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Investigation of PbO as a system for measuring the electric dipole moment of the electron
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We point out the potential of the diatomic molecule PbO as a system in which to search for an electron
electric dipole momentEDM). Large oscillator strengths between various electronic states of PbO would be
beneficial for such an experiment. As a step toward determining these oscillator strengths, we have measured
a number of radiative lifetimes and branching ratios in PbO. We discuss the impact of our measurements on the
proposed EDM experiment and point out the need for further experimental and theoretical work on PbO.

PACS numbe(s): 33.70.Ca, 33.96:h, 14.60.Cd, 13.40.Em

[. INTRODUCTION sensitivity. For example, the size &fE depends on the
choice of experimental systefa.g., atoms vs moleculeand
The electric dipole moment of the electragh.) is of great  also on technical parameters such as the maximum external
interest in particle physicgl,2]. According to the standard electric field that can be applied without breakdown. At the
model,d, is too small to be detected by any presently con-same time, good energy resolution demands long coherence
ceivable method. However, many currently favored extentimes (7) and high counting ratesd(\/dt), since the opti-
sions to the standard modéh particular, supersymmetric mum energy resolutioridetermined by the limitations of

model$ predict|d,| to be within~3 orders of magnitude of g} noisgis S(AE)=7#/[ 7{T(dN/dt)], whereT is the to-
the current experimental limifde|<4x10"*’ecm[3]. An 13| opservation time.

increase of sensitivity by several orders of magnitude would

make it possible to either exclude a wide variety of these

theoretical models or to see evidence of new physics beyond B. Enhancement factor and effective electric field
the standard model.

We plan to search for the electric dipole momé&éabDM) Here we are concerned specifically with the electron
of the electron by using the metastable excited stat&EDM. For good sensitivity tal,, it is of course optimal to
a(1)[*2 "] of the diatomic molecule Pb@4]. (For clarity,  use a system with one or more unpaired electron ginse
we will refer to this state in the text asd(1)"” rather than  otherwise the EDMs will cancel in pajtsFor such a para-
simply “a.”) The proposed experiment ultimately could be magnetic system, the linear Stark shift can be written as
sensitive to an electron EDMI,[<10 *'ecm, i.e,~4 or-  AE=—_(d_£, where, is the effective electric field expe-

ders of magnitude below the current limit. This sensitivity rjenced by a valence electron. From rotational symmetry it is
arises from a unique combination of properties of PbO, _ . B e
which simultaneously provide a large enhancement factor?as'lly seen thaley=0, unless z?m extemal eIecEnc fiedy is
narrow magnetic resonance lines, and high counting rates.applied to the system. Even in the presence&gf, the ef-

In this paper, we begin by outlining the proposed EDM fective field is nonzero only because of relativistic effects
experiment using PbO. This discussion will explain the im-[5]. It has long been known that, nevertheldgsy| can ex-
portance of measuring various parameters of electronic trarseed|E.,{ by many orders of magnitude for suitably chosen
sitions in PbO. In the second part of the paper, we describeystemd6].
our experimental investigation of some of these parameters. The fact that the effective electric field can be larger than

Finally, we discuss the implications of our results for thethe external electric field is usually expressed in terms of an

eventual EDM measurement. “enhancement factor'R=E./E. However, this language
is inadequate for describing the relationship between external
Il. THE PROPOSED EDM EXPERIMENT IN PbO and effective fields in a molecule. More generally, the effec-

tive electric field experienced by the valence eledfspim an

atom or molecule can be expressed in the f&m=QP,
The signature of an EDM is a linear, Stark-induced enyhereQ is a factor which includes both the relativistic ef-

ergy shift AE=—dJ-& whereJ=J/|J| is a unit vector fects and details of atomic/molecular structure, &i$ the

along the angular momentum of the systefms the electric  degree of polarization of the system by the external figld
field experienced by the system, adds the value of the For both atoms and molecules, typical values d&pe
permanent electric dipole moment. The ultimate sensitivity~ (10—100)x 10° V/cmXx (Z/80)%; here theZ dependence
of any experiment searching for an EDM depends on bothieflects both the relativistic nature of the effective field and
the size of the energy shifE=|d&| and the ability to ac- the size of the internal electric field near a heavy nucleus
curately measure this small quantity. The design of an EDM6,8]. In the ground state of atomic CZ € 55), for instance,
experiment usually involves tradeoffs between the optimiza&.s~(6x10° V/cm)P. For comparison, it has been calcu-
tion of the factors that determine the attainable statisticalated that in the(1) state of PbOE.s=(6x10° V/icm)P [9].

