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:E;‘ 1.0 Abstract ‘
(: This report summarizes two series of investigations of molecular
?5 nitrogen. In the first series of experiments the lifetimes of selected
jsé levels of the Bjﬂg state of ¥g’were measured. A chopped cw dye laser / "
l ) beam was employed to excite selected levels of the B3Hg state of N2 in
L=
,ﬁi a beam of molecules in the A3Z: metastable state. Laser induced fluorescence
'ES was observed from the vibrational levelélg;S through'ﬁ;lz, and a photo-
: multiplier was used in conjunction with a microcomputer system to measure
i;l the time dependence of the decay light. The lifetimes which were measured
i;: to an accuracy of 3% showed a smooth decline from S.é:nsecmforlv$5 to
o e iy
y4 4.ll:§qgc for v=12. No dependence on rotational level was observed. In
s
:22 the second series of experiments an attempt was made to produce a beam
e Lot .
:f: of metastable %deolecules in the.\g~ Zg state, use a dye laser to excite

s

them to the§c4(0) lﬂu)and<ss(0) lﬁg;petastable states, and observe the
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fluorescent radiation.
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2.0 Introduction

The work under this contract is divided into two separate tasks. “he

first task was to measure the lifetimes of vibrational levels belonging

[
a_a -
..‘I‘D
R R |

’

"

-
)
>,

to the B3Hg state of molecular nitrogen. 7The second task was to perforn

4

exploratory experiments using the laser-molecular beam method to study -

. . . -t .
the higher Rydberg staces of molecular nitrogen employing the a" ng and

E 32; metastable states as entry levels for excitation of higher Rydbery

states. In this report we will treat these two tasks separately and deal

A .
Q\ y 3 . . K3 3
:\f with them in the same order in which they were carried out.
~
-
o .-»
l\ -
e Lo 3
3.0 Lifetimes of B Hg Levels of N2
h:-f 3.1 Motivation
~
gy The first positive system of N2, which arises from radiative transi-
N 3 3.+
N tions between the Bl and the A Eu states is one of the strongest com-
g

;li ponents of the emission spectrum of excited NZ' Accurate values of the
o

j@ lifetimes of the B state vibrational levels and the radiative rates for

N

L]

oY

the B » A transitions are required to understand the dynamics of the

»

~
:ﬁi relaxation of a population of excited nitrogen molecules. These lifetimes

)
sl

and transition rate data are also an important ingredient for understand-

S
CoY)
ing and modeling the time dependence of the radiance of the disturbed

Pl

NN atmosphere.

Ay 1-7

., Because of their importance, many experiments have been carried
e 3 -
- out to measure the lifetimes of the B Hg state of NZ' Several techniques
};j were used and the results from the different experiments disagreed con-
o\
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:};: siderably and made it difficult to know which values for the lifetime to
K*_ believe. Table I summarizes all the measurements that had been carried
'.‘-_‘.
AR out prior to those reported here together with the results for this
-;_':'.‘ experiment. It was the purpose of the present work to measure the
~ lifetimes of many different vibrational levels of the B state with a pre-
o cision of 5% or better to clarify the situation.
S 3.2 Method
o
ﬁ{j For the measurement of these lifetimes we used a laser spectroscopy-
250
’;:; molecular beam technique. Figure 1 shows a schematic drawing of the
O apparatus. A crossed electron beam was used to excite nitrogen molecules
~ 8
e +
:\ﬂ from the ground state up into the A 3Eu metastable state. The beam from
N
' a dye laser was used to excite the metastable molecules up into selected
) ) levels of the B3Hg state and the laser radiation was observed with a
:;E cooled photomultiplier tube. To measure the lifetimes, an optoacoustic
‘e e
o
nj\ modulator was employed to pulse the light and the lifetimes were determined
P from the decay time for the fluorescent radiation. This technique provides
::QE selective excitation and is free of the systematic errors due to cascades
ot from higher states which plagued many of the other measurements in which a
_C{ pulsed electron beam was used to excite N2 molecules up to the B3IIg state,
N
e,
=T
N 3.3 Apparatus
The apparatus used for this work is similar to an arrangement used
‘ previously to measure the lifetimes of some n=3 states in HZ' A molecular
beam 1is formed by effusion through a narrow slit, and a fraction of the
3.4
yChe beam is excited by electron impact to the A jlu metastable state. The
A
'Eéf beam from a tunable dye laser crosses the molecular beam transversely after
~,
e
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a transit time of several hundred microseccnds, and excites the B state.
The fluorescence of the B state is detected by a fast photon-counting photo-
multiplier tube (RCA 8852), maintained at -ZOOC in a cooled housing (Products
for Research TE-102TS-RF). An optoacoustic modulator is used to chop the
laser into pulses about 1 lifetime long, and by measuring the time at
which each decay occurs the excited state lifetimes are determined.

A number of changes to the apparatus were made for the present experi-
ment, both to increase the signal size and to improve the linearity of the
timing electronics. The comparatively long lifetime of the B state also
imposes severe requirements on the optical detection scheme, which has to
be independent of the motion of the molecules along the beam axis. The
most important modification involves cooling the beam source to 77°K.

Tuis is accomplished by flowing liquid nitrogen continuously through a
copper block attached to the source slit. To reduce the heat load this
source block is isolated thermally from the remainder of the electron
bombarder assembly. Several advantages are accrued from the cooled beam.
First, the population in the lowest rotational levels is increased by a
factor of 2-3. Second, the transit time across the laser beam is doubled,
making the transitions easier to saturate. Similarly the residual transverse
Doppler width resulting from imperfect collimation (a collimation ratio of
about 50 is used) is reduced by a factor of 2. Most important, the halving
of the beam velocity reduces the average distance traveled by the molecules
during a lifetime from about 3mm to about 1.5 mm and thereby makes the
optical design much easier.

It was found that the operating characteristics of the electron bombarder
are about the same as at room temperature, and good signals are obtained

with about 4 ma of 18 eV electrons emitted from the filament of the thermionic
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diode bombarder. The metastable flux appears to depend ounly very weakly

on electron energy over the range 12-25 eV. This suggests that much of

the observed A state population may arise from cascades from higher states .
formed by the bombarder, an interpretation also supported by the vibrational

intensity distribution described below. Nitrogen is fed into the 125 um
wide source slit from a tank of ultra-pure grade nitrogen at a feed
pressure of 0.25 Torr. The source region is maintained at about 2 x 10_5
Torr by an oil diffusion pump and is separated by a series of light baffles
and collimators from the interaction region. The experiment takes place
entirely in this collision-free low pressure region, which is maintained

at about 4 x 107/ Torr.

