorption oscillator strengths for the b1Hu state have been
measured by Lawrence(46) et al. for photon absorption, and by Lassettre
et a1.(39,40,41) for electron energy absorption. The results are given
in Table 14. The zero vibrational level of XIZS is the lower level for
every transition. In Table 14, a v' = 0 is listed. This level was ori-
ginally designated as the jIZZ(v' = 0) by Worley. With the new vibra-
tional assignment of Ogawa et aZ.(37) there is additional reason to be-
lieve that the jlzz(v' = 0) level is the result of a strong interaction
between the v' = 0 of the blnu and another level. For completeness, a
v! =5 and v' = 6 is listed. Again these levels are most likely the re-

(47)

sult of electron state interaction. The notation zlnu given after

(48)

the vibration numbers is that used originally by Worley. For com-

parison, the p'lza(v' = 0) level is also in Table 14. This is the
strongest absorbing level of the nitrogen molecule which has been ob-

served.

The oscillator strength listed under fe are obtained from the

;. (39,40,42)

work of Lassettre et a except for v' = 5 and v' = 6. For

v' = 5, the oscillator strength was obtained from the relative values

(46)

reported by Lawrence ' ° et al. to have been obtained from J. Geiger and

B. Schrbdder as private communication. This relative value was then nor-
malized to Lassettre's value by comparison to v' = 4. For v' = 6, only
a rough estimate is obtainable from the published results of Lassettre

Z.(39’40’42) (49)'

et a and Geiger and Stickel The value given in Table

14 of v' = 6 is good as an upper limit. All of the values listed in
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Table 14. Oscillator Strengths and Electron Excitation Cross
Sections for the blﬂu States of N,.

\ @ o ® (b)
e

v'=0(j'z)) 991.85 R - ,003 2. x10"'8em2
v'=1 985.65 R - .012 8.1
v'= 978.87 R - .025 20,
v'=3 972.1 R 0.02 .05 40.
v'=4 965.63 ) 0.055 .09 73.
v'=5(21n ) 960.21 R 0.04 .06 (¢)
v'=6(211 ) 955.08 § - (0.03)©
v'=0(p'1z)) 958.17 8 0.14 0.2 162.

(a) Ref. 46.
(b) Ref. 39, 40, and 42.

(c) See text for discussion,
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;. (39,40,42)

Table 14 under fe as measured by Lassettre et a are in agree-

ment with the relative results of Geiger and Stickel.(47)

2. (46)

Lawrence et a were able to show that in the earlier work

Z.(44) the product of absorption path and pressure was

of Huffman et a
too large. An additional problem inherent in using any radiation source
other than a black body in photon absorption studies is the possibility
that the source is also an emitter of monochromatic energies. When the
absorption line width is narrower than the resolution of the spectro-
graph, significant errors can result from a source which is not a con-
tinuum. For the blnu(v' = 3) to xlza(v" = (0) transition, the resolution
of Lawrence et al. appears to be better than the line width. One of the
difficulties in understanding their results, though, is that the v' = 3
level of blnu is more diffuse than the v' = 4 level. That these levels
are diffuse clearly indicates predissociation, but the degree of diffuse-
ness is reversed from that expected.

The cross section results of Lassettre et al. are in good agree-

(43) This lends credibil-

ment with the cross section results of Stanton.
ity to the absolute value of the cross sections of Lassettre et al . How-
ever, the attempt to use the resulting generalized oscillator strength at
zero momentum change as the oscillator strength for photon absorption

rests on a somewhat tenuous foundation. Indeed, the only final justifi-

cation for doing so would be good agreement with absorption measurements.
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Criticism

The work of Lawrence et al. sets a lower limit on the value of
the oscillator strength due to line absorption saturation. This is a
result of the effective slit width of the monochromator being wider
than the absorption line width. It is then possible to use, unintention-
ally, an absorption path length which is too long or a pressure which is
too high. The result is a measured oscillator strength which is smaller
than the true oscillator strength.

