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I. Research Accompl i shments

(A) Penning Ioni zation: Ion Lifetimes

We have been able to demonstrate over the course of this work:

(1) that the Penning ionization process is an efficient mechanism for

the production of ions , and in this connection a variety of Penning ioniza-

tion cross sections were measured.1

(2) that the fast flowing helium (argon) afterglow was a particularly

valuable tool avai lable for the study of the Penning process and associated

experimental observations . This value stems principally from the fact that

large steady—state concentrations of both atomic and molecular ions can be

obtained in a fiel d—free region without the compl i cations of high vacuum

techniques and large volume ovens.2

(3) that Penning collisions are a spin-conserving process. Here we have

utilized the optical pumping technique in metastable helium which i nduces a

spin orientation in the Hem system.2 Subsequent Penning collisions of the Hem

atoms with Group II metal atoms results in our orientation of the Penning ion .

Utilizing these observations in various combinations we have been able to mea-

sure a number of radiative lifetimes and collisional depolarization cross sec-

tions.3 Utilizing the flowing system (without, however, the use of Penning

ionization) we have also measured by the Hanle method , the radiative lifetimes

of a number of excited YbI levels.4

NBS is currently preparing a monograph on the properties (energy levels ,

configurations , etc.) of Yb , and we have both utilized and contributed to

their program in this area. 

--V.-—~~ - - - ~~~~~~~~~~~ ~~~~~~~~~~~~~~ —- V 
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We have also completed the construction of a fast metastable beam source5

whi ch is to be used in conjunction wi th the flowing afterglow system. The beam

source provides a unique collision axis as opposed to the flowing system in

which there is no well-defined collision axis.

V As a resul t of our cross section measurements for the quenchi ng of the j
metastable states of He, Ne, Ar and Kr by Cd & Zn in Penning ionization colli-

sion , we have considered the theoretical models for Penning ionization which

are currently in vogue. Some preliminary theoretical observations were pre-

sented at the 5th International Conference on Atomic Physics . A more detailed

descri ption is being prepared for publication .

(B) Exci tation Transfer, Collisional Dissociative Excitation

Collisions of this type are very important mechanisms in certain laser

systems in which the noble gas excited atom is the energy carrier and pre-

cursor of a dissociative excitation process. Notable are the noble-gas halogen 
V

laser excimer systems6 and the recent report of high power lasing action in

neutral atomic fluorine .7 In this latter system a fast discharge produced

dissociation of PIF3 in a mixture of ‘~100 Torr Helium , 1 Torr NF3. Lasing was

observed at 7O0O~ with 70 KW obtained in 40 nsec pulses. V
In an effort to determine the role of hel ium in the process we uti l ized

the flowi ng helium afterglow wi th SF6 and F2 added as an impuri ty. Intense ‘

emission near 7O00~ due to emission from atomic .fl uorine was obtained . We

suggest that the internal energy of the Hem is transferred to the molecule re-

sulting in dissociative excitation and the efficient production of electroni-

cally excited atomic fluorine. Our results indicate that the use of molecular
V 

fluorine may provide greater efficiency than the use of NE3. Interest in this

laser system stems from its possible use as a pump source for infrared dye laser

systems.

V -‘..‘-..—— .V
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(C) Xenon Ion Laser as a Pump Source for Tunable ~~ Laser

As a result of our need for an inexpensive source of tunable laser radia-

tion we have investigated the use of the Xenon ion laser as a pump source for

narrow band tunable laser radiation . A report of our early results was pub-

l i shed earl ier.8 Subsequently, we have examined the use of the system wi th

vari ous dyes and are now able to obtai n tunable laser radi ation from 5500g
to beyond 7O0O~ wi th various dyes. The chief advantages of the present sys-

tems are: low cost, relatively l ong pulse (‘~20O-5O0 nsec) repetition rates ~.. 

-

to 30 Hz, a bandwidth of 0.25k wi th potential for substantial narrowing wi th

the use of an etalon , an O.3m1 sealed dye volume , and up to 10% conversion

efficiency .

(0) Molecular Lifetime Measurements

Rotation and predissociation lifetimes of the A2z of OD and radiati ve

lifetimes of the B2E and A2~ state of CII were obtained.

—_ _ _ _  ______— —- -rn~~~~~~~~~ - - —- -
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Radiative lifetimes and alignment depolarization cross sections for Yb i and ii

by the Han le effect in a flowing helium system *
F. H. K. Rambow and 1. D. Schearer

Physics Dep ar tment. University ~
J

V t4i%WUPI ROIIU RoIla . Mss.s,ouri 6540!
(Received 29 March 7976)

The radiat ive lifetim es of the 77992- . 25068-. 261157-. 37474- , 405U-, a,iij 440 17-cm ‘ neutral levels and the
30392-c m ‘ ion kvel of Yb have bctn measured by Ihe Ilanle method Ifl a last-flow ing He system The
lifetimes (in units of 10 sac) were found to be 1120(20). 5. 72(0 .72) . 14 4(0 4). 77 4(6 0). 9.32(0 6), 39 1(3.5).
and S 6(06). respect ively In a flowing syste m with lie as a buffer Itu the allg nmcnl depo larir.iiil on cross
section s with Yb were obtained and are reported here (or the first t,me They are (In units of 70 “ cm ’)
50( 7 0), 59 (7 0) .  59( 7.2) , 17 9(2.0). 28. 2(3.0). 5 76( 4 O~, and 7 2(2.5), respecti vely.

INTRODUCTION subsequent measurements cast be broken roughly
into three groups. The longest lifetimes wer2

Lifetun e and depolarization cross sections are measured by the technique of anomalous dispersion
important parameters of excited states of atoms. and total absorption.~ These averaged 20% longer
We report here radiative lifetimes and collisional than measurements in the second group using the
depolarization cross sections for six odd levels ilanle technique and ta .ken by Bauman and Wandel ,
of neutral ytterbium and one level of singly ionized Lange el al., 7 and ourselves. Also agreeing with
ytterbium as measured by the Hanl e effect ’ in a these data for the neutrals and included in the see-
flowing system with helium as the buffer gas. The ond group was the technique of delayed coinci-
electron configuration of one of these neutral 1ev- dence’ used by Burshtein el al., which gave a value
els (37 414 cm~ ) has not yet been ident if ied .2 Al- only slightly longer than that obta ined via the Hanle
though ytterbium was discovered in 1907 , rela- effect. However , their value for the ion lifetime ,
tively little progress was made toward s a quantum which incidentally is the first such measurement,
description of its spectra until recently, due in is about 20% longer than ours. Possible reasons
part to the difficulty of obtain ing pure samples of for this wil l be discussed later. The third group,
Yb. Since 1950 more efficient lig ht sources have also using the Hanle method but as a by-product

V been developed and relatively large quantities of of level crossing hyperfine studies , was that of
high-purity rare earths have been accumulated as Budick and Snir.”° Their values obtained for the

V by-products of the purification of thorium and 6s6p t P , and 4u i35d6s 2 ( 3 ~ , 2~~ levels were 100%
V uranium by ion-exchange chromatography . and 20% longer , respectively, than those in the

A useful description of its arc and spark spectra second group. Their value for the 6s6p ‘P , was
was first given by Meggers and Scribner in l937.~ only slightly shorter than that of the second group.
The first useful Zeeman measurements on Yb I These ‘~iscrepancies can be explained if coherence
were made in the late 1950’s. In 1965 Meggers narrowing and collisional depolarization were not
and Corliss published data for some 7300 spectral properly taken into account.
lines, includ ing Zeeman classification of 1300 In this experiment we were particularly careful
lines.4 At present a quantum description of Ybi to account for these effects. The data reported
is being prepared for publication by J. Tech at the here have been corrected for collisional broaden-
U. S. National Bureau of Standards.2 However , the ing and coherence narrowing. Our measurements V

electron configuration of several levels remain of collisional depolarization cross sections are ,
uniden t ified , to our knowledge, the first reported. Further-

We found few reliable lifetime measurements more, the fluctuation of a data point over several
and no depolarization cross sections in the litera- measurements averaged <2% for the neutral atom
ture for Yb. One of the first lifetim e measure- due to the large signal-to-noise ratio. The error
ments on Yb was that of Baumann and Wandel in limits we have set in Table I represent maximum
1966.’ They measured radiative lifetimes for the confidence limits but do not take into account hy-
tp and ‘P levels of the 4f ’48s6p configuration of perf me effects. Scatter of the data lies within
Ybi by the Hanle effect in a beam . These and all these limits in all cases. The influence of nuclear

1± 738
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spin is considered separately, residual field. Light scattered perpend icular to V

both the incident light direction and the magnetic
APPARATU S fteld is collected and passed thro~~h a ~-m Jar -

The Hanle effec t in a flow ing system Is parttcu- rd Ash monochromator with 1000-~tm slits to a
larly suited to measurements of lifetimes and de- photomul t tplier.
polar ization cross sections. It allows for rapid The magnetic field is swept at 18 Hz by a trian-
change and easy monitoring of system parameters, gular current waveform . The current waveform
such as ytterbium density and buffer-gas pressure. Is shaped by a feedback network that holds the
Thus collisional depolarization and radiation trap-. sweep linear to better than 0.5% over the entire
ping can be easily controlled and their effects ob- waveform. Linearity can be monito red by two
served . Another advantage is tha t material under methods. One is the helium magnetometer , which
study can be quickl y changed and, unlike a beam is dtscussed below , and the other Is a probe coil
apparatus or sealed cells , high-vacuum techniques inserted into the flow tube. When the voltage in-
are not necessary , since flow rates are many or- duced In this coil is integrated it provides an ac-
ders of magnitude greater than outgasslng rates, curate picture of the magnetic field inside the flow

The flow t ube is welded from aluminum conduit tube. Linear field sweeps of over 100 G peak to
and is evacuated by a mechanical forepum p and peak were obtained.
roots blower combination rated at 540 ft’/mtn . One of the advantages of performing this experi-
With helium admitted at the entrance of the flow ment with a flowing He system is the in situ field
tube , flow velocities on the order of 1O’—10~ cm! calibration it allows. A microwave discharge at
sec were obtained with background He pressures the flow inlet produces He metastables which drift
in the range of 0 .01—1 Torr. The Yb vapor is down the tube and are optically pumped by light
titrated into the interaction region by an oven from a flowing He lamp focused just above the
wound with coaxial heater wire. The resonance oven.” A small rf coil provides the oscillating
light source is a flowing hollow cathod e lamp with magnetic field to induce the Zeeman transitions.
a water-cooled anode and air-cooled Pyrex jacket. The He lig ht is monitored in transmission by a
Resonance emission from the lam p was monitored Polaroid infrared polarizer filte r in conjunction
by a 1-rn Jarrell Ash monochromator having a with an infrared-sensitive photodiode. This pro-
resolution of 0.05 A. No evidence tot br - .~~’~-- .&ng vides not on1y a calibration of the field but also
or self-reversal of the line profile was uoserved a check on field sweep linearity. Linearity is de-
within this limit , f ined by measuring the spacing between reso-

A schematic diagram of the apparatus is shown nances in gauss for a series of radio frequencies ,
in Fig . 1. Light from the flowing hollow cathode i.e., 10, 20 50 MHz , and dividing the man -
is focused by a fused quart z lens throug h a quartz mum difference in spacing by the average spacing .
window into the flow region jus t above the oven. This same flowing system was used for Hanle
Magnetic field coils in a Helmholtz configuration measurements on the ion. With tht microwave-
are mounted coaxially on the flow tube. Three excited source of helium metastables (He”’) at the
more sets of Helmholtz coils cancel the Earth’s inlet to the flow tube , Penning ionization of Yb by
field in the scattering region to less than 10 mG He” produces copiou s quantities of ions lit steady

state in a field-free region . Typical cross sec-
tions for Penning ionization are on the order of

F L O W  S Y S T E M  10” cm’. Resulting ion densities as high as 1010
cm ’ are estimated by optical absorption. This
technique releases one from concerns over per-

7. L.J , I.—o turbattons due to an ionizing electric field and
= decreases necessary signal accumulation time 

V

“ FIELD COILS over pulsed techniques.