The laser used for these measurements is a Coherent model 699-01 ring
dye laser, modified to permit single-mode operation with a 40 GHz electronic
scanning range. Although some preliminary efforts were made in the red
using DCM dye, all of the data reported here were taken using Rhodamine
6G dye. The dye laser output power is typically 300-600 mW, but this is
attenuated by nearly a factor of 3 by the optoacoustic modulator and the
various optics used for frequency measurement. The free-running laser is
stable to about 10 MHz for periods of several minutes, and is easily main-
tained on the center of the 20 MHz wide molecular resonance lines by the
slow digital locking scheme described below. A 1.5 h data-taking run could
normally be accomplished without human intervention, and the long-term
stability of the system is such that much longer runs are possible.

A number of different configurations of excitation and detection wave- ;
lengths were tried before a satisfactory arrangement was found. Because

the A and B states have very different equilibrium separations, the Franck-

Condon tactors allow a given B state level to decav with signiticant
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transition amplitude on several different bands. A table of calculated

Einstein A coefficients for the first positive system appears in Lofthus

and Krupenie.7 The most successful arrangement involves exciting the B

state on one of the bluest of the strongly allowed bands, then detecting
decay in a broad band to the red of the excitation frequency. For example,
the 10-6 band is excited at 584 nm, and the v'=10 level decays primarily
via the bands 10-6, 10-7 (631 nm), 10-9 (746 nm) and 10-10 (818 nm). 41
of the levels used for the lifetime measurements are excited on band rith
Av=4, which fall in the range 585-613 nm. Sharp cutoff fiiters of § tt
glass are placed in the optical path to eliminate scattered laser li; ~°
while passing laser-induced fluorescence to the red, out to the limit of
the photomultiplier response at about 850 nm. For a typical vibrational
level about half of the decay light is at wavelengths that can be detected
with this scheme.

The optics of the interaction region are shown in Fig. 1. A pecuilari-
ty of the B state experiment is the severe mismatch between homogeneous
and inhomogeneous broadening. The lifetime of about 5 usec leads to a
natural width of about 32 kHz, while the transverse velocity spread of
the beam gives rise to a Doppler profile about 10 MHz wide. Although the
laser power level needed to saturate the resonant portion of the velocity
spread is very low, it is not possible to power broaden the transition
sufficiently to excite the full range of velocities. This problem was
solved by using a concave mirror of 15 cm radius to produce a divergent
retroreflected beam with an angular spread that approximately matches that
of the molecular beam. Without this mirror the signals are almost unobserv-
ably small. The fluorescent decay light is imaged onto the photomultiplier

cathode by an f/2 optical system with provisions for inserting filters.
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Even with the nitrogen cooled beam source the largest source ot error
in the measurements is the variation in detection efticiency with bean
position. This variation was measured by translating a small light source
along the beam axis and monitoring the photomultiplier counting rate. With
a lens chosen to provide a circle of least confusion 1 c¢m in diameter on
the 5 cm photocathode, variations as large as 50% were tound as the light
source was translated by several mm. The optical path was caretully chosen
to minimize vignetting and variations in geometric collection efficiency,
so the observed variation is thought to arise from spatial variations in
cathode quantum efficiency. In the final experimental configuration this
problem is eliminated by placing a ground glass plate between the filter and
the photomultiplier. The measured detection efficiency then varies by
less than 3% between the center of the aperture plate and a position 7mm
away. This amounts to a change of less than 1% during th: 1.5 mm drift time
corresponding to one of the B state lifetimes.

The signal size is reduced by a factor of about ? by the need to use
a ground glass diffuser and an optical system with a relatively poor f
number. Nevertheless, the signal to noise ratio is high, and the signals
are easily located by tuning to the wavelengths calculated from the energy
level tables of Dieke and Heath.9 The Q11(3) rotational branches were
found to be particularly intense, and were used for all of the lifetime
measurements reported in Table 1., The typical signal counting rate is 1500
counts per second above a background of 2000 counts per second, giving a
signal to noise ratio of about 25:1 in 1 s. Figure 2 shows a scan over one
of the stronger lines, recorded together with the f{luorescence signal from
an iodine cell that was used as a frequency referencc. The background

counts are due mostly to fluorescence from the molecular beam, although
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f:*- contributions from scattered laser light, dark counts and scattered light
~

‘ from the bombarder f{ilament can be observed. The beam~dependent background

26
A is almost 3 times larger at room temperature than at liquid nitrogen tempera- )
;}i ture. We believe that it arises from higher-lying metastables that cascade
U4
through the first positive system when they decay, and the threefold chunge )

{:{ in amplitude with a halving of beam velocity suggests the state has a life-
—\.A
j{j time of a few hundred psec. A good candidate for this higher metastable

RS
A species is the W state, for which lifetimes of this magnitude have been
S80; . . : 10
S calculated in the higher vibrational levels.
Vo
ol
jl: The distribution of line intensities with vibrational quantum number

-

y shows only a weak dependence, with the largest intensities coming from some
-

N of the lowest vibrational quantum numbers. Since the laser power is suf-
AN
-:Q ficient to saturate all of the transitions studied, this indicates that
( the metastable A state has large populations in the "' = 1, 2, and 3 states.
ﬂ: The Franck-Condon factors indicate very little amplitude for these levels

oa in excitation from the ground state,7 suggesting that they must be populated
A

. primarily by cascades from the higher states. In addition to the W state
Rj mentioned above, the electron bombarder can be expected to produce the B

g -

-~ state and the CJIIu state. Since all three of these species decay eventually
) to the metastable state and have larger electron impact excitation cross
o
e . 1 .
0 sections than the A state itself, 1 it is reasonable that a large portion
AAY
N of the observed A state population comes from such cascades. The contri-

B3

bution of many different states also explains the fact that the rate of

h .‘_.:
.:a metastable production has an extremely broad peak in electron energy.
..\-‘
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3.4 Data Collection and Analysis
The lifetime data were acquired using an innovative arrangement in
which an Intel 8088-based laboratory microcomputer entirely supplants the

role of the pulse height analyzer used earlier.8 A schematic diagram of

S WD R S

the timing and data acquisition electronics appears in Fig. 1. The opto-

acoustic modulator (Isomet model 1250) chops the laser into pulses 5.02 Usec

o et
PP A BT Y 3

long, and is operated at a repetition interval of 15 psec. The time to

ampiitude converter (TAC) is started whenever a decay photon is encountered
and is stopped by the triggering pulse for the succeeding laser pulse.

The TAC output is digitized by a Wilkinson type analog to digital converter
which generates an interrupt to the microcomputer. The pulse height

analysis function is performed by an assembly language routine for the micro-
computer that requires about 60 psec to calculate and increment the appro-
priate memory storage location. After this dead time the converter is re-
enabled synchronously with the start of a laser pulse to avoid anomalies

in the pileup shape that can be caused by beating between the duration of

the dead time and the interval between laser pulses.

