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~ABSTRACT .

‘The lifetime of the v = 0 canu'metastable state of H,, D,,
and\HD.has been measured using_the‘timeFof-flight technique. The
velocity distribution of a thermal beam of metastable molecules is
sampled and detected at two positions, 1.9 m and 6.7 m from the pulsed
electron gun used to excite the ground state molecules effﬁSing from a
source slit. A compafison of the number of metaStables within specific
velocity intervals at the two detectors determines the number which decay
in flight and Yields an experimental plot of the number which decay
versus time of flight., The lifetime v is then obtained from the slope

= -1/t of a straight line ieast—squares fitted to the decay plot. The

. result, T = 1.02 + 0.05 msec, is the same for both para and ortho HZ, as

well as for‘D2 and HD. .Since all three isotopic ‘combinations have the

same measured lifetime, and since the lifetime for a forbidden predis-

sociation through spin-orbit mixing with the 32; state would be expected

to depend upon details of the fine structure, our value is the radiative
lifetime for a combination of magnetic'dipole, electric quadrupole decay

of the v = 0 3Hu state to the repulsive 32: state.
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1. INTRODUCTION

Tﬂé:time-of4f1ight téﬁﬁniﬁue pféviously employed to measure
the two-phdton radiativé lifetime' of the 2!S, metastable state of He has
been_usedftb investigéte the lifetime of thev c?ﬁu metastable state of
H,, D,, and HD.? The c3Hu state, first shown to be metastable by
Lichten,® is the only metastable state_ofvthé-hYdrogen molecule, and its
lifetime is of fundamental interest Be¢aUse H, is Qhe of the simplest
molecular systems. Furthermore, knowledge Of‘thé’metastablé state life-
time is useful in cohnettion‘with the fbrmation‘of‘an energetic neutral
hydrOgeh‘beam“ for injection in controlled thermonuclear experiments and
in understanding the loss prOCessgs"dCCUrring in the hydrogen piasma.

The 6rigina1:ekperimenf of Lichten on thé fine strycture of
the N = 2 rotational level ofvparahydfogen3’5 —later extended to inciude
the fine‘and'hyperfine structure of the N = 1 fotatiénal level of ortho-
hydr_ogen6 — implied a 1ower‘iimit of about 50 psec for the lifetime,
sinée_tﬁis_was.approximately the time of flight 6f the metastable mole-
cules thropgh his molecular beém, magnetic resdnanCe apparatus. Sub-
sequent préliminary measurementS; usihg fhe-moleculér beam, magnetic
resonance apparatus as. a state sele¢tor, indicéted thét the lifetimev'
| varied fromiO.i to 0.5 méec among.diffefent‘fine $£rucfure 1évels7; a
-forbiddén predissbciation into the repulsivevazz-staté was postulated to
explain the expérimental results,”?® ‘The competing -decay mode of a
magnetic dipole, electricbquadrupole transition to the same 32: state
has been estimated to result in a lifetime of about 1 msec for the

3 9
e Hu state.

5y
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' Féllowing a discuséion of the metastability of the various
Vibrational—rotational 1eveis of the e 3Hu state, this paper outlines
the timé-bf-flight techniqueiand apparatus, and then explains the data
analysis uéed to obtain an experiméntal-result for the lifetime of the
c‘3nu metastable state of H,, D,, and HD.

II. ¢ I, METASTABLE LEVELS

The e ?Hu state, approximately 12 eV abovevthe ground state

(see Fig. 1), cannot'decéy by an electric:dipole transition to either

. + .
" the 1Z;ground state or the lower-lying repulsive 3Zu state; a transi-

tion to the‘lzg state would violate the spin selection rule AS = 0,
which holds quite well for Hund's case (b), while a transition to the

32: state would violate the general selection rule g <> u for a molecule

0

with nuclei of equal'charge.1 However, in this experiment only the

n

v = 0 vibrational level can be considered as being metastable. The

v = 1 level lies above the lowest levels of the 32; state, and conse-
quently the higher vibrational levels of the ?Hu.state decay by electric
dipole emission to the 32; state, The calculated radiative lifetime’®
for those 3Hu_vibrationél levels higher than v = 0 is approximately