EXPERIMENTAL TECHNIQU E
V Briefly , the Hanle method is a well-known zero- V

,t.L WAVE CAVITY field level-crossing technique in which resonance
V V / radiation is used to coherently excite atoms in the

He IN LE T presence of a magnetic field. The resonance flu- V
- orescence is observed as a function of magneticV 

“S- ovrn LEADS field and from this resulting plot the decay con- V

stant is obtained as a function of the g factor. We
FIG . 1. Schematic dIag ram of apparatus. have chosen the common geometry and polarization V

I
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l ive  l i fe t ime , the middle term is due to radiation

- trapping, and the last term accounts for collisional
depolarizat ion. The coefficients a 1 and K 1 depend
on the states involved . The sum is over i

V / \ branches , with i,,/r , the branching ratio for the
V T 

V ith branch. N is the Yb density. In the last term
V V n is the helium density, a the alignment depolar-
t izat ion cro~.s section , and V the averag e relative

collisional ve loci ty .
V All dat a were taken by accumulating signal vs

+ magnetic field with a Fabri-Tek 1060 signal aver-
V - V V _~_  ~~~ V ager. The resulting curve was plotted on an x-y re-

-25 
F - A 

V 
2.~ corder. All plots were subsequently digitized by

ELD ‘~ a Tektronix Grap hics Tablet and the full width at
FIG. 2. Yb i ’ lianle signal f i t  with Lorentzlan. 11w half heigh t was extracted by a nonlinear least-

solid line is the com~ iter fit .  squares fit to a Lorentzian . A typical f i t  is shown
in Fig . 2. In order to obtain the radiative lifetime

in which the signal due to fluorescence reduces to a double extrapolation was used . For each helium
a Lorentzian , pressure a set of line widths vs Yb densit y was ex- V

s- ~i ‘2 II ~~~~~~~~ ,
~~~ 

trapolated to zero Yb density by a least-squares
+ 7 - ‘ ‘ fi t to a straight line , thus leaving the data indepen-

Here g is the Landd q factor , ~i the Bohr magne-. dent of Yb density . A typical extrapolation of the
ton , H the field in gauss, T the lifetime in sec- linewidth to zero Yb density is shown i.~ Fig . 3.
onds , and h Planck’s constant reduced . The relative density is obtained from the in-

The decay constant obtained from this curve is tensity of the resonance fluorescence. A num-
then related to the radiative lifetime by ber of width measurements were taken at each

Yb density to reduce random error. The peak ..
= r — ~~ 

tx 1F, + ‘rL, (2) to-peak scatter among thewidths at each density was
seldom over 4% and on the average was under 2%.

with the parameters as given by Saloman and Hap- Finally, thewldthvs helium pressure datawas plot-
per . ’2 The radiative lifetime T0 is just 1/I’. In ted and least-squares fittedbyastraight line. From
the limit of low Yb dens ity which characterizes the intercept and slope of this line the radiative life-
our work , x1, the reabsorption probab ility, re- tim e and alignment depolarization cross section
duces to K 41’1 and the expression becomes ’3 were deduced. The plot of width vs heliu m pressure

1 ~ ~ 
f or the 4f’46s6p3P1 level is shown in Ftg .4as an

— =~~- —~~~- ~~~ ~~ca K~P 7l + naV . (3) example.
.1 f 0 0 l The next considerat ion was that of hyperfine ef-

V The first term on the right-hand side is the radia- fects. Ytterbium has a 30% natural abundanc e of
odd isotope, with 14% spth-~ and 16% spin-i.

_____ - _ _ V~~~~~ - ---- 
~
— Even with a 30% abundance one would expect the V

effect on lifetime measurements to be a few per-
OI l

0 4

8
C

0 1 3

~~~~~~~~~~~~ + ~~~~~~~~~~~~~~ V V V V 
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4
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2 3 4 5 8 7 8 9 (0
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0 02 04 06

FIG . 3. Linewidth vs Yb density for the 4f ’4 6t6p 
He PRESSURE (T O RR )level . The herizontal scale is In units of scattered V

fluorescent Intens ity , which Is linearly related to the FIG . 4. Width vs helium pressure plot for the V
Yb density. 4f 14 6s6p ‘Ps’ levels .
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TABLF I .  Exp erlnl (’nta l res u lt s .

Present data Other data
Line (A) Term Configuration g1 a (10 ”’ cm 2) ~ ~ sec ) i (naec)

Ybu

5556 1P~ /“65 6p 14 8  5 .0( 1 . 01 820 (20) 827(40)~
760(80) b
850(80) C

980(70) d

3988 ‘P ’  4,f ”6s6p 1.035 5.9(1.0) 5.12(0.12) 5.5(0.25) ’

5.63(0.25) e
6.4(0 .2) d

3464 (3~ .3~)~’ 4f°5d8s2 1 .26 5 .9(1 .2) 14.4 (0 .5) 17 b

l4~3(O,9) e

18.3 d

2672 (‘
~~~
‘ 1 1.02 17.9(2.0) 77.4(6 .0) 57.3(4) e

d

2464 ‘P 0  4f 14 6s7p 1.01 28 .2(3 .0) 9.3(0 .6) 10,4(1 5) C

12.4 d

2272 ‘PI° 4f ”Gs8p 100 51.6(4 .0) 39. 1(3.5)

Yb ”
3290 2P1°,, 4f

’4 6p 1.333 7 .2(2 .5) 5. 8(0 .6) 7 • 3(0 6) C

a M. Ba umann and 0. Wandel~ Ref . 5.
b B. Bud ick and J. Snir . Ref . 9.
C

M L. Bur shtein et at ., Ref . 8 .
~~~ A. Koma rovskii and N. P. Penkin , Ref . 6.

V C W . La nge et al ., Ref . 7 .
V B. Budick and 1. Snir , Ref . 10.

cen t at most. ’4 A careful analysis of the hyperfine pendence . The resul t of this correction fitted to
structure supports this  c laim.  Assuming a flat  a Lorentzian is shown in Fig. 2.
lan1p profi le, it was found for our method of ana-
ly zing the Hanl e curves the lifetimes could be 3% RESULTS

and 5% longer for neutrals and ions , respectively, Our data represent the first lifetime measure-
than uncorrected results would suggest. The de- ments made on ytterbium in a flowing system . We
tails of these calculations are given in the Appen- were able to extend the number of level lifetimes

V dix. measured (the 4f’46s8p radiating at 2272 A) and to
A unique complication arises with the ion Hanle improve upon the accuracy of existing measure-

signal. The Penning reaction which produces our ments . As a by-product of lifetime measurements
ground-state ion density heavily populates the in a flowing system we also obtained the first
41 ‘6p level. The resulting radiation at 3290 A is alignment depolarization cross sections for ytter-
much greater than the Hanle signal and obscures bium with helium .
the direct observation on the oscilloscr~pe. Since The experimental results are presented in Ta-
the ions interact with the applied magnetic field , ble I. Lifetimes are compared to those measured
the ion density is a slowly varying function of field . by other authors. It should be noted that the life-

V In order to unscramble the Hanle signal a proce- times of Kornarovskii and Penkin 6 are not direct
dure similar to that of Smith and Gallagher ’5 was measurements but are calculated fror.~. oscillator
employed, in which two sets of curves are taken. strengths obtained by anomalous dispersion and
One set is taken with the polarizer parallel to the total absorption. These measurements average
field and gives only the ion dependence on rn agne- some 20% longer than ours. Once this 20% ad-
tic field. The other is taken with the polarizer j ustmen t is made the agreement is excellent , im-
perpendicular to the field and gives a composite pl ying a systematic error in one technique or the
of the Hanle signal with the ion-density field de- other. The large value obtained for the 6s6p ’P 7

V V V: V V V V V V V V V V V ~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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I 0 COMPONENT ~~~~~~~~~~~~~~~~ SUM 
pressure.

/ \ APPENDIX

Using the standard vector coupling coefficient s
of Condon and Shortle?’ and assumh~ a broadband
“white light”’7 source we obtained the following ex-

___________________________________- preselou for the signal from the J= 0 to J = 1 tran-

- 2 5  + 2 5  sltions In Yb with nuclear spins I = 0, L avid ~:

F I ELD (GAUSS I S= 1 —0.808(coe3a stn2a’ + cos~a’ sln2a)

FIG. 5. Components of the Haste signal f o r J = 1  Yb i +0.808 cos2a cos~a ’
levels. / 0.7 0.06 

________

— 5ifl~a Sm a ( mj~.7 + 
1 + (0.66792 + I + (0.442

lifetime by other workers using the Hanle tech- 0.026 
+ 

0.021 
\ 

~nique can probably be explained by coherence 
+ 1 + (0.26742 1 + (1.2x)2J ’

narrow ing , in view of this level’s large oscillator with
V strength. Our excellent agreement with other Han - 

~le effect and delayed coinc idence measurements X~ .,sj iL

of the 6s 6p 3P , level lifetim e, which has an oscil- Here a and a’ are the angles the polarization vec-
lator strength 100 times smaller than the singlet tor makes with the magnetic field direction for
level , supports this claim. This gives us con- incident and reflected beam s, respectively. In
fidenc e in our lifetim e measurement of the this experiment we used a polarizer on the detec-
6s8p ‘P ~ level reported here for the first time tor for all wavelengths above 2672 A and no po-
and in the lifetime of the 6p 2P~,2 ion level. larizers for 2672 A and below. Upon analyzing the

The lifetimes given in Table I do not contain a broadening produced with and without the polarizer
correction for hyperfine effects. As discussed we found the diffe rence to be completely negligible.
in the Appendix , these could result in as much as To determine the extent of broadening, the sum
a 3% increase in neutral lifetime and a 5% increase of the Lorentzian was compared to a simple Lo-
in the 6p ion level lifetime. If this correction is rentzian (1 0 case) by the least-squ ares-fit pro-
included , our value for the Ybli 2f2~~,2 level be- gram. Also , each Lorentzian component , togeth-

