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© Lifetime of the a °I Metastable State of Carbon Monoxide

~ Charles E. Johnson and Robert S. Van Dyck, Jr. T
Department of Physics and Lawrence Berkeley Laboratory
University of California, Berkeley, California 94720

August 1971

~ ABSTRACT -

The retétidnal depehdence of the iifetime of the a N
metastable state of CO has been 1nvest1gated using a tlme of - flight
technlque The veloc1ty dlstrlbutlon of metastable molecules is sampled
and detected at two p051t10ns 1.9 m and 6 7 m from the pulsed electron
gun used to excite the ground state molecules effusing from a cooled
source Sllt. The initial populatlon distribution among rotational
~ levels is changed by varying the temperature of the\SOufce; A com-
parison‘of the number of metastables within given velocity intervals
.at the two detectorsvdetermines the number whieh decey in flight and.
yieidsvan experimental piot of the number Whieh decay versus time of
flight, 'A-theoreticel decay plot is also dbtained using the a
,metastable state 1ifetimes'calcu1ated by James, who predicts rotational

level lifetimes ranging from three msec to several hundred msec. For
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two different source temperatures, the eXperimental and theoretical

decay plots are in goOd‘agreement.

- I. INTRODUCTION - K

DiSCoverydofVcarBOn.monoxide and strong uvbemission from its
a _H X'z Cameron band in the Martlan upper atmosphere by the Mariner
missions? appears to have’ stlmulated con51derab1e interest in thls for-
bldden transition. The a °N state is metastable and decays to the
X 12 ground state through spin—orbit mixing with the A !l state; see
Fig. 1.? Both the‘intensity'of the transition and the lifetimes of
Various.rotational levels of the @ I state have been CaICuIated by
James;3' Although earlier experimental values for'the a °l state Qariéd
tremendously, ranglng from 10 psec to 60 msec, two recent experlments“’s
report average values for the lifetime in reasonable agreement with
James' calculations, However, both experlments conflne CO in a suitable
"bulb' and neither experiment is able to measure.the a °T lifetime
unperturbed by collision effects. The results; afterJSuitable extrap-
olation to zero pressure, are therefore only average 1ifetimes‘and db'
not suppiy any information about the rotational'dependenoe'of the a i
lifetime.,‘Another recent experiment,® which_compares the timejof—flight
distribution for the a 3H state of CO with that of the A 3Z+ state of
N2 and attributes ‘any dlfference to decay of the a 3H state, reports an

average 11fet1me of 1 mseg; thls result is probably somewhat too short

 for the lower V1brat10nal rotational 1evels of the a 3H state.
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The,time-of-fiight technique7 we preViously used to success-
fully measure ‘the lifetime of the 2!S, metastable state of helium has
‘been used to- observe the decay" of the a Il metastable state of CO. " The
rotational dependence of the lifetime has been con51dered when comparing -
our exoerimentally measured decay With:theoreticalipredictions. The
expernnent is firSt Outlined, and then the analysis-appropriate for the
a 3N state of CO is-exPlained; Finally our results are discussed and

compared with James' theoretical calculations.

II. EXPERIMENT

A eomplete deSCriptiOn.of'our,apparatus and data—collection
scheme has been reported previously.’” The présent investigation of the
a *I metastable state of COldoes not use a quenehing lamp as did our
earlier experiment on theIZISo'metastabie state of He. The only other
Change was the substitution of heated tantalum targets for the or1g1na1
copper targets. The improved efficiency of the tantalum targets, when
heated to several hundred degrees centigrade by ohmic heating, increased
our eounting rate of metastable-CO moleeules by almost a‘factor'of 100.°
A brief summary is now given of those aspects of the eXperiment which
are’pertinent to understanding the present investigation