A. General features of EDM experiments
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C. Using molecules to search for the electron EDM be populated; this can be accomplished by selective and ef-
There is a qualitative difference between the IaboratorJiCiem laser excitation. Thus working in this metastable state

values of effective fields in atoms and molecules, because tH¥ PPO circumvents the thermochemical extremes previously
values ofP that can be achieved are very different for thesecOnSidered necessary for using paramagnetic molecules.
systemg7]. For atoms{ is limited by the size of the electric _ S€cond, tha(1) state of PbO requires only small electric
fields achievable in the laboratory; for typical atomic groundfiélds, €=10V/cm, to achieveP~1. Such modest fields
states, Py 103 €.,/ (100 kV/ecm)]. (This fact explains have b(_een ach|ev§q routinely in he_ated CE!.IS‘], but mu_ch
the language of the “enhancement factor” used to describdarger fields are difficult to apply without discharges in the
the effective field in atoms; in this regime Bi<1, ’Pocgext hot, dense vapor of a closed cell. The eXtremely hlgh polar-
and the ratioR=_E./Ey iS @ constant. In contrast, with  izability of thea(1) state is a consequence of the very small
polar molecules®~1 can be achieved with modest external €nergy splitting of~ 12 MHz between thé)-doublet oppo-
fields. Thus the observable energy shifts, caused by an elesite parity levels in this stafd4]. Such small splittings are a
tron EDM, can be 100—1000 times greater for heavy, polarsystematic feature of Hund's cage) states with|Q|=1
paramagnetic molecules than for atoms. For a concrete comii5]. In contrast, true molecular radicalge., molecules
parison, we note that the experiment which gives the besthich are paramagnetic in their ground states such as YbF
limit on d, uses atomic TLIR~ —600) and an external elec- and HgB typically have|Q|=3 ground states, for whicl
tric field .~ 100kV/cm to achieve an effective fie|dq| =10kV/cm is required to achieve~1 [7].
~6x10" V/icm [3]; the effective field for fully polarized PbO
in the a(1) state will be~ 100 times larger than this. _ E. Estimate of statistical sensitivity in a PbO EDM experiment
Until now, however, it has seemed that the increased size ) o o
of the effectA E, which can be achieved by using molecules, Now we consider the statistical sensitivity to the electron
would be offset by enormous losses in energy resolutiodsDM, which can be achieved using a vapor cell of PbO. An
S(AE). For two reasons the use of molecules has seemed @Ptimum experiment would maximize the coherence time
imply dramatically reduced counting ratéand thus poorer and the counting ratedN/dt). The coherence time for mea-
resolution, compared to experiments using atoms. Firstsurements in tha(1) state can be no larger than the lifetime
heavy molecules that are paramagnetic in their ground states~80us[16]. To avoid even shorter values efit is nec-
(e.g., HgF and YbFare chemical radicals, which usually essary to prevent molecular collisions from destroying the
require extreme thermal and chemical conditions for producerientation or alignment of tha(1) state; thus we demand
tion [10]; this in turn has meant relatively low production r .. =7 . This leads to a constraint on the useful vapor
rates for the desired SpeCieS. Second, the Boltzmann diStr&ensity(n) of PbO. With a conservative estimate of the re-
bution spreads the molecular population over many rotaaxation cross sectiono(syision~ 10~ *cn®), the total den-
tional sublevels 10" under typical conditions T sjty can be as large as~ 3% 10:3cm 3. This density corre-
=1000K), whll_e only one of the_ lowest levels is usefL_lI for sponds to the saturated vapor pressBre3x 10 3 Torr,
an EDM experimen{which requires states of well-defined _-:nad at a temperature of 690 °C[17]. It is also neces-
energy and angular momentiinntil now, the only techno- sary to avoid decoherence of thél) state due to wall col-

logically fea5|blg means of radical productlon that haﬁ}lisions. This can be avoided by choosing cell dimensi@ns
seemed compatible with the many requirements of an ED .
such thatr,,q=L/v> 74, wherev is the rms thermal veloc-

experiment has been in the relatively low-density environ- ! . .
me?nt of a molecular bealfi¥] y Y ity. DemandingL~27,v leads to reasonable dimensiobns

~5cm.

At the temperature corresponding to maximum PbO den-
sity, the fraction of moleculesf) in the lowest rotational
level is f~B/kT~3%x10"4, whereB=4x10"%eV is the
The particular attractiveness of using th¢l) state of | iational energy constafitg]. Assuming a roughly cubic

PbO arises from the possibility of attaining much higherqg|| yolume, the number of molecules in the lowest rotational
counting rates than had seemed possible with molecules,;evel (No) is thenNy~fnL3~10"2 If these molecules are

These higher counting rates can be obtained by working in Qycited to and detected from tizg1) state with total effi-

\r/naupcohr I(;?gerrag:)irj ntqréagnz ?eories:?t;l%rf %e(;;nc:u?e SC?Ha(;]aig T)?)\giendesge and eq4, respectively, the counting rate will be
dN/dt=g.eygNg/ 7o~ £e410's.