V comes 6.09 ± 0.6 n sec, which agrees with the value er with the sum , was plotted and is shown in Fig .
of Burshtein el at . at the limits of experimental 5. It becomes apparent that the very broad com-
error. We chose not to incorporate the hyperf mne ponent s approximate a constant background and
effect int o the lifetim e because of our lack of thus have little effect on the width of the sum ex-
knowledge of the lamp profile , but rather state it cept far into the wings. Using the least-squares
as an added uncertainty , fit we found a~ ,roxwnate1y to 2—3% increase in

Alignment depolarization cross sections are the full width at half— height over the 1=0 case,
presented without comment save the qualitative which implies that Ike lifetime is 2—3% longer t han
observation that for higher ni states a is larger. the uncorrected reselts ~~ul& suggest.
No attempt was made to bring the uncertainties An identical procedure was followed for the ion.
for the cross sections in line with those of the The signal as a function of polarization angle was

V lifetimes. The larger experimental errors are found to be

S= 1 — 0.470 (cos2a sin2a ’ + cos2a ’ sin 2a ) + 0.470 cos2,y cos2a ’

2 . /0.42 0.019 0.043 0.0003 0.005 0.00 1 0.017 \ V

— sin a sin
~ a ’(~j—? + 1 + (1.25Y ~~~~~ 

+ Vj_~
_

~2_ + 1 + (0.083x)’ I (0.292x)~ 
+ I + (0.375x)2)’ (5)

The effect on measured lifetime in this case is 3— 5 ’~, again depend ing ut s n how far into the Wings the
least-squares fit  was made. V
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Intense flowin g hollow cathode lamp *
F. H. K. Rambow and L. D. Schearer
Dep anmrii t of Physics . U’i,v ~r i i iy of Msuou,i - Rolla. Rolla, Missouri 65401

(Ri~cived 9 April 1Q76; in final fonn, 30 August (976)

An inexpensise. simp le , and versa t ile hollow cathod e lamp has been developed which
produces intense ion resonance radiation of aboul I mW into 4ir /25 sr. The lamp employs
flowing helium gas to sustain the discharge. The construction permits a variety of cathode
seed materials to be easily interchanged . The same lamp has been used as a source of ion
resonance radiation for Ca, Ba , Zn . Mg, Sr, Yb, and Eu.

V We have  succeeded in deve loping a flowing hollow Our design . in addition to high intensi ty ,  allows a
V cathode lamp wi th  which we have measured radiat ive wide range of materials to he used in the cathode, and

lifetimes of some Group II  and rare earth ion Icvel s)~ fu rthermoi-c thi s  material  can he changed in minu tes.
The lamp is ver~ simple and inexpen sive to bui ld .  Since The lamp can be opened to air , the cathode assembl y
it operates on tic there are no problems ot’ t f  shielding , pulled out,  cleaned in nitric acid. reinser ed . and run to
With  reasonable care in construct ion and operati on it is h~ike out water vapor , pulled out and charged with  a new
pr act ical l y  indes t ruct ib le .  U n l i k e  sealed hollow cathode mat er ia l , and he running .  all w i t h i n  f ive minutes.  We V

Li in 1s the same lamp can he used for  man ’. elements and have used th i s  source with  (‘a. Si- . Mg. Ba. Zn. Cd. Yb.
can he read il \  disassembled l’or cleaning and re ch arg ing. and Eu.
Welding grade hel ium is used ;,s t h e  f lowing bul let - gas
hcc. i ii se it is read i ly av a i lable  and rea sonable i nex —
pen~ivc .  t h e  use o1 f low ing he l ium gas i n h i b i t s  the

~~ii,kiis. i i i on I i n ; i t c i i . t l  on t h e  lamp win do~~s and cir—
c i i i l i s  ~‘u1ls Ih e nccessiI y lou hig h vacu um lee l l i l i q i ies  ill I - O W  N O  H O L L O W  C A I N  ODE

lh ic  prep arati on of the  lamp.
A d i ; i ~ ing of ’ the l amp is shown in Fig. I .  ‘the  Limp is

both air and water cooled for s tab i l i ty  and long l i fe. Ibe  V 

anode is machine ’J from a 3.H-cm hi’ -iss cy l inder .  W e r
cooling provided by 4. 8 mui -diain copper t t . hC
soltJei’ed at-ound the anode, t h e  inlet  He stream flows V

across the quartz window on the front of the anode to ~~~~~ V V~~~~ _ V _ _ _  
V

prevent fogging by metal vapor deposits. The anode is V V 
V

supported by the outer jacket ,  a 2 .54-em-diam Pyrex m_.~~ V V V~~~~~ ~~~V 
V V

tube 12.7 cm long. This tube is cooled by a stream of air. ,,,
~~, ~~~~~~~ 

- ~~~~~~

The window and Pyrex tube are attached to the a node V

by Dow Corning silicon rubber compound. The cathode ~
Is machined from a 9.8-mm rod of boro n ni t r ide  and ~~ OOE A S S E M B L Y

V lined wi th  0. I — m m  t a n t a l t i m  fo i l .  I t  is supported by a 
V

stainless steel welding rod insulated by a smal l  d iamete r  — ‘‘. . ‘
;

.

i 
- ‘ U ’ V

Py i c s  lube . ‘I he welding iod is at tache d to a l~. 35—mm 
~~~~~~~~~~~ 

- 
, 

V

brass rod that  extends out thr ough an U l l r a — I our ’ .
‘ 

~: .
f i t t ing so that the anode—cathode spacing can be ad E~~~ ~~

V.~~LJ V V V t~~~~~Ji~~rV V V
~~

.it is t e d while the lamp is in operation. lh e  en l i i e  c;illmde 
— 

~~~~~~~~~

assembl y is mounted to the glass jacket h~ an ( ) - i ing  L

connector similar  to the U ltra—Torr commercial f i t t ing s .
This allows the cathode to he pulled out easily for ~~~ 

~~~~ CATHODE A S S E M B L Y

chaig in g.
the lamp normally operates at 3 A with a helium pi es-

sure in the range I — 50 l’orr. .\ flow r at e on Ihe oider
V of I ‘~ II) ’ atm cm ’ mm ‘ is maintained.  The post ci m b  a

solid ang le of 4# ’ S  sr I’io ,tt  the 4078 A ~r l ine ss as found ~~~~~ t iiibt s~t .ind I . .  1). Schc.,re i . Bul l . ‘mm . i~sm s . Soc . 20,