The experiment is. based on the time-of-flight technique where
an atom or molecule is assumed to 1eave the metastable state only by
radiative decay as it drifts over‘a 5-meter path between two fixed

detectors; this assumption demands a very low pressure (< 10-7 Torr)
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,in the drlfturegion'to minimize scatteringvlosses. The neutral, ground-
state beam effuses from a cooled source slit; the molecules are imme-
dlately exc1ted to’ metastable states by a pulse of antlparallel
magnetlcally focused electrons "The metastable beam is then colllmated
wh11e pa551ng through three buffer chambers and flnally detected at
both ends. of the 5-m drift reglon The first detector cons1sts of a 609
transmlttlng tantalum mesh target The secondary electrons whlch are
eJected from the heated tantalum surface by the metastable molecules are
collected by an EMI electron multlpller The second detector is a solid
tantalum target and. 1ntercepts the transmitted metastable molecules
wh1ch survive the fllght between the two detectors,

_ The data taking and timing aspects of the experlment are con-
trolled by an on- llne PDP-8 computer An example of the data collected
is shown in Fig. 2, and represents “about 500 000 separate‘collection |
sweeps during a total collection time of 12 hours. The electron gun is
pulsed on only during channel 0 and counts are then collected simul-
taneously at both detectors into 199 channels, not all of which are
shown. All channel widths are equal to 200 usec. The time-of-flight
-distribution at detector 2 has been‘integrated over a partition width
which corresponds to the channel width at.deteCtor 1 for-metastable
molecules wlth the same velocity. The amount of background subtrac-
tion, usually about 0.1% of the peak, is obtained. from the long tail of
the detector l'time-Ofolight distribution,.and from'the beginning few

channelsbof the detector 2 diStribution.

»



5. - LBL-311

IIL.  ANALYSIS °
The‘time-of;flight technique is ideally‘suited fer.a 1ifetime
measarement only wheh.the beaﬁ consists of a.single metastable state.
Even though the 1n1t1a1 excitation of the beam may simultaneously yield
several metastable states a metastable beam contalnlng a 51ngle state
can sometlmes be obtalned by u51ng state-selecting technlques such as
resonanCe-quenching or.molecular—beam resonance,® The excitation of a

moleCulev however,-generally prOduceS'a large number of vibrational-

rotatlonal metastable states and makes state selectlon Very 1mpract1cal.

It 1s then usually necessary to 1nterpret the experlmentally measured
decay as an "average" lifetime Qf the metastable states in the beam.

Our present experiment is able to aVoid_this interpretation; we compare

“our experimental plot of the number of metastable molecules which decay

versus time of flight with a theoretical plot calculated using the rota-
tional dependence of the a‘3H metastable state lifetimes predicted by
James ', ?

A, Experimental Decay Plot

The experimental plot of the number of metastable molecules

which decay versus time of flight is obtained from the distributions

shown in Fig. 2. The. correct partitioning of the detector 2 distribu-

tion assures that each p01nt for both detectors corresponds to metastdﬂe

molecules w1th the same Veloc1ty Then the ratio of detector 2 to

| detector 1 data is taken; the natural logarithm of ‘this ratio versus -

* time of flight t is our deCay plot.
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if only one component were present as in our previous discus-
sion' of the time- of flight technlque £nR vs t would be a stralght line,
'and the llfetlme T of the metastable state would be obtalned frqm the
slope ='—1/T of thlS stralght 11ne But since Qe expeet several'rota—
tlonal Tevels of the a 31 state to be metastable and to have dlfferent

radlatlve 11fet1mes, we must now exp11c1t1y con51der th1s p9551b111ty.