The values of the oscillator strengths listed in Table 14 which
were taken from the work of Lassettre et al. represents an upper limit.
When Stanton's result was previously compared to Lassettre's result,
there was very clese agreement, but Stanton measured the absolute value
of the apparent electron cross section. The value of the true (cascade
free) cross section has as its upper limit the value of the apparent
cross section. Thus, with Stanton's work used as a reference, the oscil-
lator strengths taken from Lassettre's work are an upper limit to the

correct value.

Observations on the b'lz; State of N,

Since the b'lz: state radiates in the same spectral range as the
blnu state, it was also lcoked for, but was not found either. For short
pulse conditions, this now appears as a reasonable result. Indeed, the
vibration levels 0, 2, and 3 of the b' state have not been observed in

(37,45) (39,46)

photon absorption or electron energy loss spectra from the

8round vibrational level of the xlz; state. It is possible that the
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v = 1 level of the b' state has been observed in a photon absorption
spectra,(37) but it was very weak. The large offset of the b’ minimum(so)
of potential energy from the ground state minimum produces such small
Franck-Condon factors as to limit severely the probability of transition
between the lower vibrational levels. From Ref. 49, a maximum value for
the oscillator strength of the vibrational levels of the b' state may be
obtained. (None of the presently published data on photon absorption
for the band system of the b' state should be used to obtain relative
oscillator strengths due to the saturation effects previuously mentioned
in the discussion of the blnu state of NZ') Only the v = 7 level of the
b' state is detectable in the electron energy loss spectrum of Ref. 49.
An oscillator strength of about 0.01 may be assigned to this transition,
b'IZZ(b' = 7)-«xlz;(v" = 0). For all other transitions from the ground
level xlz;(v" = 0) to the vibrational levels b‘lzz(v' =0,1,2,3,4,5,6)
an oscillator strength of less than 0.003 is indicated. There are no

indications of any vibrational levels of the b' state above v = 7.

Speculations

The following statements are almost completely speculative. Since
the b'lz; state of the nitrogen molecule is observed in emission only in
very energetic or unique discharges and since no absorption to the lower
vibrational levels has been observed, the excitation process is probably
a two or more step process. The number densities of the triplet states
(especially B3ng and A323) and of the higher vibrational levels of the

ground state increase in the discharge. Excitation will occur more
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favorably from these triplet and higher vibrational levels to the lower
vibrational levels of the b'lz; state, since these levels have a more
favorable Franck-Condon factor with the levels of the b'lz: state than
the zero vibrational level of the ground state does.(40) Thus, the number
density of the molecules in the excited b' level and, consequently, the
intensity of radiation from the b' level, in those cases in which it has
been observed, is probably due, almost entirely, to one or both of these

two stage excitation processes.
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APPENDIX

Square Wave Generator

The square wave generator was the main component of Pulse
Generating Device I. When the characteristic impedance is connected
to a charged coaxial cable, a square wave is generated across the resis-
tance by the discharging of the cable. This property of a coaxial cable
was used to generate the voltage pulse to be applied to the invertron.
(See Fig. 31.)

The coaxial cable was a 3/4 inch, foam dielectric, Phelps Dodge
cable. The outer conductor was aluminium and the inner conductor was
copper. The characteristic impedance of the cable was 50 ohms. The
center conductor was connected to a positive power supply (B+) with ap-
proximately a 100 kilohms resistor.

A negative bias (B") was applied to the first grid of the gas
thyratron (2D21) to prevent premature conduction. A positive pulse from
the Timer activated the 2D21 when desired. A part of the output voltage
of the cathode circuit was used as the excitation pulse to the invertron.

The termination impedance was the sum of the cathode resistors
plus the impedance of the 2D21. The approximate value of the 2D21 im-
pedance was 20 ohms. A cathode resistance of 30 ohms therefore developed
the proper 50 ohms impedance for the cable. The actual value of the ef-
fective terminating resistor (2D21 plus cathode resistors) was less than

50 ohms. An under terminated coaxial cable will produce a series of

129
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Ry TO INVERTRON

R+ R, + Ry = 300

Figure 31. Square Wave Generator.

TO INVERTRON

/
MERCURY |
SWITCH
218A

DELAYED R, + R, =308
TRIGGER

GENERATOR

Figure 32. Mercury Switch and Pulse Forming Network.
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alternating polarity square waves. However, the 2D21 will not start to
conduct again. The advantage of the under termination of the coaxial
cable was to decrease the cutoff time of the pulse applied to the inver-

tron.