0.1 msec énd is too short compared to the time of fiight in our éﬁpara4
fus to allow these highér_vibrational levels to be detectéd. |

Another possible decay mode for the ¢ 3Huvstate is that of

allowed predissociation induced by rotational-electronic berturbations

.mixing the 3Hu state with the repulsive 32; state; the lifetime for

this allowed predissociation is less than 0.3 psec!! But an examina-
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tion of the Kronig selection ruieé indicates that only half of.the
v=20 3Hu rotational levels have the correct symmetfy'to decay by this
-allowed prediséo@iation.lé‘ As shown in Fig. 1, the remaining half of | v’
the 3Hu'rbtatiohal levels — the metastable levels — are: the ddq_rota—
-tional levéls of orthosz.and'péra)Dz, the even rotational levels of
para H, and o;thd DZ.' A similar situatioﬁ holds for HD excepf that the
ortho-péra.designation is lost. | _

The metastable half of the v =0 3nﬁ rotational levels can
decay by either a combined magnetic dipole, életttié”quadfupbie transi-
tion to the repulsive 32:-staté or poééibly by a forbidden pfedissociaa
ti?n throughvspin-orbit miXing With‘the'same 32: state."The'forbidden'
prediéSociation decay wés-postulated to explain an observed variation of
the lifetime among different fiﬁe structure levels’?®; the magnetic
dipole, electric quadrupble radiative lifetime,® estimated to be about
1 msec, should be independent of the.particuiar level.® 'Thérefbre the
measured.lifetime should bé the same for both para and ortho H,, and
perhaps also for D2 and HD, if the métanable components in our beam
decay by a combined magnetic dipole, eleétric quadrupole emission, while
a forbiddeﬁ predissociation decay would givé a different measured life-

time for the three isotopic combinations,
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~ III;_“EXPERIMENT :

_ A complete descrlptlon of our apparatus and data collectlon
scheme has been reported prev1ously For the present investigation of

the c3H metastable state of HZ’ 29 and'HD;-electric field plates have

replaced the resonance quenching lamp used in our earlier experiment on

the 2!S, metastable state of He; see Fig. 2. 'An.electric field of about
500 V/cm quenches H atoms in the zzsy metastable state, ? eiiminsting‘
them from our metastable beam, but has no observable effect on the ?
metastable molecules,!® 4 The only other changes are related to the par-
ticular sourCe,gas For D and ortho HZ’ a‘Pd leak served not only to
control the gas flow from the storage ‘tank but also to eliminatelimpur-

15

ities, mostly'Nz, from the'gas. For para H,, the process of convert-

29
ing the toomAtemperature ortho-para mixture into pure para H, through
contact with a catalyst at:low temperature (~20§) also removed any
impurities by freezing; a needle valve controlled the flow rate of
evaporating para H, into the source line from the low temperature region.
And fof HD;‘a Tow temperatureo(~25°) trap ih the source line purified
the gAs after the needle valve. ._

Although H, is 3/4 ortho and 1/4 para at room temperature
(300#), this-mixture can be considered to be entirely ortho H, for this
lifetime measurement, Since oftho D2 is the form obtained at low temp-v
erature, instead of para as for H,, there is little advantage in con-
2
is already 2/3 ortho Therefore a separate measurement of the 3Hu life-
time is possible for both para and ortho HZ’ but is 1mpract1ca1 for D

2°
A brief summary is now given of those aspects of the experlment which
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are pertlnent to understandlng the present 1nvest1gat10n |
The expernnent is based on the time-of- fllght technlque where

an atom or molecule is assumed to leave the metastable state only by

radiatiVe decay as it drifts over a 5-meter path between two fixed

detegtors' this assumptlon demands a very low pressure (< 10 -7

the drift'reglon to minimize scatterlng 1osses As shown in Fig. 2, the_

neutral, ground state beam effuses from a source slit; the molecules are

immediately excited to metastable states by a pulse of antiparallel,

magnetically focused.electrons.‘ The metastable beam is then collimated -

while péssing threugh three buffer ehambers and finally detected at both
ends of the 5-m drift region. The first detector consists of a 60%
transmitting copper mesh\target. The seeondary'eiectreﬁs which are
ejected from the copper surface by the;metaStable molecules are |
collected by an EMI electron multiplier. The second detector is é solid
copperdtarget and intercepts the transmitted metastable molecules whichv
survive the flight between the two detectore.