to he I It) ‘ W oi’ ahoul 2 s l0~ quanta Sec ‘ . Com— I II .  K . R.inih,sms .in,i I.. i) . Schearci . i1i~ s. Rev . ‘m 14. 738 1 i976(. V
p tr~d to pre%ous l imp designs th~ ilo~~ing hollow ~~~~~~~~~~ i~~ i t i ~k n i m ~~oI 

~~~~~~~~~~~~~~~ ~~~
cathode lamp described here provides excellent versa- ‘F. W . Wchher. 1. Phvs . 256. 1 0972) . V .
t i l i :~ and ease of con struction sm ith out  sacri ficing V

int efl~i t % , ’ The lamp described by ‘m.chcr~ has greater Fir ,. I .  Fto~ ing htiI t.iv. cathodc t amp . Air is hiown omer the Pyres
V packet near th e discharge egion. V

lntensil~ t l O ~ qL ia nt a sec ’ i nto 4 r  .. ‘ sr~ ho~~esei . the
current required to obtain this outpw is~~ —40~~~

* 
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Proceedings 5th International Conference on Atomic Physics , Berkeley, V
CA , July 26-30, 1976.

THE V I O L A T I O N  OF THE EISANC k—CQNDQ$ PHINeII’I.L
IN PENNING I ONI ZA T I ON  

V

w . F . Parks

V U n iv e r s i t y  of  M i s s o u r i  - Ro l l a , Ro l l , , , Mo ,  6 5 4 0 1  LiS A

It has been g e n e r a l l y  a s s u m e d  t h a t  Penn ing  i o n i zj t t o n
c a n  be d esc r ibed  as a Fran ck COndOn p r o c e s s .  It is  s t io w n
that the e lec t ron ic  t rans i t ion a m p l i t u d e s  e n c o u n t e r e d  i n

Pe n n i n g  i o n i z a t ion  a re  no t i n g e n e r a l  s l o w l y  v a r y i n g  func-
t ions of the interatomic distance in compar ison to t he
va r i a t i on  of the i n te ra tom ic  wave  f u n c t i o n s .  The n e c e s s a r y
:o nd it ions for ap pl icat ion of  the Franck-Condon are there-
fore ~ot sati sfied and the assumption is in error. An
Sased ia t e result is that the rather simple relationship
be tween the energy distribution of the ejected electrons ¶
a nd the interatomic potential curves developed in the semi—
Cla ssical theory wi].l not hold . I~ tha t t h e o r y  the poss ib le - V
•nergjes of the ejected electrons depend on the structure
of the interatomic potentials. In contrast when the assump- 

V

tiO~~ of the Franc k—C on don principle is not made it is found
that , wi th ty p i c a l  e lec tr o n i c  t r a n s i t i on  a m p l i tudes , the
Sner gy distribution will have an appreciable width even in
the absence of potential variations.

V 
As  e x a m p l e s  the e lect ron energy d i s t r i bu t i ons  f o und 1 ’ 2 

V

V 
for  the p r o c e s s e s

H C M ( 3
S)  + H ~~~~~~~~~~ + II ” + e

V and He
M (~~S b  + A —~~~ He + A~ + a

‘re d j 5 C~~gs~~d,

Wo rk su pported in part by the U. S . O f f i c e  of Naval  Re-
s ear c h

~~. Hoto p ,  E. I l lenberger , H. Morg ner , and  A .  N i e h a u s ,  Che m.
Ph ya Le t te rs  10 . 493 (1971)

V 
~~‘ Roto p , A.  Niehaus , a n d  A. L . Schmeltekop f . Z. Phys. 229 .1 (19~ 9)
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V RADIATIVE LIFETIME OF THE A2~ STATE OF CH* 
-

~ 
-

Jame s Carozza and Richard Anderson

Department of Physics
University of Missouri —Rolla , Mi ssouri

ABSTRACT

The lifetime of various rotational levels of the v ’ = 0 and 1 vi-

brational states of the A2t~ state of CH are reported. The lifetimes

for the various levels were nearly constant wi th the rotational 
V

quantum number N ’. For the v ’ = 0 l evel it was 508 + 25 ns and for

the v ’ = 1 level , it was 514 + 33 ns. The band head lifetime was V

500 ns and these lifetimes are very close to the band head lifetime .
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The present i nves tigation was begun because of the unusual resul ts

reported by Anderson , et. al.1 They reported i rregular variations of V

lifetime over the band corresponding to the A2~ - X2,r transition in CH.

They made measurements at various positions in the band with a low re-

solution monochromator and could not resolve individual rotational tran-

V sitions . They excited the CH radical with a pulsed r-f discharge which

was terminated i n  15 ns , but the decay curves were recorded on a boxcar
I

integrator and X-Y recorder. As a result , they could not measure weak

CH emissions. Since there is a many-line H2 spectrum in this region ,

V the possibility of overlap of CH and H2 lines could not be ruled out.

In the present study the same pulsed r-f discharge was employed , 
V

but the spectral lines were resolved on 3/4 m Spex monochromator with
V 

a 0.1A resolution and weaker signals could be observed since the delayed

coincidence detection technique was used. Now the rotational lines of

the A2~ - X2-IT transition were resolved from the heavily quenched H2 lines.

A similar effect was noted in our measurements of the lifetime of the

rotational levels of the B2E state2. This overlap of the CH and H2

spectra at low CH~ pressures made it difficult to measure the CH life -

times accurately at very low pressures .

Erma n3 has measured the lifetime of rotational levels of the vi- V

brational V i = 0 and 1 levels for the A2~ state by the high frequency 
V

deflection method in which an electron beam is rapidly termi nated by

high frequency deflection of it past a slit. He could resolve It doubl i ng

components . The lifetimes for both A doubling components of the rotational
V 

states Ni = 6 to 23 for the vibrational level v ’ = 0 were nearly constant

and both had the same value of 534 + 5 ns. However , a different behavior

was observed for the lifetime of the rotational levels of the v ’ 1

V V

~
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state . In this case the lifetime for both A doubling co~ponents de-

creased continuously for Ni > 11 between 11 and 16. The lifetime of

the “d” component reached an almost constant value of 365 ns for Ni >

16, while the “c” component passed through a minimum of 354 ns at N’ =

18 and increased again to 368 ns at N’ = 20. The N’ = 11 level coin-

V cides with the dissociation limit of the X2~ ground state and he inter-

preted this behavi or as an unobserved predissociation of the CH A state

by the overlap of the vibrational wavefunctions of the A2A state wi th

the continuum wavefunction of the X2~ ground state. A spin—orbit and

rotational-electronic coupling leads to a predissoci ation of this type.4

In our study the A doubling components could not be resolved. We

V observed a nearly constant lifetime of the rotational levels of the

v ’ = 0 state for N’ = 6 to 20. This result agreed with those observed

V by Erman , except our constant value was approximately 508 + 25 ns. This

was very close to the band head lifetime of the system which is 500 ns.

From our limi ted measurements of the rotational levels for the V 1 = 1

vibrational state there may not be a drop in lifetime . From our limi ted

measurements the lifetime was 514 + 33 ns which is si m ilar to the value

obtained for the rotational states of the v ’ = 0 levels. The data are

displayed in Figure 1.

The difference between our data and those of Erman3 may be caused

by the erroneous removal of the lifetime of the H2 lines from the data

which wi ll tend to produce a complex decay. The H2 molecular emission

has a zero pressure lifetime near 100 ns. Further , any nitrogen impurity

could cause an error in lifetime measurements . The first negative system

of N2~ has an intense , extended band system starting at 4278A and extending

to 4130A. The N2~ fi rst negative zero pressure lifetime is 65 ns. This

- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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experiment should be repeated by some other investigators with a different

technique , for its results may explain the formation of CH in interstellar

space. If a predissociation of the v ’ = 1 level of the A2A state by the

X2i~ state is possible , this is a possible i nverse mechanism for the forma-

tion of the CH molecule observed in interstellar space.
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Caption

Figure 1. The lifetime of rotational levels of the A
2
~ state.

o corresponds to V 1 = 0 levels , ~ corresponds to V
t 1 levels,

and ~~ corresponds to the band head lifetime.
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A Hi gh-Powe r Pulsed Xenon Ion l aser as a Pump Source for a
Tunable [)ye 1V .~ase r

LAIRI ) I) S ( I I l -  .~~ k l V R

.4bs rvmcs—An inex pens ive pulsed xenon Ion laser wit h peal pus~i’r I \ t 4 t  I I

out puts up 1o 4 kW has been constructed and used as a pump ,uurre for ‘
~~ ‘i~~I~~~~~ iii Ui - -‘ ~‘. I’ . \ i  \~~~ V t~~ \ I

a tun able rhudainmne 6~ dye lase r aflti a O.2 5 s  bandpais in iii.- V

ye llow-r ed range of the spe ctrum. The dye lase r is tunable front 5465 V

to 6300 A. Over 50 W are obtained at the peak of t he tuning range. - V

I . I N i  NOi,i,i I ION

T HERE has been consider -a ble recent i l teres t  iii the pulsed
V 

V V

xenon ion laser 1 1 1 —1 4 1 .  The inte rest sterns prii i iat V

ily Runt the simp licity ul a high-gain laser systen i which is V V V

capable of relativel y high peak pu~~er emission in t he blue—
greet i region of the spectrum accompanied by re latively long
pulsewidths. We have investigat ed the properties of a high- L~~ 5~~ TUBE 

V

power pulsed xenon ion laser and its use as a pump source for 
V___V~~~~~~ V

a tunab le dye laser. Peak pulse powers i t  4 kW and pulse ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

durations up to I ~as have been obtained in a 1 20-cm X 4-mm BRL 

V 
V

AN GLC — ELECTROOExenon disc harge at pressures between 5 and 30 iii - torr .  T h e  
~~~~~high peak power available in t he xenon laser has enabled us to  

300 ~~ TR OOt RE D
use It as a pump source b r  a rhodamine (iG ilv~ laser which is 6 - 2 0 K V  SPARK OA P

tunable from 5465 to 6300 V\  with a O V 2 S V V V\ bandw idth At I 2~if

the peak ot the dye laser output , 5750 A . we obtain lIver 
~K~~, 25w ~~~~~

TO A - -

50 W til peak power wit h 500-its pulsewtdths .
In the sect ions following we describe the operating cha rac- t ig  I Pulsed xenon on tj~er and cleci ric.,I discha rge ci rcuit

teristics of our pulsed xenon laser and i t s  use as a pump source
in the design and construct ion of the tunabl e dye laser system.

lithe , however , was over 10 ft in lengt h with a bore areaI I .  X~~o~ IoN LAS ER
approximately 2() t i i t i cs  g reate r  t i tan the iine we used.

Data obtained in earlier work on t h is type laser system are T he act iv e length it the d i s c h a r g e  t ithe was 120 ciii wi th a

summarized in Table I along with the results of our work. It 15 bore d iameter of 4 t rim . Tire laser tube lciigtli wa s supp le-
important to note that, based on the volume of the excited mented by an additi o nal 25 cur at eac h end lwIc~cc ii t h e
gas . t he work reported here represents a substantial improve- interna l electrod es and the windows which terminated the
ment in both the peak pulse power and pulse duration (ih- laser tube. The electrodes are Itigh -c urrent indium cathodes
ta m ed. In particular , we compare t he results of our work with constructe d by inciting pure indium meta l around the t u n g s t e n
that of I-Iansch et a!. 13 1. It was the report of their work on electrodes l~I - [lie addit ion-al spaci ng betwee n t ire c lcct r i ,des V

the xenon lase r and dye laser t hat provided the initial motiva- and Brewster windows was provided to reduce the possibility
non for the work we report here. The particular aspect of the of window contan rinat ira n by sputtering of the metal at the
Hansch et a!, work which attracted our attention was the low electrodes . ‘lhc laser tube also included a ballast irthe is
construction cost and simplicity of design of the xenon laser shown in Fig. I -

V and the dye laser system. We utilii.ed a num ber lit electrical c ircuits b r  the : iulsed
The only work which reports a higher peak power than that excitation of bite lase r discharge tube. The first method and V

reported here is that of Gundersen and Harper 141 who ob- probabl y t he simp lest we utilized was that desc ribed by l I a i , s ~ 
Ii

tamed approximate ly 80-kW peak pulse power. Their laser et a!, in t heir report on the xenon laser I ~I ihie powei su pply 
V

consisted of a I 5-ky (,0-tnA high-voltage I i V i i i t !iIit C t l i i i -
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t i l t  J m l u i ( ’\ S i  (Ii n)n 5~I m n M  l i i i  ii~~1Nti ‘, i m l ( ’ ( M HF K i v7 ’,

resu l t s  td cnm t ical wi t h thosc ieportcd b~ hlansct r ci a! III mIlat It cs typ ica l  peak pirwers obta1,med b r  seven of ’ t he  eight
I tuc i,’ v. ene eight s is ihic h u e s  , t is i ’ u s c t  ni la se r e n t i t ss r t rnm r a i r gu r ug Ii c’ n~ ed t i a i r s u l r o mms
tioii i t he v i imi ~ l mi 4 t ( t i  \ ii t he . u raimge ,ub ~ ‘lS iu  \ V l i e  u n mas i  ‘I bi ts  la se r s s s i e u u u  w as iapahle ob repet i t ion mate s  h e m  si ng le

m mi u imu pc’~mk ~~~~ out put oht.iiiicd ~ as O X) W ~ it hi la s em shot up u It) 11/ . I lie upper limit is detcimnini ed by the pres-
V 1Oilsc ’ 55 n s t l t i s  ~ fl\ Cii i LJJ ) a~ l i i  it * iii i  powe r supply. I- u rt mi the energy—per-pulse

— ~~i uh i  mime o._ un d~ s cnr hcd t r i e x i t u & i s t ~ t ine pulse nc ’ p t - t n t i u r i  i ii& ,isut,,’ it ieii t _ ioit t Ire ui ’ h u c t u t i m ) i l  r a t e  one can obta in the
lie was c i ia tm c  w r i l i  In u , mu u \  skip ped pu lses ~~e h i d  ad di t r ~’ im. i t ai ’er a ,iw lase u p wc ’n uu t pr i t  ‘I lie high est ase rage powcn we

V d Ib t I cu lns  w i t h  pcu i tu i t i L  t . m r i u r e  ot t h e  iliiiuikiriih c a p _ u L u u r s V  i\., t i hi. iun ied w , u s  ap p r l uV x iit i. itc ly 20 moW
a ic— sti lt ot rh t es c d i t t i cu i l t i e s  w e .iI’ , i t m ~t iiied th is c~ c ui ,m t mo t i V I lie data sh u ,wni  we rc - im !i t am ned w ith an ~t )- pe rcemi t broad—
ttk ’ t hirUl ,i irth , , u l tm%t I i i c t , ,~tl a sp .mrk- ~ .mp - r i ug~e iei l d u sc h rai g c I t i c ’ h~mi ul ic - t i ec  ruin g tuo t irul momi ror hum an c t f m m r m  to dcte rn ntne t h e

V u i m r p t ) i t . i i un  t e a t u m i c s  oh the sp.iik gap a rc  i t ’ . LV x c c p n m ( u t i : m h l ~ hiri~. (l t ) h i t t t u i m ui  cn r i t pim t ciiu~ihit ig we re peated the powe r meas ure—
iht ii,,iji u.,C i i ’ .  c ap;icih~ h r  t n o h d m m r g  o t t  t igh t vo l tage s , arid i i iemi t s to n o u t p u t mm mu mi o n  iet1c ’~ t iv i t i c s  oh ~~ 50 . and 20 per—