To maintain a fast rise and fall of the excitation pulse, the
physical geometry of the connections to the coaxial cable, the 2D21 and
the invertron must be considered. The area of all the conducting loops

should be as small as possible.

Mercury Switch and Pulse Forming Network

The mercury switch and pulse forming network were used to gen-
erate long excitation pulses with very fast cutoff times. A Delayed
Trigger Generator activated the pulse forming network in delayed coinci-
dence with the contacting of the center rod of the mercury switch to the
ground side of the invertron. (See Fig. 32) From 0.5 to 8 microseconds
after the pulse forming network had applied the excitation voltage to
the invertron, the mercury switch shorted across the invertron, thus
stopping the excitation pulse.

The 2D21 used in the pulse forming network was biased and con-
nected as the one in the Square Wave Generator. The L and C of the pulse
forming network were 0.6 microhenries and 0.01 microfarads, respectively.
The pulse time per section was 0.6 microseconds and the effective charac-
teristic impedance was 60 ohms.

The most critical connections were from the invertron to the

mercury switch and from the cathode resistor, R2’ to the mercury switch
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and invertron. The two leads from the mercury switch were connected
directly to the two connections of the invertron. (Extreme care should
be exercised when one solders to the leads of the mercury switch. The
gas envelope of the switch seals in a high pressure of hydrogen.) R2

was connected to the two leads of the mercury switch by a 3 inch length

of coaxial cable.

Trigger Differentiator

To obtain a pulse to start the Time to Pulse Height Convertor,
a small part of the applied excitation signal was used. A simple R-C
circuit differentiated the square wave to produce a negative and a posi-
tive going spikes. The negative signal triggered either the sweep on an

oscilloscope, or the start of the time to pulse height converter.

Gate Pulse Generator

This circuit produces a delayed, rectangular voltage pulse when
triggered by a pulse from the Delayed Trigger Generator. It is used to
control the gate on the Ortec Time to Height Converter. When set in the
coincidence mode, the TPHC will accept input start pulses only when such
pulses are coincident with a pulse from the Gate Pulse Generator. This
system prevents the TPHC from responding to false start pulses or noise.

The Gate Pulse Generator produces a 30 volt positive pulse with
a variable width (1.5 to 60 microseconds) and a variable delay (1.5 to
100 microseconds). Output impedance is 680 ohms, and the circuit is de-
signed to feed directly into the Ortec 1000 ohm gate circuit. Input im-

pedance when used in conjunction with the Delayed Trigger Generator is
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about 20 to 30 kilohms. Input pulse width should be no less than 0.5
microseconds. The minimum trigger voltage is about 4 volts positive,
adjustable by means of the sensitivity control. The maximum input volt-
age should not exceed 70 volts positive.

Within a limited range of delay time, output pulses as short
as 100 to 200 nanoseconds are attainable, with rise times of 20 to 40
nanoseconds.

In order to ensure stable operation, the sensitivity control
should be set at the minimum value which will allow the circuit to be
triggered. Initially set the sensitivity completely counter clockwise;
then gradually turn clockwise until the circuit begins to operate. In-
Crease the sensitivity slightly beyond that point.

The input circuit is protected against negative signals of up
to about 7 volts; negative signals greater than 7 volts may cause damage,
especially if the sensitivity is set at maximum.

The minimum input impedance (maximum sensitivity) is about 1000
ohms. A 50,000 ohms potentiometer is in series with this impedance and
serves to attenuate large input signals. X

The circuit (Fig. 33) consists basically of two, one-shot multi-
Vibrators in cascade. A 50,000 ohms potentiometer is in series with the
input to attenuate the 45 volt pulse from the Delayed Trigger Generator.
The first multivibrator is used to produce a delayed trigger pulse which
triggers the second multivibrator. This second multivibrator produces

the output pulse. The differentiator is a resistor-capacitor combination
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augmented by a diode across the resistor. The diode attenuates the pulse
from the leading edge of the multivibrator's square wave output and pre-
vents damage to the following stage from large positive signals. The
possibility of misfire due to noise is also reduced by attenuating the
unwanted pulse.