At intervals of 1 s the control program tunes the laser alternatively
onto the resonance line and about 100 MHz away from it. The background
data are stored in a separate array for later subtraction. Because the
laser and molecular beam are both left on during background acquisition,
the subtraction not only removes the constant background due to unwanted
light, but eliminates any time-dependent effects coming from the laser
pulse and the weak fluorescence it induces in the Schott glass filter.

A small dither is applied to the laser frequency by setting it to a slightly

different frequency each time signal acquisition begins. By examining the

signal sizes and filtering them using a digital control algorithm,l2 the )
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computer is able  to lock the laser frequency to the molcecular resonance
line. All the while, a display of the signal is provided on the computer
console. After a data run has been completed the signal and background
arrays are first corrected for pileup on a channel-by-channel basis. This
is a small correction, typically about 3% for the channel experiencing the
maximum pileup. The background array is then normalized to reflect the
difference in live counting time between the signal and background, and
is subtracted from the signal array.

The decay curves were badly distorted by the effects of Zeeman
quantum beats when taken in the earth's magnetic field. The 20 gauss
field of a small permanent magnet is used to make the beats ignorably weak
and very fast compared with a lifetime.

After performing these corrections a least-squares fit to an exponential
is performed. The background subtraction obviates the need to include a
background term as a fitting parameter, although all runs are also fitted
with this term included to ascertain that the background is consistent with
zero. The lifetimes show no significant variation when the starting channel
is varied. In Figure 3 the decay curve of the J=4 level of v=6 is shown
together with the fit. The peculiar shape of the laser pulse as observed
in fluorescence light is easily explained. Initially the signal rises
steeply as the beam saturates the transition in any molecules that are

initially present; the signal then rises linearly as new molecules drift

into the laser path.

3.5 Error Analysis

The laser-molecular beam method avoids many of the potential sources

for systematic error that afflict lifetime measurements. Collisional and



L AR R B S e -‘,7

SJ
e 11
.

:;f light trapping effects are negligible because of the very low pressures
i:: and counting rates in the molecular beam apparatus, and the effects of
'i& Zeeman quantum beats are easily eliminated by using a small magnet. This

-
‘EE section discusses the remaining sources of possible shifts in the apparent
N2 . lifetimes.

}i As a check on the quality of the data several runs were repeated under
5;: varying conditions of laser power, counting rates and pulse repetition time.
\J? The results of the repeated runs are basically consistent with the statisti-
‘;: cal errors, although there is a suggestion that the statistical errors,

3

\¢3 . which are typically about 1-2%, are about 20% too small. Such a small

A increase in the error budget may arise from the remaining variation in

.:j detection efficiency with beam position, since the point at which the laser
:é§ and molecular beams intersect can vary by 1-2 mm between runs. Much more
: important than these small fluctuations is the average size of the shift in
:§ lifetime these variations could cause. To conservatively take into account
EE this potential shift a 3% systematic error was added in quadrature with

~ each lifetime determination. This is about 3 times the size of the error

:: estimated by using the measured variations in detection efficiency. In

E nearly all cases, this 3% error totally dominates the overall error.

N

*: A potentially serious error is the possibility of confusing the desired
‘Es decay channel with cascades through the path B + W+ B - A, The long

:,:‘E estimated lifetime of the W statelo makes it very unlikely that this path-
L: ) way could distort the apparent lifetime by much more than 17. Nevertheless,
Sé some simple experiments were performed to make sure that such distortion
‘Ei is not occuring. The first such experiment consisted of examining the

o decays of the v=6 and v=7 levels through interference filters that selected
N

7."; the 6-3 and 7-4 decay bands. Unfortunately, the accuracy of lifetime measure-
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P ments made under these conditions is limited by a relatively large shift
caused by angle tuning of the interference filter. As the molecules travel
ol down the beam line the mean angle through the filter increases, and an L

increasing amount of the decay light is shifted outside of the filter pass-~

band. Apparent lifetime shifts in the range of 0-8% are observed for .
various tipping angles of the filters. These shifts agree well with esti-

AL mates based on the decrease in total signal size as the filters are tipped,

but the estimates are not accurate to much better than 5%. Thus it can

be concluded only that there is no evidence for effects on the v=6 and 7

N lifetimes at the 5% level.

A second search for the effects of intra-system cascading was made

5 °s
.‘-..':"

by looking for decay light through a filter that selected the 2-0 band

.
Oh
[} ‘. *

B

of the first positive system. Published A coefficients for the B*W and

» "
. ‘l"

W*B decays10 suggest that most of the cascading would take place through B
state levels with v=0, 1, and 2. The 2-0 band is the only one arising

from these levels that can be observed with the 8852 photomultiplier. No
evidence was found for laser-induced fluorescence on this band when the

’ laser was tuned to the v=6, 7, and 10 levels, indicating that the cascade
light on this band is present at a level no greater than 5% of the normal
signal size., In addition, any distortion of the B state lifetimes is a

At second order effect, reduced both by the relative weakness of the cascade
= light and by the fact that fits to a single exponential are shifted only
slightly by the presence of a component with a longer lifetime. The results
AN of these two experiments indicate that intra-system cascading has no signi-

ficant effect on the lifetime measurements, although a contribution of up

to 5% cannot be ruled out.
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i 3.6 Discussion

;& The lifetimes given in Table I include the 37 systematic error described

£ in the previous section. An examination of the table¢ shows that the results

:S of the present measurement are in fairly close agreement with those of

:; . Jeunehomme,1 although the Jeunehomme results appear to be systematically

~ too large by about 5-10%. The agreement with Hollstein, et nl.3 is also

# good, although their results again indicate slightly longer lifetimes.

;: The same cannot be sald of the other existing measurements, which in general

E. show very short lifetimes and weak or erratic vibrational variations.

‘§ Since these measurements were made using methods similar to those of

:; Jeunhomme,l it is not entirely clear why they disagree. Apparently the

if spectrum of higher excited states that can contribute cascade radiation

;j after an unselective excitation pulse is somewh.t richer than had been

<

}: suspected.

xﬁ Since the resolution of the laser system is easily sufficient to

'ﬂE resolve the rotational structure, a brief search was made for rotational ;
‘: dependence of the lifetimes. Measurements of the J' = 2, 3, 4, 5, 7 and 8 :

levels of the v=6 vibrational level are summarized in Table I1; they show

no significant variation. This is in accord with the observation of Dieke

and Heath9 that the B state is nearly free from perturbations with neighbor-

A ’ [

ing states,

’
.l A‘l

[
2tatat .