V w hen it ~t e s  b ic -a k c l i w n i , I t s  c ,u j ,u~~ i5 oh t t a n s t c - r n i i u g  I .u u gi ’ C~’ iit V At  i~ pe rc en t . t lmc - power output was reduced by a
V q u amu tm i m e s 1 ,,- lc c m rical  chili igt’ . 0mm t t ig gc red sp~uk ga p hu , is b a c b u u r  ot 2 V \ b  21) pm.rc en i m t Ime output t ri mwer was down an
V p ope tics ‘ I i n t n m la t to  thiosc - ob ,,V l l n r tn t re mc u ,m t  r~~, r i i uf a ct u re .  o rb i t it uu _ mgru i t u i d e . wh ile ~ it ii mine S0 .pe mcem rt minrror si m ilar

lhc’ c , ip . m cml i se disch arge ~i ucuIb  is ‘,huuwt n is part ot Fig . I. r c s u u t n - , W LV H V V ,hi ,i u - . d We l im i t s  conclude t h m a t  time mirror
W1u~ m r ihic p lu i pe i tm es i t  min i ’ laser s~. s r e , n n  W i l e  eva lu a te d  w i t h  re l l e e t i v u i~ nc ’ & i u m m m e d t in o pt u m l ium i m power output lies between
thims c i r c u i t  xs e ohij itit ch j suib ) s t a t tuial  in crease in bu Ilt peak so arid ~0 h u c ’

~~
. e n u i V

~i ’ ~~ei .uid I u s ~ n pulse dui , i t ioim . I Ime a s a u l , u l u i h u t ’ . ut s ubstant ial  laser output power even with
[he peak pulse power obta ined and lire pubsewtdt h as .u t o u r  b l u r s  w h Ic h t r a r m s r m t m t  80 percent ut the mmm ciden m optical

tunc tio nu ut mi t e iV lm argt l t g  sol tag e on a ( ) V 2 ’ ~~I~ capaci tor ar e  e r u e r g ~V us a im i nd ica t i o n  ot t i re r e l a i u v c l ~ large ga u l mit several ot

shown mn i— ne 2. I ties ,,- data ssc ’ u t  oh m _ m it me d wh e mr t i re laser t h e  las er u n n o i  u,u~ 1 h i s  i t t  lutri suggests that  relat ively lossy
pressure wa s optimized tot  tnuximum h u m w l ’ r. Ta ble I I s u t ut-  ehe n ie nts c a r u  he it iser red mi the optica l cavi ty  wh ile sti l l  niatni-

main trig Lusci ac ii ru V 4 ~i next ste p sri this work the addition
— mit a nun l inrea r cV r y s t a l  in the optical ca ’ I ’ i t~ is platuned to

- 

V at te mpt nut n.i~ V S  I t requenicy doubling of the Xe ion laser
Ct i i iSSiO fl .

V / ~ t a t  I25~~
V 

) 
\
\ 

C- i l l  V l imE ‘rIV INAi l t F Dvi. LAs F: K CAy I ru

._._.I \,,_,_ Several dye lj set - cav iirtes have been develope d in the past
for use in CW dye laser applications. In these systems one

/ ‘\ V needs a ca v u i~ design which provides an intracavity focus to

~

‘ 
\ 

i t )  uO iv  meet the pump ing requirements. In (‘W systems pump power

,
, \_ _

-V__ 
is at a prerniunt arid t ite pump hcamn is generally focused to a
sn iztt l spot to provide a high energy density within the dye.

V One also desires a l(mru g cav ity length as well , tot tu ning
1c) 8 pu rposes .

V — - —~~ — Cav i ty  cot ul iguta t ions which sa t is ty  these requirements are

~. / V 
~~ 

resonators wit h an imi t e rna h lens 01 tire eq uu ivah enu t three-mirror V

- —“ 
~~~

-‘- -- cavi t ~- I6 I ,
C V V V ~~~~~~~ V I lansch i t  a!. ciunst m eted a th ure e- i uu irr uu r resonator and2 / 5  500

pum ped the dye wit ii t h e  output oh the ir pulsed xenon ion
V I W  2 laser pulse shapes i,trtai ncd at various charging vott age s to n a laser , With rhnrdamine 6G dye t h ey  obtained 12 W of peak

u u V 2 . v t V  Cap ac it or . The curves C~
V
C~~i~ otit ,,mn,,-d wu ih a high-speed siticon V , V ,~~~~ V

phonodi’ dc and a P~~R hoxi .ar rnt eCr a hi i r  T h e  sca le shown on uhe power at 5700 A , [he resolution of the dye lase r emission
hiirm,,iiir ,mt .i \ c s  re~i rcsc f l t s  t uniC rtct , i~~s .~u Cr a u r ms ’ Cer putse is ipt )t icd they reported as <100 A. However , th ey did riot include a
no ihe ~p ,irk gap frequency-se lective element inside the dye laser cavity. Con- V

sequent ly. the dye laser output was not tunable arid their

SN laser out put had poor resolution.
5K t V ‘, (5 M~ ~ I ~ t n sm ’ .  The t hrce - mirr nm r resonator of 161 was modib’ied slightly by V

V - 

~~~~~~~~~~~~~~ ~~ 
.
~~~ rep lacing t h e  flat mirror ( 1 )  by a I 200-I/mm grating in Littrow

C r  mount as shown in Fig. 3. Mirrors I and 2 are high ly reflec-
5135 t i V C  over a broad h-and and have radii of curvature of 5 and

hO cm, respectively. When the mirrors are separated by 10cm V

t here is a tightly focused spot at the ce nter of the 2 mirrors.
V C V At this point a cell of thickness I mm containing a 10 ’a M
- solution of rhodamine 6G dye in ethanol is inserted at

— V Brewster ’s ‘angle. The dye is contained in a sealed cell. It

__________________ _________ 

V
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~uRPOR u WAV CL ENGTH (n~ t
I ui ~ .i lii a as t 1gm_ i tic dy~ ~a sri A I 2i ii ) ‘ t / u uu i mu g ra u ins is used i s  min e i ~ , Po~~c m I unmuug curve ton n tuotla iuuune (s( , l5andwnl i t t us It’s’. m han

‘ui put reilecnti r ( .2 S A si’ I c u u i i nu.’ r i  ngc. l’ulsc’wid t Ii us 35mm i ts Pu nip pow er us
,upprosiina i~ ly I )i k V.

w as foun d un necessary to blow the dye , The grati n g us located grat ing used wh ich were standaid cm umtnerc mah reblector s for
cm t ront i mirror 2. A two-power telescope us used inside rhodaniune 6G than any inherent d ifficulties with the pumping

t he c a su t v  as shown to expand the beam on the grating. sunurc e .
T he xenon ion laser light us focused on the dye cell by a The at t rac t ive  Ièatures of this xenon pumped ~~~ lase r are

20-cm fL spherical lens as shown. When properly adjusted the b ite relativel y bight rep~t ition rates arid t h e  relativel y long
dsc system hases with no diff icuh ly. The dye output is taken pulscwidt bus available in a simple, inexpen sive system , The
b orn t he ,Vemo-ond er diffract ion from the grating which was 0,25 A hand pass obtainable with the grating lelescope combi-

blazed fo r  5000 A . No syste m degradation over many days nat ion should make this a valuable tool in atomic spectros-
v.JT u h’.~rsc d by using a sealed dye cell containing 0. 1 ml at copy. We also note thu - at a considerable improvement in the
repetit ion ra tCs  to 30 Hz, efficiency of the system and the bandwidth should he possible

~~i tIm mite dye laser system descr mbed in the preceding section by using coated optics in the telescope and , in general. by
pumped h~ our xe n on ion haser we were able to obtain sub- upgrading tIme quality ut t h e  components.
st an tualls h igh er peak power outputs from the dye laser than u V
t hat reported by Harisch ci a!. Itt addition . the presence of the AcKN0wL EVd;MEN l
grating permits tuning rnf the dye laser output and results in a The author wis ites to thank W Hoffman and S. Price for
muc h higher resohution ot t h e  laser emtiissuu ,n, 

a s s u sb ’ a t i c•e in t h e  design and construction of the lasers,
Our tuning width with rhodanuine 6G ranged from approxi-

mate ly 5465 to 6300 A , wi th a handwid m ht of less thu - an 0,25 A. RFI~F~RF:NcI:s
The peak output  power a t  the cen ter u t  t h e  tunin g range was Ill  V Hoffman and P. V t V oschCk “New lase r emission from ionized
50 W V The dye laser pulsewidth was slightl y shorter ( -‘2() per- V V C f l i ) f l ” lEE!, J. Qua,utu,rs Eii-c ’tron , )Notes and Line s) , vol.

cent ) than the xenon pump pulse, The power tuning range we 01 -6 , p. 757 , Nov . 1970,
12 1 W . V.. Siiuunurons and R. S. W itic , ‘Hi gh-power pulsed xenon ionobtained for rhodamine 6G is ~hciwn in Fug. 4 The dye laser lasers .” I / - I- I I, Quantum Ek( ’trofl., vol. QL~6 , pp. 466—469 .

gain pumped by the xenon laser is sufficiently great that the July 1970 . V

syste m lases even when a clear quartz plate is used as the out. 13 1 I. W . Hansch , A. L. Schawt ow . and P. Toschek , “Simple dye laser V

repemitivety pumped try a xeflon ton laser ” ILEL J. Quantum ‘
Vprim reflector. Liect rmu. )(‘orrcsp.), vot. QF-9 , pp. 553—5 54 , May 1973.

Thus us the first reported instance of ’ a tunable dye pumped l~ b M, Gundersen and C, 0. Harper , “A high-power pulsed xenon ion
by a repetitively pulsed xenon m n  laser. Without the te le~ 

laser ,” llr ’L’L’ J. Quantum L’iectro,i. (Notes and Lines), vol. QE-lO ,
p. 1160 , Dcc . 1973 .scope . the dye laser bandwidth was about 2 A with a peak 15 1 W . W , Simm ons and R. S. Witte , “New cold cathode for pulsed ion

power output of 100 W at the ce n uter of the tuning range. laser ,” IEEL ’J, Quantum Lied-Iron . (( ‘orresp.), vol. QE-6 , pp. 648—
649 , Oct. m97 0 ,Rhodamine B dye was used afso~ contrar y to expectations 

16 1 H W , Ku gelniek , I’ P. Ippe n , A , Duenes . and C ’ V Shank ,did not provide &u perat io nu furt h er into tIme red than rhodamine “Astigmaricatt y compensated cavities for CW dye laser ,” IL’L’L’ J
6G . This may be more a property at ’ t he dye mirrors and Quantum Elecl ro,u,. sot. QF.8 , pp. 37 3-37 9 , Mar. 197 2.
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Radiative lifetimes of some group II Ions by the Hanle effect
in a fast-flowing helium afte rglow *

F. H. K. Rambow and L. D. Schearer
Phyauca Deparmmenr, Uuu um. ersur y of Mmsy,u,u-RoIIu, RoUa. Misaouri 654U~

(Received I July 1976)
Radiati v e lifetimes of the fmi-si 2 P111 staic of Mg m i , Ca ii. to mu . Srui , Cdii, and Ba um are repcmrled as measured

by the Hank effect in a fast-flowing helium afterg low. They are . reapet mive ly, 3 65(012), 661(0.30), 2.4(0 3),
6 64(0 10), 2 86(0.25), 6 78(0.40) in units of ~~~ 

‘~ 
~~~~ ~~ unti l in t he afterglow are created by Penning

uon izat uon of’ t he neutral meial atoms , t hus pro v uding a slea dy ’at ite. field’Iree region for nb*ervaiu c,n