The second multivibrator has a range of about 100 nanoseconds
to 60 microseconds, but it is very sensitive to noise at the short pulse
end and should normally not be used below 1.5 microseconds.

By using silicon transistors it is possible to build multivibra-
tors without the need for both positive and negative supplies. With
gernamium transistors the saturation voltage of the 'on" transistor is
high enough to forward bias the base emitter junction of the "off" trans-
istor so that this transistor is not completely off. In this case an
additional supply of polarity opposite to the collector supply must be
used to bias one transistor off. However, with silicon transistors the
voltage required to forward bias the base-emitter junction of the "off"
transistor is high enough so that the saturation voltage of the '"on"
transistor will not be sufficient to bring the "off" transistor into
partial conduction.

It should be noted that although faster switching times are
possible if multivibrators are designed to avoid saturation, this pro-
cedure will reduce output pulse amplitudes, thus requiring the use of
additional amplifiers with the probable result that total switching time

will not be improved.



136

Rate Meter Amplifier

This gircuit is essentially an electronic attenuator and pulse
amplifier. The output is a negative going, 45 volts pulse of approxi-
mately 10 microseconds width. This amplifier is used in conjunction
with a rate meter to count the number of pulses per second generated by
the Time to Pulse Height Converter. The circuit will accept input pulses
from 190 millivolts to 20 volts peak to peak and produce output pulses
which vary only slightly in height and width over this entire range.

The maximum repetition rate is about 10,000 pulses per second, although

this varies somewhat with input pulse height. The current drain in very
low (about 10 milliamps with no input signal and 15 milliamps with about
6000 pulses per minute); therefore, a battery may be used as a supply.

The circuitry (Fig. 34) consists of a simple 3 stage amplifier
designed to operate in a saturated mode. The first stage has a high
gain and saturates with about a 100 millivolts signal input. The col-
lector supply voltage for this stage is limited to 6.8 volts by a zener
diode and, therefore, the input to the next stage is always approximately
6.8 volts regardless of the magnitude of the input to the first stage.
The output pulse width is determined by the diode-capacitor pumps and not
by the width of the input width.

The diode above has two functions: first, it prevents the flow
of current back toward the input thus preventing a negative spike from
appearing at the output; second, it isolates the capacitor from the input

circuit after the capacitor has been charged. The capacitor therefore
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remains charged to a high voltage even after the input signal has dropped
to zero. When this voltage is fed to the second stage it keeps this
Stage saturated for a length of time determined by the resistance and
capacitance of the circuit loop.

The third stage again has a high gain and saturates at a very
low voltage. Its output therefore is essentially flat until the expon-
ential from the diode-capacitor pump has decayed to a low value.

The circuit will operate with supply voltages of 25 to 70 volts;
the output voltage will be approximately egual to supply voltage. Out-
put impedance is about 10 kilohms; input impedance, about 1 kilohms.

This circuit should never be coupled directly to an impedance load of

less than 5 kilohms.

Delayed Trigger Generator

A time delayed trigger for the pulse forming network is neces-
sary with Pulse Generating Device II. The Delayed Trigger Generator
(Fig. 35) is used to generate this pulse. It consists of a single
multivibrator followed by a pulse shaping and amplifying network. The
input has a positive bias on it so that when it is shorted to ground a
negative going signal is produced which activates the circuit. The out-
Put pulse is about 2 microseconds in width and 40 volts in amplitude.
The decay is variable between about 1.5 microseconds and 50 microseconds.
The output stage is an emitter follower with 1 kilohm emitter resistance
and there is a 10 kilohms resistor in series with the output to protect

the circuit from the high voltage feedback from the thyratron grid.
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A one-shot multivibrator is used to produce the delayed trigger
pulse. The input is biased positively via a zener diode; a negative
going signal is produced when this is shorted to ground through the
mercury relay. The square wave output of the multivibrator is differ-
entiated and fed to a Schmidt trigger generator which controls the width
of the output pulse. The Schmidt trigger generator has a high output im-
pedance and is not capable of driving more than a very light load. An
emitter follower with a 1000 ohms emitter resistor provides the necessary

impedance matching between the Schmidt trigger and the load.