The only theoretical calculation of the B state lifetimes is in an

: - article by Breene,13 and is apparently not of sufficient accuracy to con-

PRSI - A RN Iy POk

stitute a real test of the experimental values. Transition moments for

- the first positive system have been calculated both from the results of i
. :
i Jeunehommel and from an approach by Shemansky and Broadfoot5 that combines 1
; relative intensity measurements with a single lifetime measurement. The ac-
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curate lifetimes pgiven here largely confirm the accuracy or these transition

moments, since the lifetime measurements are in agreement with Jeunehomue's

[N ~ ,’

measurements to within 107%. The much weaker variation with the vibrational

NN

gif level indicated by most of the recent lifetime measurements can be ruled out.

2

N 4.0 Studies of Higher Rydberg States

‘..t\.l

N 4.1 Motivation

-« W g

X . To understand the spectrum of radiation emitted through excitation
;: of the atmosphere by particle bombardment from either extra terres-

N

oL trial or terrestrial sources, it is necessary to have a complete

=

*.';\

understanding of the mechanisms for excitation and decay of molecular nitro-
gen which is the dominant component of the atmosphere. The nitrogen molecule
is quite unique in that it has a large number of rather high lying metastable
states. Figure 4 shows in the form of an energy level diagram, the rela-
tive location of the many metastable states. These states serve as bottle-

necks for the radiative decay of molecular nitrogen and as access points

for excitation into high lying Rydberg states which are potential sources

L)

of infrared radiation. The high energy of the metastable states and the

»
R

Rydberg states makes them suitable doorways for exothermic chemical reac- |

ILACRRNNE.
l.‘. A. . " l. "

tions. To understand the molecular dynamics of electron-beam excited gas

ofo R

f O.
.
P A

samples, it is essential to understand the role of the Rydberg states and

L

.."‘ l. '. L)
e

the metastable states. The relative probability for the Rydberg states

9

» "
.

to predissociate into excited nitrogen atoms and to decay radiatively is

P

an essential ingredient for understanding the excitation and decay of

<%

v
'~

atmospheric disturbances.

)
:n\)\

Despite a great deal of work by many investigators over the last

LA A

century, our understanding of molecular nitrogen is still incomplete.7
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,:f: There is, in particular, little knowledge of the Rydbery states and no
e
‘; knowledge of the role of the Rydberg s*ates in the excitation and decay
:E: of molecular nitrogen. There is very little information concerning the
L YA
:f: relative probability of the Rydberg states to decay through predissociation
NS
. and radiative decay to lower energy states. It was the purpose of this
'f: task to explore techniques through which one can study the high lying
‘:E Rydberg states of NZ'
'
x}: 4.2 Method
s 3
:f; The same apparatus used to measure the lifetimes for the B Hg state
] of N2 was used to look for excitation of the Rydberg states in NZ' A
i; crossed electron beam was used to excited N2 molecules from the ground
-
L. state up into the metastable states and in particular the a" lz; metastable
{ state. The ocutput of the Coherent 599 dye laser was then used to excite
s 1 1.+
gy the metastable molecules up into the ca(O) Hu or cé(O) Zu Rydberg levels
N
iu] and the excitation was detected through observation of the fluorescent
N
TS .
radiation. These levels have been observed by Suzaki and Kakimoto14 and
g{: by Mizazki, et al.l5 by using opto-galvanic spectroscopy. The CA(O) lﬂu
1w
ju state has been observed in uv emission through the observation of an N2
2 7,16-18
T discharge by a uv spectrometer. ’
et
) The experiment is made difficult by the small cross section for
. " 1.+ 11,1920 . A
electron beam excitation of the a''(0) Zg metastable state and by the un-
e 7 .. S
s known lifetime for this metastable state. Fhe litetime has never been
;%] measured and experiments using shock tube excitation to observe this level
o
5 suggest that it could be as short as 10 usec.
\ .
o
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3
o
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4.3 Results

For the first attempt to detect the excitation of the c4(0) lHu and
cé(O) lZ; Rydbery states we used the same set up that we employed for the
measurement of the lifetimes of the BBHg state. The red sensitive photo-
multiplier tube was used to detect the fluorescent radiation. We first ¢

tried this experiment with a room temperature N, beam and observed what

2
appeared to be small fluorescent signals. These signals disappeared when

lZ+ state
g

we cooled the beam. This suggested that the lifetime of the a"
was short and that when the beam was cooled the atoms in this state did
not live long enough to reach the region where the dye laser beam crossed

the molecular beam. The background count rate in the photomultiplier

was high due to general radiation emitted by the excited N2 atoms. This

limited the sensitivity of the experiment.

For the second series of experiments we replaced the cooled photomulti-
plier tube by a channeltron detector which was sensitive to uv radiation
such as would be cmitted by the Rydberg states through direct decay to the
ground state of NZ' In these experiments we observed some signals which
were suggestive of fluorescent signals but we were not able to increase the
signal to noise sufficiently to make them believable. The experiments
were quite encouraging in that the background with the channeltron was low
so that we were sensitive to smaller signals than with the red sensitive

photomultiplier tube.

For the third series of experiments we reconfigured the apparatus

so as to decrease as much as was mechanically possible the distance from
the source of metastable molecules to the point where the laser beam
intersected the molecular beam. We then used the channeltron detector to

search for excitation of the ca(O) Hu and cé(O) lX: metastable states.
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We had very good rums, but were not able to detect any fluorescent radia-
tion from the Rydberg states. This could be attributed either to a small
cross section for electron beam excitation of the a" IXt metastable state
or the short lifetime for this metastable state. The measured excitation

11,19,20 \ w 1yt
cross section tor tihe a %

state supvests that the excitation should
not be a problem so the failure.must be attributed to the short lifetime

of the metastable state. The present design of the beam appratus is such

that if the lifetime of the metastable state was less than 100 us, a

sufficient number of metastable molecules would not reach the detector to
produce an observable signal. We thus attribute the failure to see a

signal to the short lifetime.

Since it was impossible to decrease further the distance between the
metastable source and the detection region without a major rebuilding of
the apparatus, we started an investigation of other methods for obtaining
a source of N2 molecules in the a" lZ; metastable state. It is particularly
attractive to use a discharge source since we could easily decrease the
distance between the discharge source and the detection region by inputing
the beam from the opposite end of the beam apparatus. We also have a
discharge source which was built for an earlier experiment.

As a first step in this Investigation we explored the use of opto-
galvanic spectroscopy as a means for determining the optimum discharge
conditions for production of the a" 12; metastable state. This will also
enable us to repeat the work of Suzaki and Kakimot014 and Miyazaki, et al.15
and possibly extend these measurements to other states. These experiments
were in process at the time the contract period ended. We had learned to

successfully detect for optogalvanic signals from meon and were preparing

to look at the signals from N

2°
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:‘~ 6.0 Tables

P_ 6.1 Table L. A summary of the measured values for the lifetimes
B of the vibrational levels of the BBHT state of molecular nitrogen.
u The methods and estimated errors arebdescribed at the bottom of

:.\ the table.