| The data takingrand.timing aspects of the experiment are con-
trolled by an on-line PDP-8‘compurer. _An example of the data collected
is shown in'?ig. 3, and represents.about 106 separate collection sweeps
~during a totai ;ollection'time_of'S h. .Tﬁe electron gun is pulSed on
only during chanhel 0 and couhts are then colleeted simultaheously at

‘both detectors into. 199 channels, not all of which 'are shown. All

channel widths are equal to 21.75 ueec._'The time-of-flight distribution -

at detector 2 has been integrated over a partition width which corres- -

ponds to the channel width at detector 1 for metastable molecules with

Torr) in:;

G
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the same.yelocity. The aﬁount.efvbaekgfound subtfaetion.is'obtainedr
from the long tail bf_fhe.detector 1 fbne-ef-fligbt'distributidn, and
from the beginning feﬁ.channels of-thevdetector 2 distribution,
V. AﬁALYSIS>

The time—oféfiight teehnique is ideally suited for a lifetime
measurement oﬁly wben the beam consists>ofja'single metastable state.
Otherwise it is usually'hecessary to interpret the experimenfaily_meas—
ured decay as an ”average"‘lifefime‘of the metaetable states in the beam.
Even though the initial exc1tat10n of the bean may 51mu1taneously yleld
several metastable states, a metastable beam contalnlng a 51ngle state
can sometimes be obtained by using state selecting techniques such as
resonaﬁce'quenchihgl or.molecular_beam fesonabCe.7 Althougb the excita-»
tion of Hz,'DZ, and HD may produee several'rotational metastable‘states,
our low~ceunt rate makes'étate eelection very hnpractieal | Consequently,

to av01d the '""average" lifetime 1nterpretat10n our experlmental data

must be analyzed to determine 1f states w1th different decay rates are

present in the beam.

A. Experimental Decay Plot
" The experimentalvplot of the number of metaétable molecules

which decay versus time ofvflight is obtained from the'distributions b

~shown in Fig. 3. The correct partitioning of .the detector 2 distribu- _

tion assures that each point for both detectors corresponds to meta-
stable molecules with the same velocity. Then the ratio R of detector 2

to detector 1 data is taken; the natural 1ogarithm of this ratio versus
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time of flight t‘is our»decay plot.

If only ohe cemponent were?breeent, es ihveur previous dis-
cussion® of the time-ofFflight technique, ZnR’Vs t would be a straight
line, and the 1ifethne T of the metastable state’Woﬁld be obtained from‘
the slope = -1/t ofuthis straight line. Eut since we expeCt several
rotatlonal levels of the <33H state to be metastable and to possibly
have dlfferent radlatlve llfetlmes we must: now exp11c1tly con51der thlS

p0551b111ty

B. - Theoretical Decay Plot

The number of molecules ih a partieuler metastable state k
with initial velocity distribution n (v -k); which arrive at detector i
at time ti, is n (v, ke 1/Tk the exponentlal factor allows for the
possibility of radiative decay w;th mean life Tk. The probablllty of
detecting a particular metasteble molecule depends upoh the surface
eff1c1ency €. (k) of detector i, Although this efficiency should be
Veloc1ty 1ndependent for the thermal velocity range of this experlment
it is not necessarily true that the efficiency is 1ndependent of posi-
'tlon on the detector surface The total number N. (v) of metastable
- molecules with veloc1ty v that are counted at detector i is therefore
obtalned not only by summlng over the dlfferent metastable states k, but.

also by integrating over the surface of the detector:

ORI EENC RN PO -
surface v

@
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Dependence on the details of - the detector surface is eliminated by
insuring that the initial velocity distribution né(v,ik) is uniform

across the beam so that éach”position-on'the'detector surface sees the

same velqcity distribution, The number of métastable molecules counted

is then.
| = ’ ) 4 -ti/'l'k : .
_ Ni(v)—ZC.(k)n(v, k) e " ; 3
'kt o . » . o

where Ci(k) ='IS ei(k)dS is a cohétént-efficienty factor of thelith
detector. . The ratio of the number.ofvmetaStable molecules in the same
velocity interval at two spatially separated detectors'yields-the
desired decay plot, since, with the reésonabie éssUmption that the

efficienéy_factor Ci(k) is the same for all stétes k, the ratio

- .y
W I v, B &2k

- }
N E"o(’"’ K) e t/Tk

(3)

is independent of the two detector efficiencies except for an overall

normalization constant C. Moreover, the initial velocity distribution,

determined not ohly by the effusion from the source slit but,also'by

. the excitation process in the electron gun, is the same for all states

k;‘therefdre the ratio R is also independéht-of the ihitial‘velbcity

- distribution.

If all the metastable states in the beam decay at the same

rate 1, = T, then Eq. (3) reduces to

’

R = Co~t/T | o @
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which isjidentical to the reéultifOr avsingle:mefastable component.,
“Thus KnR.vefsus time.of flighc't Q’té”-'tlvis a straight line whose
slope = -1/T yields the lifetime t, However, iffthe'metastable states*
have different decay rates, then £nR vth'ie‘nbllonger a straight line!l®
Therefore a‘comparison of the siope of=the first half of our experi-
‘mental decay plot with that of the second half serves as a simple, but
effectlve test for curvature any curvature indicates that metastable
states with different decay rates are present in the beam.
Additional.infonmation»about Our abilify“to experimentally
observe dlfferent decay rates is obtalned by examlnlng the predlctlons

of Eq. (3) for a beam conta1n1ng Just two components ' If the two

components have an initial relatlve populatlon ratio R2 = no(Z)/no(l),v

then Eq. : (3) becomes

cDZ/D) (t/q) (DM (/)
+ R21 e )
My . Uy ®
-D T =D, t/T
e( T Rype o 2

where D) = vt; is the distance to the first detector, D, = vt, the

distance to the second detector, and'D =D, - Dy =vt the distanceabe— -
tween the two-detecfors A predlcted decay plot of £&nR versus t using-
Eq (S), when compared to one u51ng Eq. (4), serves to furnlsh 11m1ts
for Ty and T, such that curvature 1s_detec;ab1e. .

' An absolute lower 1imicbf0r'the lifetime of any detectable
metastable component is nfoyided by the‘apparatus ifself, since even the

fastest metastable molecules require at least 0.4 msec to arrive at the .
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first detector (see Fig. 3). Thus, to be measurabie, the lifetime of
any metastéble state must be greater than about 0,5 msec, and ény decay'
mode'giVing a shorter lifetimeviS'unimportant'for-qur experiment.
V. RESULTS -
A, Errors

Compared to other sources of error, the statistical error is

sufficiently'small that it does not contribute to the final error. The

first SignifiCant error arises from a systematic'source position effect
prev1ously discussed in detaill; this systematic error 1s due to the
initial Veloc1ty dlstrlbutlon n (v) being sllghtly non-uniform across
the metastable beam, Another systematlc error occurs because the
electron bombardment’ reglon extends for 1 cm along the atomic beam
direction. This leads to an uncertainty in the velocity interval over
which the detector 2 distribution is.integrated, since the finite bom-
bardment fegion results in an'uncertainty‘in'thé'éffective distance to
the two.detectors The comblnatlon of these two systematic errors
contrlbutes about half to the flnal error of 0.05 msec.