B. TheoreticalbDecay'Plot

The number of molecules in a partlcular metastable state k
with' 1n1tlal velocity dlstrlbutlon n, (v, k) which arrives at detector i
at time t, is no(v, K)e 1/Tk; the exponential factor allows for the
pessibilityiof radiative decay with mean life Tk fThe probability of
detecting a particular metastable molecule depends upon the surface
efficiency ei(k)‘of detector i. Although this efficiency should be
B Velocity-independent for the thermal velocity range of this experiment,
it is not necessarily true that the efficiency is independent of posi-
tion on the detector sufface. The total number Ni(v) of metastable
molecules with velocity v that are counted at detector i is therefore
"obtained not only by summing over the different metastable states k,

but also by integrating over the surface of the detector:

N;(v) =) J €5 () n (v, K e ti/Tkags , W

surface

‘Dependence on the details of the detector surface is eliminated by

vinsufing that the initial velocity distribution no(v, k) -is uniform

Y
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across the beam so that each position on the detector surface sees the
same velocity distribution. The number of metastable molecules counted

is then
N = IEACENRES ‘e‘ti/'fk _ N @

where?Ci(k} = Jsjei(k)ds is a constant efficiency factor of the ith
detector. The ratio of the number of metastable molecules in the.same
VélocityAinterval at two spatially separated deteétors yields the
desired decay plot, since, with the reasonable assumption that the

efficiénéy factor Ci(k),is”the same for all states k, the ratio

- (3)

ié independent of the two detector efficiencies except for an overall
normalization constant C. » |

The electron mebafdment excitation of the a ?ﬂ metastable
state occurs in a time which is short comparediﬁo'the rotational period
of the ground state; therefore, for a pafticular vibrational excitation,
the.relative initial populations of the metastable rotational levels are

essentially the same as that of the ground state.'’

The relative popu-
1ation distribution at a temperature T among the rotational levels of

~ the metastable state is then'?"

o0 = e BERERO DT

where-Bvis'the rotational constant of the ground state and N is the
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rotational‘qoantum number, Figure 3 showe the relative rotational
populatlons versus N for several temperatures

The relatlve populatlon of the a 3T V1brat10nal levels produced
by electron bombardment several volts above threshold has been observed
-to agree,w1th the calculated Franckaondon'factors.11 The radiative
lifetime, however, is expected to vary slowly as a function of vibra-
tional levellg; therefore, to a good approxhhation, we cah consider the
. metastable‘lifetime to depend only upon the rotational quantum number.
Thus,vusing the theoretically'predictedvlifetimes listed indTable I
where J =N + Q is the total angular'momentum, Egs. (3) and (4) allow
calculation of the eXpected<theoretical decayvplot. We shall treat the
temperature T and a factor uhiformly multiplying all the lifetimes of
Table I as variable paraheterS'wheh comparing the theoretical and

experimental decay plots,

IV. RESULTS

Immediately apparent in Fig. 4 is the corvature_of_the decay
plots,'as expected for the decay of a multicomponent metastable beamn,
The higher_temperature plot is for data taken with the source at‘room
temperature while the_lower.temperature plot represents data taken with
liquid nitrogen cooling. The change in slope and curyature’of'the decay
plot with change:in'source_temperature.arisesvfrom'the modification of
the relative populatlons of the rotational levels; see Fig. 3. The
slopes at the beginning and the end of the experimental decay plot in-

dicate that metastable states with lifetimes ranging from 10 msec to
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60 msec are present in our beam.

| Although theisoufce‘was operated both at room temperature and
“with 1iquid-ﬁitrogen cooling, the close proximity of the source slit to
the.hot filament'of the electron gun limited the actual source tempera-
: tﬁre to a_vaiue somewhat_higher.v Therefore, sinee fhe effective temp-
.erature of tﬁe.CO ground—state‘beam‘effusing from the source slit ie not
Weli kﬁowﬁ, we éhall, ésﬂthe first étep'in comparing the experimental
" and theoretical‘decay plots, Vary the effective temperature; see
Eq. (4).. Figure 4(a) indicatesvthat,_for the.lifetimes ef Table ‘I, the
two effeetiVe‘temperatures giving‘the best agreement are 200° and 350°,
Although net shown, the same two temperatures (+ 25°) are also obtained
when the‘lifetimes of Table I are uniformly multiplied by both a factor
“of 1.25bas well asvby 0;75. .Thué, the same effective temperatures give
goodvagreement between the experimental aﬁd theeretical decay plots over
~a range ef lifetimes from 0.75 T te 1.25 T,.where T.refers collectively
to the predicted lifetimes listed in Table I. | |