3N =

V Ref. 1l Ref. 2  Ref. 3 Ref. 4 Ref. 5 Ref. 6 This Work ’

- 0 8.0 - - - - 4.9 -

,El 1 7.5 - - - - 4.5 -

oy 2 7.0 3.5 5 £0.20 - - 4.6 -

. 3 6.8 3.2 6 +0.30 3.3 6.5 4.7 -

= 4 6.5 2.6 - 4.0 - 5.5 -

:;. 5 6.2 2.4 6.1 #0.20 3.5 - 5.1 5.8720.21
- 6 6.0 2.3 - 4.0 - 5.5  5.34%0.17
W 7 5.3 2.7 - 4.3 - 5.0 5.050.16
33; 8 5.1 2.2 - 4.0 - 4.5 4.72%0.15
:E; 9 4.8 - 4.87%0.25 - - 4.0 4.41%0.15
( 10 4.4 - - - - 5.1 4.33%0,17
S i - - - - - 4.9 4.19%0.17
55: 12 - - 4.14%0.15 - - 5.0  4.11%0.21
s

_’::' 1. Pulsed rf discharge, 10-20%.

':: 2. Pulsed discharge, no errors quoted.

.-:;:: 3. Beam time of flight measurement, errors shown in table.

o 4. Short-pulsed electron bombardment, no errors quoted.

:;: 5. Pulsed electron gun excitation, no errors quoted.

::E 6. Pulsed electron beam excitation, 20%.
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6.2 Table II. Lifetimes of some rotational levels of the v=6 state.

PP PO S

J 1(use)

2 5.54+0.24
3 5.60+0.28

A 4 5.30+0.17

kel B b B S Bt

5 5.38#0,18
7 5.35+0.26

5.41+0.19
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o0 7.0 Figure Captions

F.- 1. Lifetime measurement apparatus, showing detection optics and
A electronics for data acquisition. Line marked 'Af' controls

- dye laser frequency.

] 2. Laser scan over the OL1(3) branch of the 6-2 band. Top trace
shows absorption spectrum of molecular iodine. The two indi-

X cated lines are separated by 0.27 cm L.

....
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3. (a) Decay curve of the J=4 level of v=6, excited on the

.
l'ﬂ

’

s

LA

Q11(3) branch, after background subtraction. Solid line shows

e
0L,
-
ey

fit to a single exponential. (b) Log plot of the same decay

Sk
..L..'." ‘

curve, showing portion where fit was performed.

4. An energy level diagram showing the metastable levels of N2.
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9.0 Publication

. o s,

The results of the measurements on the lifetimes of the levels of

&
.

the B3Hg state of N2 have been published in the Journal of Chemical
Physics. The reference is:

E. E. Eyler and F. M. Pipkin, J. Chem. Phys. 79, 3654 (1983).
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10.0 Appendix
A copy of the paper reporting the measurement of the lifetimes of the

levels of the B}Hg state of N2 follows.

I

v
1T & o

PN
4
a

»
P
."."n

’

o s’
v s
)

.
PR |

WY

‘I

=Rk

a
o

" 8

P

&
S ata) e s, -
' S -

"

’
“

kbt |

A

e, .
-

."‘ .Q- .'- 'i..\. '-. ...-



‘42
/ t"‘ - - 3 -
o Lifetime measurements of the B °IT, state of N, using laser
- L]
T~ excitation
v E. E. Eyler and F. M. Pipkin
L : Lyman Laboratory of Physics, Harvard University, Cambridge, Massachusetts 02138
-:\'A {Received 25 May 1983; accepted 30 June 1983)
':~;- A chopped cw dye laser has been used 1o excite selected levels of the B /7, state of N, in a molecular beam of
) -'I‘\: 4 'Z, state metastables. Laser-induced fluorescence was ubserved from the vibrational levels ¢ S through
‘~:~‘ v = 12, and a photomultiplier was used in conjunction with a microcomputer system to perform hime-resolved
A detection of the decay light. The lifetimes have been measured to an accuracy of about 3%, They show a
v smooth decline from 5.87 usforv = 5to 4.11 us forv = 12. No dependence on rotational level was observed.,
and no contributions to the B state decay were found from intrasystem cascading of the form
‘ B—W'a, +B-+4'Z;.
' -:';4
e ..,‘
3
A, . INTRODUCTION measurem «nts are shown in the final column of Table 1.
. -_ Since the B~ A first positive system of nitrogen is its Thc lifetixx'es show 4 smooth monotonie decrease with
\“,-. most prominent visible band system under most dis- vibrational quantum l?umbf‘r, and agree l‘;url.v well in
ty charge conditions, the lifetimes of the Bsﬂ, state are of both‘m:lgmtudc and v:b‘rntlonal f!upeMenc«; with the re-
“: particular importance. In addition, the B state is the sults of Jeunehonime' and Hollstein ¢/ af.
N lower state of the UV nitrogen laser. It is thereforc not
A surprising that the B state lifetimes have been measured EXPERIMENTAL
:: seve.ral times: “" The first six column‘s of Table Ilsum- Excitation and detection of the 8 J“? state
o4 marize the existing measurements, which have estimated X o
'_: errors of about 10%—20% except for the measurement by The apparatus used f(')r this work is snnnl:tr-t.o Tm
::$ Hollstein ef al.® An examination of the table shows that arrangement used prevnously to measure the htcgmcs
") these measurements are in severe disarray, with dis- of some » = 3 states in 1., The molecular potentials
agreements by more than a factor of 2 in some cases. of the states invqlvod are shown in 'Fig. 1. Briefly, a
‘. The recent results from Refs. 4 and 6 indicate lifctimes mglecular beum‘ns fo_rmed by (.‘f.nmon'(hrough a narrow
) that are essentially independent of the vibrational quan- §l)(, and a fraction of the beam is exeited hy electron
.,\:_:,- tum number, in strong contradiction with all of the impact to the metastable state., The beam (rom a
‘f'.; earlier results. All of these measurements were per- tunable dye laser crosses the molecular beam trans-
N formed by fitting the multiexponential decay following versely after a tr.ansit time of several hundred micro-
n': pulsed excitation of many electronic states, with the seconds, and excites the B state. The fluorescence of
exception of the time-of-flight technique of Hollstein. TABLE L, Summary of the measured values for the lifetimes
o They were all to some degree subject to cascade con- of the vibrational fevels of the 871, state of molecular mtro-
(ﬁ tributions from higher-lying species that were excited gen,  The methods and estimated errors are deseribed at the
.A,*; at the same time as the B state. Most of the experi- bottom of the table. e
. :-\, ments also involved an extrapolation to zero pressure. T ‘| T T T his I*
4~:: A recent review article by Lofthus and Krupenie® sug- S _4 e 0 Thswank
gests that only a better means of excitation can re- 8.0 4.4
. solve the discrepancies between these various measure- i 7.5 . L5
o ments, 2 7.0 3.5 T.5,0.20 .. .- 4.6
A0 3 6.8 3.2 6.6:+0.30 3.3 6.5 1.7
(o We have accomplished this by using a dye laser to 4 6.5 2.6 4.0 .. 5.5
o excite levels of the B state with complete selectivity, 5 6.2 4 6.1:0.20 3.5 5.1 5.87,0.21
o so that only a single rotational and vibrational level can 6o &0 23 4.0 9.5 5.34.0.17
N . contribute to the observed decay. A photomultiplier Z :'1, '_;7, :3 Jlf: ; 2‘; T:)) 12
- was used in conjunction with a microcomputer sy§tem 9 4K ... 5 870,25 L0 441,015
";’. to perform. time?-resolvef! detection of the decay light. 10 4.4 ... 5.1 4.83+0.17
:;... This technique is intrinsically free from most sources 1 ... 1.9 4.19,0.17
e of potential systematic error. Experiments were per- 12 ... 4,1410.15 5.0 4.11:0.21
-.j' formed to search for the effects of intrasystem cas- ; A SO LS RS CTm=
25 cading through the decay channel B(yu,,~ W A, = B(1ye ) .,::u“md el discharge, 10%-20%, Ref. ).
and no effects on the measured lifetimes were found. enufﬂo‘l '““h"r“.e' no c"r‘m:s auated, R(l é .
. X o eam time of flight measurement, errors shown in the table,
oy This was not possible in earlier work because it i only Ref. 4.
. -.:: by using both selective excitation and selective detec- “Short-pulse electron bombardment, no errors quoted, Rel. 4.
by tion that the desired decay can be separated cleanly *Pulsed electron gun excitation, no errors quoted, Ref, 5.
z: from intrasystem cascades. The results of the present fhulged electron beam cxcitation, 20'%, Ref. 6.
~
o .
‘J 36854 J. Chem, Phys, 78(8}, 15 Oct. 1983 0021.9606/83/203654-06802.10 © 1983 American Institute of Physics
7‘ The U.S. Government Is authorized to reproduce and sell this report.
‘ Permission for further reproduction by others must be obtained from
j‘ ‘: { the copyright owner.
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FIG. 1. Potential curves for the N, states involved in the ex-
periment. The W state is both a source of metastable popula-
tion and a possible intermediate in an alternative decay path