Timer

Proper synchronization and activation of all circuits, which
were used with Pulse Generating Device I, were effected with the Timer.
(Pulse Generating Device II was self-activating.) A neon bulb was used
as part of a relaxation oscillator to initiate all events. (See Figs. 36
and 37). The relaxation oscillator was used to trigger a 2D21. The com-
bination of the neon bulb and 2D21 circuit is designated Oscillator and
Pulse Generator in Figs. 36 and 37. The Delay Multivibrator was used to
obtain a long delay time between pulses. The inverter changed the polar-
ity of the signal from the Delay Multivibrator. The three 2D21 circuits
(Pulse Shaper (Red), Pulse Shaper (Yellow), and Changeable Pulse Shaper)
were used to generate fast rising pulses with large values of voltage and
current. The Artificial Delay Line was used to activate any of the pulse

shapers at the desired time.
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Each of the letters used in the circuit diagram (Figs. 36 and
37) designated a point which could be connected to any of the other de-
signated peints. The multiple point contacts of the Artifical Delay
Line are not labeled.

In Fig. 38, a block diagram of the Timer is shown as it was

used in conjunction with Combination System V and Preionization.

Exponential Function Synthesizer

The Exponential Function Synthesizer was used to obtain the de-
cay constants from oscillograms of the photomultiplier output of the
radiation decay. A mercury relay (Fig. 39) was used to control the
charging and discharging of three R-C networks. The resulting expon-
ential curves from each R-C circuit were mixed into one common output.
Two considerations were necessary to prevent undesirable mixing of the
R-C circuits. First, diodes in the charge and discharge loops were nec-
essary to prevent the intermixing of the signals at their source. Second,
the resistance used to generate the mixed output was kept small in com-
parison to the total output resistances from each R-C circuit to prevent
feedback from the output to the source of the exponential decays. Since
the output signal was small compared to the internal signals of the R-C

circuits, the output leads were shielded to prevent undesirable pickup.
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Figure 38. Block Diagram of Timer as Used with Combination System V and Preionization.
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Criteria for Necessary Detection and Timing Device

The criteria to use for choosing the necessary Detection and
Timing Device (DTD) can be expressed as a simple relation of the decay
constant (t) which is to be measured. When DTD I or II is to be used,
the signal (S) to noise (N) ratio should be kept larger than 4 to obtain

an oscillogram capable of reasonable measurement.

= () = 4 (69)

=Z|n

I is the intensity of photoelectrons per second and G is the bandpass

of the system in Hertz. To prevent distortion, the photoelectron pulse
width should be kept at one fifth the decay constant (t1). If the photo-
electron pulse width determines the bandpass of the system, the following

expression results.

3

G = %(T) . (70)

Combination of Eq. (69) and (70) result in the following.

=22, (71)

From Eq. (71) it is seen that about forty photoelectrons per lifetime
are needed to maintain time resolution and signal to noise ratio for
the Detection and Timing Device I: Direct View. With Detection and
Timing Device II: Sampling Oscilloscope, this can be relaxed to about

ten photoelectrons per lifetime if maximum smoothing is used. The use
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of the Auxiliary Detection and Timing Device: Averaged Sampling,- extends
the useful range of the sampling oscilloscope by at least a factor of
four, and thus may be used when the intensity of photoelectrons is only
two or three per lifetime. When the intensity is less than this, Detec-
tion and Timing Device III: Delayed coincidence should be used.

All of the above considerations must be qualified for measure-
ments of short lifetimes ( <20 nanoseconds) or very long lifetimes
(> 1 microseconds). The minimum time resolution of Detection and Timing
Devices I and II is controlled by the fall time of a photoelectron pulse,
The fall time of a pulse is about 50 per cent longer than the rise time,
which is given by most photomultiplier manufacturers. Lifetimes which
are about five times or less than the fall time of the photomultiplier
should be measured with Detection and Timing Device III.

For very long lifetimes, integration (which effectively de-
creases the band pass) will improve the signal to noise ratio. Eq. (71)
still applies if the decay constant (1) is five times as long as the de-

cay time of the integrator.