~ompansons arc made with measurements by other methods , mu d diacrepanetex arc duscu~sed

INTRODUCTION APPARATUS

Hadia tive lifetimes and depolarization cross see- The flowing afterglow is especially well suited
lions are impo rtant pa ranteters of excited states of for measuring lifetimes and alignment depolariza-
ions V They serve not only as a test of existing tion cross sections by the Hanle effect . It allows
theories but are also useful for astrophysical cal- for rapid change and easy monitorin g of system pa-
culations and for understa ndin g relaxation mech- rameters , such as relative ion density and buffer-
anisms in discharges and afterglows. We have gas pressure. Thus , collisional depolarization and
measured radiativ e lifetimes of the first ‘aP 312 coherence narrowing can easily be controlled and
level of six group II ions by the Hanle ’ effect in their effects observed . Also the material under
a fast-flowing helium afterglow . These are the study can be quickly and easily changed so that
first measurements on group II ions reported in lifetimes of many different species can be studied
a flowing afterglow , in the same apparatus over a short period of tu ne ,

Un ti l  the Hanle measurements of Smit h and Gal- Another advantage is that , unlike a beam apparatus
lagher it was common to have uncertainties on the or a sealed cell , high-vacuum techniques are not
order 01 ± 30% in the measurements of group 13 necessary since flow rates are many orders of
excited-ion l!ietimes ’a,a Some of this earlier work magnitude greater than outgassing rates.

V utilized the Hook method4 and the arc method .5 In Since the techniques and apparatus utilized here
the case of the Hook method , the large uncertainty were reported in detail in a previous paper on Yb ,7

V 
was m ostly due to the difficulty in measuring the only a brief discussion of a few pertinent features
ion density absolutely. The accuracy of the Hanle appears here. The flow tube is evacuated by a

V technique, on the other hand , depends only on 540 ft 3 min ’ mechanical pump and a Roots blower.
knowing the relative densities , or working in the Flow velocities are on the order of 10~ cm sec
limit of very tow densities at which collisional and with background helium pressures in the range of
radiation trapping effects vanish. 0.1_ i Torr. Of particular interest is the method

Gallagher and Smith reduced these large uncer- of production of the ion ground-state density. A
V tainties to ± 5% or less by the Hanle effect in a microwave cavity at the entrance to the flow tube

pulsed argon afterglow for several group II ions, is used to produce a discharge in helium. By the
A recent measurement of Kelly et al. 6 by the Hanle time the flow reaches the interaction region , the

V effect on the SrI! 2P 3 12 lifetime departed seriously major constituents are helium nietastables and V

front the value reported by Gallagher and Smith. helium neutrals. With a judiciou s setting of the
Kelly reported measuring a very large depolariza- discharge intensity, a helium metastable density
tion cross section with the Sr neutral , and also ob- on the order of 10” cm ”3 can be obtained in the
tairsed a lifetime some 15% shorter than Gal- interaction region wit h a backgrou nd helium neu-
lagher ’s value, Kelly ’s measurement s were mad e tral densit y on the order of 1016 cm ’’ and a heliu m V
by the Hanle effect in a cw discharge of Sr with- ion density of about 10i0 cm ’a . The reactant neu-
out a noble-gas buffer. This large difference in tral is titrated into the interaction region by a
the Srt! lifetime, together with the lack of high- furnace wound with coaxial heater wire. Penning
precision data on most group II ions (other t han ionization by the helium metastables (He tm) pro-

V Gallagher ’s) led us to remeasure the radiative duces copiou s quantities of the reactant ions in
lifetimes of several group II ions in the 2P 312 steady state in a field-free region . Typical cross
state . sections for this familiar reaction , He M +X_ .He V

14 735 
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+X +e , are greater t han 10”’~ cm 3 .8 Here X is
V the reactant atom . Ion densities as high as 10,0

cm” are estimated by optical absorption. This
technique for producing Ions releases us from
concerns over perturbations due to an ionizing
electric field , and decreases necessary signal
accumulation times over pulsed techniques.
Another advantage of this conf igurat ion Is the
in situ magnetic field calibration it allows. The V V V , . -