8 ~W-—-B—-A._ Potentials are taken from Ref, 7.

the B state is detected by a fast photon-counting photo-
multiplier tube (RCA 8852), maintained at -~ 20°C in a
cooled housing (Products for Research TE-102TS-RF),
An acousto-optic modulator is used to chop the laser into
pulses about } lifetime long, and by measuring the time
at which each decay occurs the excited state lifetimes
are determined directly.

A number of changes to the apparatus were made for
the present experiment, both to increase the signal
size and to improve the linearity of the timing elec-
tronics. The comparatively long lifetime of the B
state also imposes severe requirements on the optical
detection scheme, which has to be independent of the
motion of the molecules along the beam axis. The most
important modification involves cooling the beam source
to 77 K. This is accomplished by flowing liquid nitro-
gen continuously through a copper block attached to the
source slit. To reduce the heat load this source block
is isolated thermally from the remainder of the electron
bombarder assembly. Several advantages are accrued
from the cooled beam. First, the population in the low-
est rotational levels is increased by a factor of 2-3.
Second, the transit time across the laser beam is
doubled, making the transitions easier to saturate.
Similarly the residual trangverse Doppler width result.
ing from imperfect collimation (a collimation ratio of
about 50 is used) is reduced by a factor of 2. Most im-
portant, the halving of beam velocity reduces the aver-
age distance traveled by the molecules during a lifetime
from about 3 to about 1.5 mm and thereby makes the
optical design much easier.

It was found that the operating characteristics of the
electron bombarder are about the same as at room
temperature, and good signals arc obtained with about
4 ma of 18 eV electrons emitted from the filament of
the thermionic diode bombarder. The metastable flux
appears to depend only very weakly on electron energy

KAl 24 A A A
LT T LTt Te ' .

30
3655

over the range 12-25 eV, This suggests thai much of
the observed A state population may arise from cuas-
cades from higher states formed by the bombarder,
an interpretation also supported by the vibrational in-
tensity distribution described below. Nitroygcen is fed into
the 125 um wide source slit from a tank of ultrapure
grade nitrogen at a feed pressure of 0.25 Torr., The
source region is maintained at about 2x10™ Torr by
an oil diffusion pump and is separated by a scries of
light baffles and collimators from the interaction re-
gion, The experiment taikes place entirely in this
collision-free low pressure region, which is muan-
tained at about 4x10"7 Torr.

The laser used for these measurements is 1 Coherent
model 699-01 ring dye laser, modified to permit single-
mode operation with a 40 GHz electronic scanning
range. Although some preliminary efforts were made
in the red using DCM dye, all of the data reported here
were taken using Rhodamine 6G dye. The dye laser out-
put power is typically 300-600 mW, but this is5 attenuated
by nearly a factor of 3 by the optoacoustic modulator and
the various optics used for frequency measurement.

The ring laser is a major improvement over the stand-
ing-wave dye laser used for our earlier work primarily
because of its stability. The free-running laser is stable
to about 10 MHz for periods of several minutes, and is
easily maintained on the center of the 20 MHz wide
molecular resonance lines by the slow digital locking
scheme described below, A 1,5 h data-taking run could
normally be accomplished without human intervention,
and the long-term stability of the system is such that
much longer runs are possible.

A number of different configurations of excitation and
detection wavelengths were tried before a satisfactory
arrangement was found. Because the A and B states
have very different equilibrium separations, the
Franck-Condon factors allow a given B state level to
decay with significant transition amplitude on several
different bands. A table of calculated Einstein A coef-
ficients for the first positive system appears in Lofthus
and Krupenie. " The most successful arrangement in-
volves exciting the B state on one of the bluest of the
strongly allowed bands, then detecting decay in a
broad band to the red of the excitation frequency. For
example, the 10-6 band is excited at 584 nm, and the
v’ =10 level decays primarily via the bands 10-6, 10-7
(631 nm), 10~9 (746 nm), and 10-10 (818 nm), All of
the levels used for the lifetime measurements are ex-
cited on bands with Ar =4, which fall in the range 585-
613 nm. Sharp cutoff filters of Schott glass are placed
ix the optical path to eliminate scattered laser light
while passing laser-induced [luorescence to the red, out
to the limit of the photomultiplier response at about
850 nm, For a typical vibrational level about half of the
decay light is at wavelengths that can be detected with
this scheme.