Now that.the‘effective temperature has been determined, we

can coﬁpare our experimental results with theoretical predictions, as in
Fig, 4(b). The_agreement'between theory and experiment is remarkably
_‘goqd;'we eonclude that James' calculation® of the rotational dependence
of the a °I metastable state lifetimes is correct, and thaf,his predic-
ted rotational level lifetimes taken as a group are eccurate to better
than 25%. o

| Finally, we mention that, except for the expected dependence

on source temperature, our results are independent of various experi-
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mentalvp'aram'eter's such as electron gun voltage, channel :.'width", beam flow
rate, and d¥ift region pressure. The failure to observe any dependence
“on electron gun’ ‘Voltage from j’ust—aboVe' th_r'esho'l‘d to 'ovér one hundred
vol»t’sv~abc')ve threshold lends strong supporrt to our éonclusion that the

a I metastable state lifetime varies slowly as a funétion of vibrational

level: - -
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Table I.

Lifetimes in msec of the rotational levels of the a I

L-11-

~ those calculated by James.
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metastable state, J = N + Q is the total angular momentum

"and N the rotational angular momentum, The lifetimes are

J Q=0 Q =

0. 99999.00 -

1 451.00. 2.93

2 154,00 3.03 - 160

3 79.00 3,18" 60.00
4 50.00 3,37 . 38.30.

5 35.30 3.58 28.00
6 26.80 3.85 22.00

7. 21.70 4.15 18.00
8 18.10 4,50 15.20
9. 15,50 4.90 13,20
10 13.80 5.41 11,70
11 - 12.50 5.80 10.70
12 11.50 ~  6.40 9.95
13 10.70 7.00 9,35
14 10.00 7.60 8.90
15 9.44 8.37 8.49
16 19.03 9.10 8.23
17 8.70 9.90 ©8.00
18 -~ 8.40 10.70 7.77
19. 8.10 11.60 7.53
20 7.90 12.50 7.34
21 7.70 13.60 7.20
22 7.50 14.70 7.03
23 7.35 15.80 6.90
24 7.20 16.90 6.78
25 - 7.10.  18.10. © 6.68
26 7..00 40 6.60

e
©

00
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Figure Captions

Flg 1 co energy 1evel dlagram show1ng the lowest 1y1ng
ievele The a 3H metastable state is produced by electron bombardment.,
Ite_deeay to the ground»state occurs through spin—orbit mixing with the
A state. - |

 Fig. 2. Time—ef-fiight distrihutions, represehting about

500 000 separate cellectionvsweeps. The channel numbers.are for
detettor‘l; the data‘for detector'z has been.partitioned and averaged‘
over_velecity'intervals whose width is determined by the channel width
at detector 1,

| | Eig. 3. The reiative population of the rotational levels of
'the'grohhd state of co is.plotted”Versus rotationél quahtum number N.
The change of relatlve populatlon with temperature produces- the corres-
pondlng change in the decay plots of Flg 4,

Fig. 4ﬂ Decay plots. The ratio of detector 2 to detector 1
metastable atom‘distribﬁtions versus time of flight between detectors is
‘plotted on e logarithmic plot. Part (a) compares the experimentelly
meesured decay for data taken at two different source temperatures with
the theoretical decay calculated for several effectlve temperatures
usrng Egs. (3) and (4) and the llfetlmes of Table I. Part (b), u51ng'
temperatqres_of 200° and 350°, compares the experlmental decay with the.
‘theoretical deeay'for'the‘lifetimes T of Table I as well as for the

lifetimes unifornly multiplied by factors of 1.25 and 0.75;
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