He atoms are optically pumped , and magnetic mm o •

resonance Is performed with the 10830 A light MA (~~1T1C r IEL D GAu ~.5u

monitored in transmission , thus creat ing a he- 
~~~ computer fit  in l.orentziun of the ~I’3f3  Sr mth u m  magnetometer. lI ,~ le signal .

EXPERIMENTAL TEC~1NIQUE

density region of our experiment, less than 10~Briefly, the Hanle effect is a well used zero- cm”, coherence narrowing was not observed with-
field level crossing technique , in which optical in experimental error . After coherence na r rowing
resonance radiation is used to coherently excite was determined to be negligible , at tention was
atoms in the presence of a magnetic field , The turned to collisional depolarization .’0 The colli-
resulting fluorescence is plotted as a function of siona l depolarization effect can be described by
the magnetic field • and f rom this plot the life- the equationV time can be obtained as a function of the g factor,
Measurement methods were described in detail in i / r  = l/T0 ÷nav
Ref . 7. They will be only briefly reiterated here. where r,, is the true radiative lif etime , n Is the
The geometry and polarization used is such that helium density, a is the alignment depolarization
the Hanle signal reduces to a Lorentzian , (1 +X 2 ) ’ cross section , and m ’ is the relative collisionalwhere x = 2g~ Hr ,’Jz - Here g is the Lande g factor , velocity - When the collisional depolarization term
j
~ the Bohr magneton , 11 the magnetic field , r the nm is not very much smaller t han the radiativelifetime , and h Plank ’s constant reduced . decay constant 1/r 0, the collisional term must beA unique complication arises with the ion Hanle eliminated by extrapolation to zero helium density

signal. Since the ions interact with the magnetic Figure 2 shows such a plot for the Sr I! 21)3 ,2 .fi eld , the ion densit y is a slowly varying smooth Since Ba and Cd have a relatively high percentagefunction of the magnetic field . Also , the Penning of odd isotopes in natura l abundance , it was deemedreaction heavily populates the “P 312 ion level, The necessary to calculate their effect on the Hattie
intensity from the resulting transition , P 312 S112 ~ signal linewidth. The calculation was carried out
obscures the direct observation of the Hanle signal
on an oscilloscope, and shows the same ion-densit y
field dependence. Field-dependent intensity
variations of the ion emission in the absence ~ V~~~~ VVV V V -

of the optical resonance excitation were subtracted
from the Hanle signals on alternate sweeps of the m~

V magnetic field . From this information , the ion
field dependence was removed from the 1-lanle sig- 6

nal.
The corrected Hanle signal was then computer 4

fitted to a Lorentzian by a nonlinear least-squares
technique. A typical result of the corrected signal
fit to a Lorentzian is shown in Fig. 1. An attempt
to fit the uncorrected signal to a Lorentzlan gen-
erally resulted in a very poor fit and an error of 2
as much as 15% in the width,

It Is well known that at moderate densities, co 

-

______ ________

herent multiple photon scattering narrows the mea- 0 1 0 2  03  04  05 06 0 ? 0 8 09

sured Hanle-effect llnewidth .9 Measurements were 14$ PRESSURE I70RRm

taken over an order-of-magnitude relative ion den- FIG. 2. Extrapolation to zero helium pressum’o . Data
sity to look for coherence narrowing , In the Ion shown Is for Srzi h1~3/ 3  Han le sIgn al .
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TABLE I. Radla th’e Ilfo ti nut’s if solnO group II 2P3 lona .

(l0~~ SVC ) I, (10~~~~
’ cm 2) ? (10_ I secj

Element (‘onfiguratlon This work This work Other work

Mg 3 ,6540 .121 S .t 5(2.~ ) :1,67(0. IS)

Ca 6 .u;I m m .:um ) ) I0~2 .S) 6 ,72(0.2)

Zn 4P 2.-io .~I) 
... :t,o(o .1) ~

:1. 1(0 .4)

Sr sp (.14 ium 19) 9Jm~ 1 .6) mLr ~I(o .2o)
5,68(0.17) d

V Cd 5p 2 .,s m; mm .~~.) . . . 2. hmO .2) r
:u .4(o..I) ~‘
:1.4(0,7)’

V Ba 6~ 6,78m O.40) 19(41 ) 6 ,27(0.25) a

7,0(0.6)~
V I.ifetlme by Hanle effect. References 2 and 3.

h Lifetime by beam-foil technique . T, Anderson and C. Sorensen , J. Quani. Spectrosc.
V Radj at , Transfer 13, 369 (1972).

I.ifetime by phase-shift  technique. S. H. l3,’uurn~ n and W . II. Smith , 4. Opt. Soc. Am , 60 ,
345 ( 1970).

V “ l i f etime by Hanle effect. Reference 6.
Lifet ime by the Hanle effect. Reference 13.

V Lifetime by Han le effect. H . Bucka , J. Eleh ier , and C. V . Oppen , Z . Naturfor ach, 21,
654 (1966).

in the same manner as described in detail in Ref . time would have been about 5.7 nsec,’2 very near
V 7. The effect is estimated to be no more than a Kelly ’s 5.63. Unfortunately, we could not test

2~ broadening for Ba and 3% broadening for Cd. Kelly ’s claim of high depolarization cross section
Isotope effects in the othe r materials will be in- from collisions with neutra l Sr sin ce our neutral
significant because of the low natural abundance.3 density were so low ( 1012 cm ). His value for

V We have chosen not to incorporate the hyperf ine the depolarization cross section of 8.4 x 10”~ cm 2 ,
effect into the lifetimes , but rather state it as an even though large , wou ld have an insignificant ef-
added uncertainty. feet on our measured lifetime.

Our lifetimes for Znhl and Cd li 2P 312 levels are
consistently 15% shorter than measurements byEXPERIMENTAL RESULTS beam-foil and phase-shift techniques. Hamel and

Table I is a compilation of our results along with Barrat ’3 have measured the lifetime of Cdli by the
those of other authors. Our data represent the Hanle effect in a dc discharge with He as the buffer
first lifetim e measurements in a flowing helium gas. Our lifetimes agree with theirs to within ex-
afterglow on group U ions . Here , by a single perimental error. They also report a depolariza-
technique in a single apparatus , we present radi- tion cross section with He of 4.6 x 10-’~ cm2 . At
ative lifetimes for six group II ions in the 2P312 the low helium pressure of our experiment, this
state . Any systematic error would therefore be effect wou ld be very small compared to the error
expected to appear in all measurements . Error bars. For the same reason , the depolarization
bars given in the data are always greater than rms cross section for Zn was not measured . From the
scatter and should at least partially compensate for other measurements it is expected to be ~
any systematic error. cm2 , and again would have negligible effect on our

Our data are in extremely good agreement with lifetime measurement , which was taken at about
that of Gallagher and Smith. Interest ingly enough , 0.2-Torr He compared to the 1—4 Torr range of
the only significant disagreement wit h their data Ref. 13.
is the Ball lifetime, which is closer to the value The depolarization cross sections reported here
of Bucka ” et a!. There is significant disagreement have large experimental errors because the pres-
between Kelly ’s value for the SrI! lifetime, and sure range covered was too small for some of the
that of Gallagher and our own . Our greatest source small width/Torr slopes encountered when plot -
of experimental error was from the Ion background ting width versus helium pressure . The values

V field dependence , as described previously. Had we obtained here , however , do fall within the range
not corrected for this effect , our measured life- predicted for ion-atom collisions .5
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Rotational and pred issociation lifetimes of the A 2
1 state of OD*

Davud W ilcox , Richard Anderson, and Jerry Peacher
Depu~~anenu of Physics. Univeriuu, of Mjsso~ru, Rolla. Mussoua ru 65401
(Received 7 May 1975)

The lufetume and predusso ciatu on pro babu l utmes of v aruous rotational levels of the 4 2I~ state of 00 were
measur ed . A stron g predussocu atuon at .V 35 was observed. This predi ssoci at ion could be esp lained by
t hc te’d crossung of the .4 ‘~~.‘ staiC w ith uh~ repuls ive ~1 Slate which are mixed by a weak sp in--orbu t
un uerac u lOfl V

Index Headlngs V Spectra: Deuueruum

In recent years there have been man y lifetime mea- dissociated the D20 and excited the A ~~ state of 00
surements~~’ of the A

27. state of both OH and 00. The in a pulsed fashion. A Spex 1500 ~ m monochromatormost comprehensive measurements were those Elmer- resolved the 00 spectral lines; they were detected with
green and Smith,’ Sutherland and Anderson , 2 and Ger- a 6256S photomult ip lier . In order to resolve the spin
man. ’ El mergreen and Smith measured the lifetime doublets , 10 ~im slits were used for the (0, 0) band;
of various rotationa l levels of the ~ V 0 level of the 30 ~i m slits were required for the (1, 0) band because

V A 2 �..’ state of both OH and 00. They noted a strong pre- of the low intensity of the band. All spectral identif i-
dissociation in both systems for high rotational levels. cations are based on the spectrographic data of Clyne ,
Sutherl and and Anderson ’s st udy was similar to that of Coxon , and Woon Fat. 12

El mergreen and Smith , but it was restricted to OH.
Lifetime data were obtained by use of the delayed-V German measured the lifetimes of only the lower rota-

coincide nce technique , which was described in the ear-tional states of OH and OD. Each study involved a dif-
fe rent experimental technique ; in the regions where h e r  paper. 2 This technique involves the use of a level

discriminator , a time-to-pulse-height converter , andth ey overlapped , they were in close agreement. This a multichannel anal yzer , which was operated in thewo rk is a continuation of the stud y by Sutherland auud
Anderson , extended to the A 2?. state of 00. pulse-height mode. The same apparatus was used to

scan the spectra, except that the multichannel analyzer
EXPERIMEN T was operated in the multiscale r’ode. The data were

analyzed on an IBM 370 computer.V 
The rotational lifetimes of the U ’= 0 and 1 levels of the

A 22 state of OD have been measured from N’ = 3 to 42 RESULTS AND DISCUSSION
for v ’= 0 and N’S 8 to 25 for u” = 1. All lines were mea-

FIgure 1 is a typical observed spectrum. Figure 2sured at five different D20 pressu res; the zero-pres-
su re lifetime was extrapolated . The sample was R.OC,’ is a typical decay curve of an 00 line; it Is evident that

there is a single exponential decay.RIC 99. 8~ l)~0. The DzO was pumpe d upo n for a long
period of time to remove any gases that became dis- Table I Is a comparison of the results of this study
solved in it during transfer . The 020 was con tinuously with the results of other investigators ,”3~~’ for the
flowed throug h the discharge; the pressure was con- (0, 0) band. Figures 3 and 4 are the variations of life-
trolled with a stainless-steel needle value; it was mea- times of transitions from various rotational levels of
sured with a CVC thermocoupl e gaug e calibrated against the A 2�~ state for the two spin components of the (0, 0)
a Stokes mercury manometer.

The discharge was excited by a pulsed rf oscillator
with an electrical Cutoff lime of 15 ns. This apparatus to4
was described in the earlier paper. 2 The dl8charge

2

g ~‘

~131( ~~~
P140) ~ 4Ol

r41) P11411

- . 
‘0 ~O iO ~O ~O ~O ~~ ~O ~o t~ O u~o .~o

l~I42I ~(42u

3272 ireT ;r,p,,,Ms 1 ~~~ CHANN E L

Flu, I . 0)) spectrum near tite ’ In st oI,se~r vaImk’ emission lines , l ’IC . 2, Log plot of raw data front multi channe l analyzer .
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TABLE 1. Comparison of result s of studies of lifetimes In the (0 .0) band of oU .

Elmergreon ef ol . German German and Zare deZafra Cl at. German et at.
Present study filet. 1) (Ref. 3) (Ref . 6) (Ref. 8) (Ref. 9)

N’ F, F2 F~ ~ 2 Fu F2 Fu F2 F2 F2 F, F
~

697±7
691 *7 6 9 1 2 7  63(0 70 650*60

2 762*80 689±6 68946 598 *20
3 790 762 * 80
4 762 * 80 689*8 598 * 20
5 761) 762 * 80
6 761 754 + 80
7 760 754
5 754 69(1 701 * 8 598 * 20
5 822 711*7

It ) 740 722
11 801 738 ± 80
12 800
13 790
14 743
15 752
16 805
17 780 760 744
18 820 740 774 V

19 803 77 0 790
20 815 885 790 804
21 785 820 723 793
22 845 870 742 742
23 877 800 805
24 828 803
25 810 793
26 960 850 825 830
27 910 960 855 875
28 985 905 850
29 1120 858 864 864
30 1050 990 857 882
31 875 980 834 886
32 970 1080 870 870
33 912 1108 880 920
34 1106 985 970
35 1080 900 985 950
36 1050 985 940
37 960 965
38 1010 915 955
39 937 640 950
40 779 800
41 490
42 380

and (1, 0) bands. For the (0,0) band , the predlasocla-
tion probabilities are given for each spi n componen t in
Table I!.

V The largest uncertainty in the lifetime measurements
— 

. “• . 
- 

listed In Table land FIgure 3 for the (0, 0) band Is 5%.
‘: ° “

~~~~ 
Since the Intensity of the (1 , 0) band was weaker, the

•• .‘• ‘~~~~ ‘.‘ 
‘ uncertainty Is larger , In this case all measurements

V 
‘ have an uncertainty less than 10%.

A strong predlssoclation Is Indicated by the shortening
of the lifetime at N’= 35 for the (0, 0) band. The dat a