The optics ot the interactiun region are shown in Fig,
2. A peculiarily of the B state experiment is the severe
mismatch between homogeneous and inhomogeneous
broadening. The lifetime of about 5 ps leads to a natural
width of about 32 kHz, whilc the transverse velocity
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PHOTOMULTIPLIER
15 em 22 FILTER AND GROUND GLASS PLATE
MIEIROR_ -
MODU- | _ |
| LATOR [ LASER
Af
RF
DRIVER
STOP
START r
TAC ~—i PULSER
1
100 MHz
ADC
F
DATA REQUENCY
LOCKING
SITION [ SwITCHING
MICROCOMPUTER
FLOPPY GRAPHICS
DISKS PRINTER
FIG. 2. Lifetime measurement apparatus, showing detection

optics and electronics for data acquisition. Line marked Af

controls dye laser frequency.

spread of the beam gives rise to a Doppler profile about
10 MHz wide. Although the laser power level needed to
saturate the resonant portion of the velocity spread is
very low, it is not possible to power broaden the transi-
tion sufficiently to excite the full range of velocities.
This problem was solved by using a concave mirror of
15 cm radius to produce a divergent retroreflected
beam with an angular spread that approximately matches
that of the molecular beam, Without this mirror the
signals are almost unobservably small. The fluorescent
decay light is imaged onto the photomultiplier cathode
by an f/2 optical system with provisions for inserting
filters,

Even with the nitrogen cooled beam source the largest
source of error in the measurements is the variation in
detection efficiency with beam position. This variation
was measured by translating a small light source along
the beam axis and monitoring the photomultiplier count-
ing rate. With a lens chosen to provide a circle of
least confusion 1 ¢cm in diameter on the 5 cm photo-
cathode, variations as large as 50% were found as the
light source was translated by several mm. The optical
path was carefully chosen to minimize vignetting and
variations in geometric collection efficiency, so the ob-
served variation is thought to arise from sgpatial fluctua-
tions in cathode quantum efficiency. In ihe final experi-

E. E. Eyler and F. M. Pipkin: Lifetime of the 8 11, state of N,

mental configuration this problem is elinunated by
placing a ground glass plate between the filter and the
photomultiplier. The measured detection efficiency then
varies by less than 3% between the center of the aperture
plate and a position 7 mm away, This amounts to a
change of less than 19 during the 1,5
responding to one of the B state bfetimes,

mm drift tme cor-

The signal size 1s reduced by a factor of wbout 2 by
the need to use a ground glass diffuser and an optical
system with a relatively poor / number,
the signal-to-noise ratio is high, and the sipnals are
easily located by tuning to the wavelengths calculated
from the energy level tables of Dicke and Heath,® The
Q1:1(3) rotational branches were found to be particularly
intense, and were used for all of the lifetime measure-
ments reported in Table 1. The typical sipnal counting
rate is 1500 counts per second above a background of
2000 counts per second, giving a signal to notse ratio of
about 25:1in 1 s. Figure 3 shows a scan over one of the
stronger lines, recorded together with the fluorescence
signal from an iodine cell that was used as a frequency
reference. The background counts are due mostly to
fluorescence from the molecular beam, although con-
tributions from scattered laser light, dark counts, and
scattered light from the bombarder filament can all be
observed. The beam-dependent background is almost
three times larger at room temperature than at liquid
nitrogen temperature. We believe that it arises from
higher-lying metastables that cascade through the first
positive system when they decay, and the threefold
change in amplitude with a halving of beam velocity sug-
gests the state has a lifetime of a few hundred us. A
good candidate for this higher metastable species is the
W state, for which lifetimes of this magnitude have been
calculated in the higher vibrational levels. '®

Novertheless

The distribution of line intensities with vibrational

3104

3103

i o
S00MH:z

FIG. 3. Laser scan over the ¢4,(3) branch of the 6=2 hand.
Top trace shows absorption spectrum of molecular lodine.
two indlcated lines are separated by 0.27 em™.
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quantum number shows only a weak dependence, with the
largest intensities coming from some of the lowest
vibrational quantum numbers. Since the laser power is
sufficient to saturate all of the transitions studied, this
indicates that the metastable A state has large popula-
tions in the »’' = 1,2, and 3 states. The Franck~Condon
factors indicate very little amplitude for these levels in
excitation from the ground state,” indicating that they
must be populated primarily by cascades from the
higher states. In addition to the W state mentioned
above, the electron bombarder can be expected to pro-
duce the B state and the CIl, state. Since all three of
these species decay eventually to the metastable state
and have larger electron impact excitittion cross sec-
tions than the A state itself,"! it 1s reasonable that a
large portion of the observed A state population comes
from such cascades. The contribution of many dif-
ferent states also explains the fact that the rate of meta-
stable production has an extremely broad peak in elec-
tron energy.

Data acquisition and analysis

The lLifctime data were acquired using an innovative
arrangement in which an Intel 8088-hased laboratory
microcon.puter entirely supplants the role of the pulse
height an:lyzer used earlier.® A schematic diagram of
the timing; and data acquisition electronics appears in
Fig. 2. "’he optoacoustic modulator (Isomet model 1250)
chops the laser into pulses 5.02 us long, and is operated
at a repetition interval of 15 us. The time to amplitude
converter (TAC) is started whenever . decay photon is
encountered and is stopped by the triggering pulse for the
succeeding laser pulse. The TAC output is digitized

E. E. Eyler and F. M. Pipkin: Lifetime of the 8 31y state of N, 3657
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by a Wilkinson type analog to digital converter which
generates an interrupt to the microcomputer, The pulse
height analysis function is performed by an assembly
language routine for the microcomputer that requires
about 60 us to calculate and increment the appropriate
meniory storage location. After this dead time the
converter is reenabled synchronously with the start of

a laser pulse, to avoid anomalies in the pileup shape
that can be caused by beating between the duration of the
dead time and the interval betwecen laser pulses.

At intervals of 1 s the control program tunes the laser
alternately onto the resonance line and about 100 MHz
away from it. The background data are stored in a
separiate array for later subtraction. Because the
laser and molecular beam are both left on during back-
ground acquisition, the subtraclion not only removes the
constant background duc to anwanled light, but eliminates
any time-dependent effects coming from the Liser pulse
and the weak fluorescence it induces n the Schott glass
filter, A small dither s applied to the laser frequency
by soetting it to a slightly different [requency each time
signal acquisition begins, By cxamining the signal sizes
and filtering them using a digital control algorithm, 2
the computer s able o lock the taser frequency to the
molecubitr 1esonance hne,  All the while, o display of the
signal 1. provided on the computer consote.  After a
datia run has been completed the signal and background
arrays are hrst corrected for pileup on a channel-by-
channei basis. This 18 a small correction, typically

CHANNELS

FIG. 4. () Deccay curve of the J - 4 level of ¢ 6, excited on
the ¢y;(3) hranch, after background subtraction. Solid line
shows fit to a single exponential. (b) Log plot of the same de-
cay curve, showing portion where fit was performed.

about 3% for the channel experiencing the maximum
pileup. The background array is then normatized to
reflect the difference in live counting time between the
signal and background, and is subtracted from the signal
array.