The remaining half of the flnal error results from an uncer-

~ tainty in the amount of background subtraction at detector 2. In the

present experiment the peak count rate —eapproximately equal for all

three isotopic combinations — is much lower than, for example, in our
lifetime measurements on the metastable states of either He, CO, or

the noble ‘gases.!?'¢217_ Consequently, the background at detector 2 is

an apprec1ab]e fractlon about 10%, of the peak value. The error in the
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determ1nat10n of -this background from the beg1nn1ng few channels leads

to a 51gn1f1cant error in the 11fet1me result

G

Flnally, we mention that except for the two systematlc
effects already dlscussed all other experlmental parameters such as
electron gun voltage source temperature channel‘w1dth beam flow rate,

and drift region pressure have no effect on the measured 11fet1me

B. ‘e ?JLu.Lifetime
" There is no evidehce for ahy of our Tuns on either H,, D,, or

HD that the metastable states in the beam decay at other than a single

uniform_rate For one component with a 11fet1me T = 1.0_msec, a compar-
ison of the two-component prediction of Eq.'(S),with the single-
componeht fit of Eq. (4) indicates that a’second"component if presentin
an appreciable amount (Ré 1), either has a lifetime less than 1.3 msec
or greater than 0'7 msec Furthermore a straight line least- squares
f1tted to the first half of an experimental decay plot such as Flg 4,
“has the same slope to within the accuracy of the fit as a straight line
fitted to the second half. Therefore all_rUns ~ 50 for ortho H,, 8 for
para H,, 24 for D,, and 10 for HD — are fit according to Eq. (4) with
a least-squares straight line to obtain a single lifetime T from‘the |
slope = -1/1, As in Fig; 4, the fit is only to‘data poihts correspond-
ing to a humber of counts greater than lO%_ofvtheApeak Value;. h

The result for the lifetime of the c:?HQ metastable state is

= 1.02 ¢+ 0.05 msec, and'is‘the same for both»paravand'ortho Hé, as

well as for D, and HD. Since all three.isotopic chbinations.have the
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| same me&éured'iifetime,‘ahd since the iifetime-for>a fofbidden predis-
sOciatién.through spin-orbit mixing with the 32; ététe would be expected
to depend upon details of thé fine structure; Wé_cbnclude that our value
~of 1 =v1.02 t 0.05 msec is the radiative lifetime for a combination of
magneticrdipoié, electric quadrupole decay of thev =20 3Hu state to the
repulsi?eb32; state, The failure to.observe any difference in the life-
| timé'also’lends‘additional $upport fo*our‘conclusibn that the metastable
states ih'the beam all decay at a Single qniform‘féte,'aﬂd implies that
‘forbiddén’ﬁredissociatioh decay, if predominant.fof any 3Hu level,
results ihAa'lifétime somewhat shorter than 0;4 mSec; the minimum time

of flight in our apparatus.
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Fig. 1._'_H2 energy level diagram showing the 1owest lying levels. The

c 3Hu,metasfab1e state is produced by electron bombardment. Its decay

©

to the‘32; state occurs by a combination of magnetic dipole; electric
quadrupole decay. As shown on the right, only half of. the rOtétional
levels are metastable: odd rotational levels of ortho H, and para D,,

even rotational levels of para HZ and ortho D,. The other half decay

2‘
by allowed predissociation through mixing with the repulsive 32; state,

Fig. 2. Apparatusvodtliﬁe. Ground stéte‘mpletules ¢ffuse from the
source slit and are_éxcited to the e 3Hu metastéble state by electron
bombardmént.leYdrOgen atoms'in'the‘ézsy& metastéble state ére qUenéhed
by the electric field; The metastable molecules are déteCted‘a;'bOth '
ends afthe'tbne-of—flight7région. \

Fig. 3. Timeéof-flight_distribhtions; representing about’lO6 separate
collection sweeps. The channel numbers‘are for detector 1; the data for
~detector 2 ha§ been partitionedvand aVeragéd over velocity intefvals

whose width is determined by the channel width at detector 1.

Fig. 4. Decay plot. The ratio ofﬁdetector 2 to detector 1 metastable o

molecule distributions versus time of flight between detectors is a

)

stréight line on a logarithmic plot. The measuréd lifetime t is ob-
tained from the slope = -1/t of the 1eastésquéres fitted straight iine,
using data points corresponding to a number of counts greater than 10%

of the peak value,
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the

United States Government. Neither the United States nor the United

States Atomic Energy’ Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes

- any warranty, express or implied, or assumes any legal liability or

responsibility for the accuracy, completeness or -usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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