LIFE TIM E ~, 
Indicate that the F1 and F2 spin components have nearly

2.. (~~ BAND the same lifetime. A variation of the lifetime at N’~ 21,
l0~ 

~~~ , - .  .. .... I ~~. .. 25, and 31 was observed . All of these results were ob-
IC a 20 25 30 35 40 ~ served by Elmergreen and SmIth.

UPPER ROTATIONAL STATE (N’)
The lines that arise from high rotational levels of

FIG. 3, LifetImes vs N ’ for the OD (0,0) band , the (1, 0) band were weak. therefore , their lifetimes

_____ 
_
~~ ~~~~~~~~~ ~~~~~~~~
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VrA BLE U. Predlssociatuon probahll it ut ’uu for rotational levels V V - -

for N > 3 5.

N’ F, (s ’ ) F? (a”)

:36 0.0514 (4~V

37
31’ 0.059 1 . l0~ *1:19 0.1663~ 14)’ 0. 6616 . lU  ~ V 

o ,
40 0. 3827 10’
42 1.1399± j~ 4 1.730(0 Il l

F .
( W I  lINt ~ N

‘ 0,0) 8450Coul d not be measured. The expected predissociation,
which should begin at .V’ = 30 or 31 for this system, ~ V 1 , , . I . , u .
could not be observed. For the (1 , 0) band , a nearly ~ IC)  5 20 ~ 1’ iF)

V 
UP4~4 U HOIA IIONA L ¶ . IA I I  I N )V constant lifetime was measured , whereas for the (0, 0)

band , we found an incr ease with rotational level until i l ( ~. 4 . LifetIme s vs N ’  b r  the (II )  (l ,~~ I,a ncj .
V predissociation began.

The lifetimes measured in this stud y are in close
V agreement with those of Elmergreen and Smith . l They ‘This work was sUI ) lIorteIl under the Office of Naval Research

are slightly greater than those reported by German . ’ Contract No . N0004- 14-75c-0477 .
In all studies, the lifetimes of the (0, 0) band increased ‘ ii . .. l ;lmergreen and W. ii . Smit h , Astr oru hy s. J. 178, 557
with rotational quantum number until predissociation (1972).

commenced . Our study was the only one that measured ~~~ A . Sutherland and It .  A. Anderson , J . ChenI . l’hy~ . 58,
1226 (1973).lifetimes for the (1 , 0) band. 

‘K. H . German e J. Chem. Phys. 62 , 2584 (1975).
4H . G. Bennett and F .  W. Dalby. J. Chem . Phys.  40 . 1414CONCLUSIONS (1967).
5K. R . German and U . N. Zare , Phys . Rev . 186, 9 (1969).All three comprehensive studies on OD involved dii- 
¼. R. German and U. N. Zare , Bull . Am. Phys. Soc. 15,ferent experimental techniques; in the region where 82 (1970).

they overlapped, agreement was excellent. The same 7 W. II. Smith , J. Chem . Phy s. 53, 792 (1970).
predissociatlon effects were observed in the (0, 0) band ~~ L. deZafra , A. Marshall , and H. Metcalf , Phys. Rev .for levels above N’= 35. If the isotopic shift s of the A3, 1557 (1971).
energy levels are taken Into account , the predissocia- 3K . H . German , ‘I’. II. Bergman, F;. M. Welnatock, and U. N.
tion observed In OD is also caused by the crossing of Zare, J. Chem . Phys. 58, 4304 (1973).
the repulsive 4Z state and the A 22 state. The transi- 

t O K. II . Becker , I) . I iaaks , and T, ‘l’atarsczk . Chem . Phy s.
Lett . 25 , 564 (1974)~

V 
tion between these forbidden states arises from the 

“K . It . German and H . N. Zare , Phys. Rev . Lctt . 23, 1207weak spin—orbit interaction , which mixes the states. (1969)
This is the same effect as was observed for the A ~~~ ‘2 M . A. A. Clyne , .1. A. Coxon , and A. It. Woon Fat , J.
state of OH. ~~~ Molec . Spectrose . 46 , 146 (1973).
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Radiative lifetime of the B 2~~ state of CH*
Richard A. Anderson, Jerry Peacher, and David M. Wilcox
Dep arrn,eii : of PJiyauc ~ Unn.ersuty of Musouri.Rolla. Rolla, Musoun 63401
(Received 29 August 1975)

The radiat ive lifetimes of the N’ — 3 1 0 15 rotational states of the a ’ =0 level of the ~‘i state of Cii
were m easured . Emis,sion lines were observed to N’ = IS . but no lines above thus rotational state were
observed . This result agrees with previous studies. The lifetimes of all rotational states were between 300
and 400 ns. Previous measurements have indicated that the N’ = 15 level might have a lifetime as short as
100 ns

INTRODUCTION sure was controlled with a stainless steel needle valve
and measured with a CVC thermocouple gauge calibratedExperimental and theoretical studies have show n that

the B ~~ state of CH has a potential maximum. ~~ EX- against a Stokes merc ury manometer.
per imenta lly the emission spectrum 2 from the , ‘ = 0 For the time calibration of the TPHC and the multi-
level of this state breaks off at N’ = 16 and the broaden- channel analyzer two method s were used. In one case ,
Ing of absorption lines2 occurs at N’ 18. Johns and a pulse was sent to the start of the TPHC and also V

Herzberg2 predicted a maximum in the potenti al curve through a cable of accurately known delay to the stop of 
V

of the state from limiting curves of dissociation and the the TPHC. Several differe nt cables were used and
form of this potenti al maxiun-. has been theoretically counts were accumulated in the memory of the multi-
studIed . ~~ channel analyzer depending upon the time delay . In the

Initial lifetime studIes’~ only measure band head second case , a start pulse from a HP 222 A pulse gen-
erator was used to start the TPHC and drive a DuxnontLifetime with instruments of low dispersion. Brooks

and Smith 1° performed the first extensive study on this 792 A pulse generator which had a variable delay. This
state , The lifetimes of the rotational level s to N’ ~~ 

delayed pulse stopped the TPHC . The del ay times set
for v ’ = 0 and the N’ = 6 for u ” = 1 were observed, on the pulse generator were measured on a HP 1710A

oscilloscope which was time calibrated with a Tektron ix
Three theoretical studies 11” 13 to predict the lifetime of 180-Si time mark generator.

the B ~~~ state have been performed. In all of these
studies only state lifetimes were calculated and not life- RESULTS AND DISCUSSION
times for Individual rotational levels.

A spectrum of the emission taken at high pressure Is
The present experiment is similar to that of Brooks shown in Fig. 1. The long wavelength region of the

and SmIth , 10 except that a different experimental tech- spectrum was overlapped by a short lifetime component .
nique was used . The delayed coincidenc e technique was This component is strongly quenched so that at high
employed so that actual decay curves of the excited CH 4 pressures the spectrum is mainly that of Cii. At
levels could be observed. Many lines at shorter wave- low pressures the Intensity of the shortl ived component
lengths could be described by single exponential decay s can become equal to or slIghtly greater In Intensity than
and those at longer waveleng ths exhibited two exponen- the long lived components for some lines. These are
lix! decays. In the discussion of our paper th is distinc- the 3953 , 3962, 3972 , 3983, 3995, 4008, and 4021 A lines. V
lion will be Important . V

EXPERIMENTAL METHOD

The delayed coincidence method of single photon counting
was used In conjunction with a pulsed ri discharge at PG

7,1370 MHz with an electrical cutoff of 15 ns. The spectral • 
~lines were Isolated by a Spex 1500 ~ m monochromato r • 6.14

V wIth a 1500 lines/mm grat ing. The spectral lines were
detected with an EM ! 62568 photomult lpller . For the • 

~~ 
Q

isolation of most spectral lines , a bandwidth of less 9.15o • P Vthan 0. 3 A was used. The output pulse of the photomul - u • ~ ~~tiplier was ampl itude discr iminated by an EG&G . . . I? P
T200/N fast trigger and was tImed by an Or tec 437 time • 

~ : ~ P
‘4to pulse height converter (TPHC) . This output was ‘ p. . . . S

stored In a Nuclear Data 1100 multlchannel analyzer. • 
•• 

• I5
The data were converted to paper tape and cards and
read directly Into an IBM 370 computer for analysis.

3940 3960 3960 4000 4020
The methane (CN 4) used In the experiment was WAV ELENGTH (A)

Mathe son ultrahigh purity grade . The gas was flowed FIG , 1. A portion of the CH spectrum taken at high C04 pies-
• continuously through the dIscharge region. The pies- sures,

The Journ al of Chemical Physics, Vol. 63. No. 12. 15 December 1975 Copyri~~it 0 1975 American Institu te of Physics 5287
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Anderson , Peacher , and Wilcox: Radiative lifetime of CH

TABLE I. RadiatIo n lIfetime of rotational states of the v ’ — o
level of the B22~

’ state of CII.

Uppe r state Lifeumc Wavelength of transition
N’ ns A

1000
3 381 + 18 3891
4 3 5 24 2 4  3893

5 335 i 10 3895
7 345 *23 3902

> 8 31918 3906
9 :395 21 (364 4 240) 3910 (39&3 )J’(9)QUS)

-J 1.0 3454 16 3916
11 36H $ 20 3972

-:2 _____________________________________________ 12 405 26 3983
0 446 2292 3438 4584 5730 68’iG 602 2 :399 * 29 3995

TIME (n’) 14 130 * 18 4008

FIG. 2. The decay curve of the 3902 A Line at 30 mtorr and 15 416 4 53 (364 2 4 )  4021 (3953 )P(9)Q(15)

the x mputer fit.

A typical decay curve f o r  the 3902 A line at 30 mtorr identified these as upper state quantum numbers. If
CH4 pressure is shown in Fig. 2. The solid Line is the only Q lines are examined , this makes no difference,
computer fit to the curve. Data on all lines were taken but if P and R branch lines are Includedin their figures ,
at four or more CH 4 pressures. The 3902 A line is the rotational quantum numbers may be mislabeled.
nearly a single exponential decay. Most Cii lines , The recent work by Botterud, Lofthus, and Vesetht°

which are not overlapped by the short lived component , on the term values of CH indicate that Moore and
are nearly pressure independent. CH lines overlapped Broida” used lower state rotational quantum numbers,
by the strongly pressure dependent short lived compo- The most striking difference between our results
nent are more pressure dependent. This dependence and those of Brooks and Smith 1° j~ that the N’= 15 level
is mai nly caused by the fact that the computer cannot does not shorten. The lifetime of the N’ = 15 level was
yield an entirely unique solution to an equation of the measured at 4021 A corresponding to the P(15) line t
form I = A exp( — i/r i) + B exp( — 1/72) + C. and the 3953 A line was also examined corresponding

Lifetimes of the long decay component are shown in to the P(9) Q(15) line, ~ At 3953 A the short lived
Fig. 3. These lifetimes were measured by examining component became apparent and for the lines between
lines where there was no overlap of other CH lines. 3953 and 4021 A the “zero pressure” short component
Since the line arising from the N’= 15 level was weak, lifetime was between 50 and 100 ns. This may have
the overlapped P(9) Q(15) line at 3953 A was also ex- been the lifetime measured by Brooks and Smith. 10

amined . The lifetime (asterisk) for the 3953 A line is Since this short component lifetime was evident for all
shown opposite the nonoverlapped lifetimes for the lines above 3953 A , it could not be Identified as the
N’= 9 and 15 levels. Table I shows the same results In shortened lifetime of the N’ = 15 state. It was probably
tabular form, caused by a background of ii, 112, andClr. ’° Since the

background was Intense and the P( 15)line was weak , the V

The Cii spectral lines were identified fro m the pa- error for this linels larger than for the other lines, but V

pers by Moore and Broida1t and Bass and Brolda. ~ the lifetime value observed in our experIment is close
In these papers the levels are designated by lower to the lifetime of all of all other Cli lines and also the
state rotational quantum numbers. Brooks and Smitht° p(9) Q(15) line at 3953 A. All lifetimes listed In Table

I are nonoverlapped Cii lines except for the 3953 A line
which was measured for comparison with P (15)  line at
4021 A.

K)00 When the emission spectra of Cii are examined, the
900 last line observed Is the P(15) line with the Intensity of
800 the lines gradually decreasing from the P(8) Q(14)
700 line at 3943 A. The P( 16) line is not present and this 

V

‘3600 agrees with earlier studies. 1 From this study the
soo N’= 16 level of Cli is the first level tunneling through

___ • I ~ 
~ the potential barrier and has a lifetime so short that It

w I:. cannot be measured. Since all Cii level s from N’= 3

~ 2~ 
to 15 have the same lifetime, they are all visible but

V 

may have gradually decreasing intensities beyond N’ = 8,
and the N ’= 16 level is not apparent because of its rapid

I 2 3 4 5 6 7 6 9 K) Il 12 13 14 ~ ,e tunneling thro ugh the potential barrier . This rapid tun-
ROTATIONAL QUANTUM NUMBE R (Pr) neling also accounts for the broadening of the N’ 18

FIG. 3. The lifetimes of rotational states of the v ’ — o level level in absorption. 2 Since the absorption line ending
of the B 21 state of Cli. on the N’= 18 level is broadened and the true predisso-
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sociation and the N’ 16 level can have a lifetime 10 100, 1T ShideI , Japan J . Phys. 11, 23 (1936),

or more times less than the N ’: 15 level . 
2G. Ilorzberg and J . W , C. Johns , Ap. J. 158, 399 (1969).
3G. C. Lie, J. IIlnzc , and Li . LIu , J . Chem. Phys. 59 , 1872

From these results the barrier height of the B ~~~ (1973). V
4 P. S. Julienne and M. Krauss, 1t~olecutes in the t a1nct~c

state must be greater than 700 cm” using the data of Enp iyonm, ’,gls (Wiley, New York. 1973), p. 353.
Herzberg and Johns2 and Botterud , Lofthus , and 1G, C. Lie, J. lIInze, and Ii. Liu, J. Cheni. Phys. 57, 625
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(1967).
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V

The P(16) line does not appear and the N ’: 16 level has ‘2 W. M. Hun . J. Chem. Phys. 49, 1482 (1968). V

a Lifetime so short that the line arising from it is not UJ• Hl nzc , G. C. Lie, and B. Llu (private communication).
seen . This result agrees with the observation of emis- ‘4C. M. Moore and H. P. Brolda, J. Rca. Natl. Bur. Stand.
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