The decay curves were badly distorted by the effects
of Zceman quantum beats when taken in the earth’s mag-
netic field. The 20 G gield of a small permanent magnet
is used to make the beats ignorably weak and very fast
compared with a lifetime.

After pcerforming these corrections a least-squares fit
to an exponential is performed. The background subtrac-
tion obviates the need to include a background term as
a fitting parameter, although all runs are also fitted with
this term included to ascertain that the background is
consistent with zero. The lifetimes show no significant
variation when the starting channel is varied. In Fig,

4 the decay curve of the J - 4 level of =6 is shown to-
gether with the fit. The peculiar shape of the luser
pulsc as observed in fluorescence lhight is easily ex-
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plained. Initially the signal rises steeply as the beam
saturates the transition in any molecules that are initially
present; the signal then riscs linearly as new molecules
drift into the laser path,

Error analysis

The laser-molecular beam method avoids many of the
potential sources for systematic error that afflict life-
time measurements, Collisional and light trapping ef-
fects are negligible because of the very low pressures
and counting rates in the molecular beam apparatus,
and the effects of Zeeman quantum beats arc easily
eliminated by using a small magnet. This section dis-
cusses the remaining sources of possible shifts in the
apparent lifetimes.

As a check on the quality of the data several runs
were repeated under varying conditions of laser power,
counting rates, and pulse repetition time. The results
of the repeated runs are basically consistent with the
statistical crrors, although there is a suggestion that the
statistical errors, which are typically about 1%-2%,
are about 20% too small, Such a small increase in the
error budget may arise from the remaining variation in
detection efficiency with beam position, sin:e the point
at which the laser and molecular beams intcrsect can
vary by 1-2 mm between runs, Much more important
than these small fluctuations is the average size of the
shift in lifetime these variations could caus:, To con-
servatively take into account this potential shift a 3%
systematic error was added in quadruture with each life-
time determination, This is about three times the size
of the error estimated by using the measured variations
in detection efficiency. In nearly all cases. this 3%
error totally dominates the overall error.

A potentially serious error is the possibility of con-
fusing the desired decay channel with cascades through
the path B~ W~ B~ A, The long estimated lifetime of
the W state'” makes it very unlikely that this pathway
could distort the apparent lifetime by much more than
1%. Nevertheless some simple experiments were per-
formed to make sure that such distortion is not occur-
ring. The first such experiment consisted of examining
the decays of the v =6 and v =7 levels through interfer-
ence filters that selected the 6~3 and 7-4 decay bands.
Unfortunately, the accuracy of lifetime measurements
made under these conditions is limited by a relatively
large shift caused by angle tuning of the interference
filter. As the molecules travel down the beam linc the
mean ancle through the filter increases, and an increas-
ing amount of the decay light is shifted outside of the
filter passband. Apparent lifetime shifts in the range
of 0%~8% are observed for various tipping :ngles of the
filters, These shifts agree well with estimates based on
the decrease in total signal size as the filters are tipped,
but the estimates are not accurate to much better than
5%. Thus it can be concluded only that there is no cvi-
dence for effects on the r=6 and 7 lifetimes at the 5%
level.

A second search for the effects of intrasystem cas-
co-mg was made by looking for decay light through a
fitter “hat selected the 2-0 band of the first positive

TABLE . Lifetimes of some rotationa)
levels of the 0 6 statoe,

J T(HS)

2 0.5 0,24
S .60 00,28
4 G300 001
o D38 000N
T G035 026

x

Sodl 001

system, Published A cocfficients for the B~ W and
W-B doc;lysw suggest that most of the caseading

would take place through B state levels with » 0, 1, and
2. The 2-0 band is the only one arising from these
levels that can be observed with the 8852 photomultiplier,
No evidence was found for laser-induced flugrescence

on this band when the laser was tuned to the » -6, 7,

and 10 levels, indicating that the cascade light on this
band is present at a tevel no greater than 5% of the
normal signal size. In addition, any distortion of the B
state lifetimes is a second order effect, reduced both by
the relative weakness of the cascade light and by the fact
that fits to a single exponential are shifted only slightly
by the presence of a component with a longer lifetime.
The results of these two experiments indicate that intra-
system cascading has no significant cffeet on the lifetime
measurements, although it contribution of up to 5% can-
not be ruled out,

DISCUSSION

The lifetimes given in Table I include the 3% systema-
tic error described in the previous section., An examina-
tion of the table shows that the results of the present
measurement are in fairly close agreement with those of
Jeunehomme, although the Jeunehomme results appear to
be systemautically too large by about 5%~10%. The agree-
ment with Hollstein et al. is also good, although their
results again indicate slightly longer lifetimes, The
same cannot be said of the other existing measure-
ments, which in general show very short lifetimes and
weak or erratic vibrational variations, Since these
measurements were made using methods similar o those
of Jeunehomme,! it is not entirely clear why they dis-
agree so strongly. Apparently the spectrum of higher
excited states that can contribute cascade radiation
after an unselective excitation pulse is somewhat richer
than had been suspected.

Since the resolution of the laser system is easily suf-
ficient to resolve the rotational structure, a brief
search was made for rotational dependence of the life-
times. Measurements of the J' 2, 3, 4, 5, 7, and 8
levels of the » -6 vibrational level are summarized in
Table II; they show no significant variation, ‘This s in
accord with the observation of Dieke and Hoath® that the
B state is nearly free from perturbations withneighboring,
states.

The only theoretical calculation of the B state irtetimes
is in an article by Breene, ™ and is apparently not ol
sufficient accuracy to constitute a real test of the ¢x-
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perimental values. Transition moments for the first
positive system have been calculated both from the
results of Jeunchomme' and from an appro:uch by She-
mansky a1d Broadfoot® that combines relative intensity
measurerients with a single lifetime measurement.
The accurate lifetimes given here largely confirm the
. accuracy of these transition moments, since the life-
3 time measurements are in excellent agreement with

- Jeunehomme's measurements to within 10%. ‘The much
weaker variation with the vibrational level indicated by
most of the recent lifetime measurements can be ruled
out.

The extremely high resolution and good signal to noise
ratio seen in this experiment suggest that the experi-
. mental technique could easily be applied to other prob-
blems. Many atoms and diatomic molecules have highly
excited metastable states that are within 1 or 2 optical
photon energies of the ionization limit. This raises
the exciting prospect that the structure and lifetimes of
high Rydberg states can be examined with bhigh precision
in systems that were previously almost inaccessible.
Efforts are presently underway to pursue some of these
possibilities.
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