sible in a beam(These advantages of working in a vapor cell W determine the statistical itivity to th
are exploited in several ongoing atomic EDM experiments € can now determine the statstical sensitivity 1o the
[11,12.) However, the ability to work in a vapor cell is, we electron EDM for an experiment using PbO. We recall the

believe, entirely novel fomolecularEDM experiments, and following data from the preceding discussion: the energy
is possible only because several conditions can be simult&hift |AE|=deEeir, WhereEe~6x10° V/em, and the energy
neously met with PbO. resolution 8(AE)=#/[ 7yT(dN/dt)], where 7~80us and
First, PbO(in its diamagneticX(0)[*= *] ground statgis dN/dt~g48410'%s. Combining these factors, we find that if
thermodynamically and chemically stable; it can be routinelysee4~1, T=1 day of integration would give a statistical
obtained and easily vaporized. In order to attain good senssensitivity §(d.) <10 3*e cm, which corresponds to an im-
tivity to the electron EDM, the paramagneti¢1) state must provement of more than $@n the current limit ford, [3].

D. The rationale for using PbO to search
for the electron EDM
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F. Efficiencies and sensitivity in a simple version structure of PbO leads to a number of unique and powerful
of the PbO EDM experiment means for rejecting systematic effect®iscussion of sys-

Next we discuss whether it is indeed possible to achievd€matics in the EDM experiment is beyond the scope of this

such good efficiency of both excitation and detection of theP@Per, but will be addressed in a subsequent publication
a(1) state of PbO. Let us consider first a conceptually simplel_;z%]'z)9 Thus we believe that a sensitivity {d| at the level
design of the PhO experiment in order to demonstrate som&? ~ €CMm is feasible with the simple configuration de-
of the issues involved in answering this question. In thisSCribed here; such an experiment is now under way. Never-
simple version of the experiment, we imagine populating thén€less, it would be of great interest to find methods to in-
a(1) state by direct excitation of thé—a transition, and C'éaseé the excitation andfor detection efficiencies by
detecting thea(1) state by observing the fluorescence ac_sllgnn‘lcant factors, and thus to potentially improve the sensi-
companying its decayMore specifically, the orientation or tivity to |de| by up to another factor of-100.

alignment of thea(1) state can be detected by observing
guantum beats in the fluorescerjd®].)

It should come as no surprise that it is difficult to effi- It seems likely that higher efficiency can be achieved in
ciently populate th@(1) state. The long lifetime of this state both the excitation and detection of thél) state by using a
necessarily means that théa oscillator strength is small, slightly more complex experimental configuration. As we
and thus that high laser power is required to populate thexplain here, the key to improved efficiencies is the exis-
a(1) state via theX-a transition.(Note also that the choice tence of strong electronic transitions of the fomwr-Y,
of such a long-lived state is not arbitrary; rather, the requirewhere we use/ as a generic label for any of several excited
ment for good energy resolution in the EDM experimentelectronic states of PbO. There has been no experimental
makes the use of such a state necegsémorder to quantify  data on such transitions; filling this gap is the motivation for
this statement, we note that=1 means that PbO ground- much of the experimental work described later in this paper.
state molecules from the entire velocity distribution and the We consider first the implications of sueh—Y transi-
entire volume of the cell must be transferred to t@)  tions in the efficiency for excitation of tha(1l) state. It
state, once per lifetime,. If we define a cross section for seems likely that, can be improved by exciting tha(1)
laser excitatiorr, (averaged over the velocity distribution in State via a two-photon, stimulated Raman process of the type
the cel), then for a given average laser flux over the ¢EJ| X—Y—a. We argue that both steps of this process can
the average excitation ra(R) is R~F o, and the excitation probably be accomplished with greater efficiency than the

G. Toward improved efficiency of the PbO EDM experiment

efficiency ise,~R7,. direct X—a process, given the limitations of available laser
The cross section can be estimated from the standard fosources.
mula [20] Ue:()\2/877)(rpamal/rDopplea, where\ ~560 nm There are a number of excited statésof PbO which

is the wavelength of the laser light ., is the decay rate of [unlike thea(1) stat¢ have been observed in absorption
a(1) into a specific rovibrational level oK, and I'popper ~ from the ground stat& [22]. Therefore it is known that the
~2mx 800 MHz is the Doppler width. With our knowledge transitionsX—Y for these states=A, B, C,C’, D, E, F
of r,, and with reasonable estimates of branching ratios inté&nd G) are much stronger than diret—a transitions(al-
various rovibrational levels, we find,~3x 10" *"cn?. This  though in many cases there is no quantitative measure of the
in turn means that achieving,=1 in the direct excitaton X—Y oscillator strengths Thus for any of these states the
X—a would require a time-averaged laser power~af000  stepX—Y can be saturated with far less laser power than the
W incident on the cell. This value is probably unattainable.l KW required for direciX—a excitation.
With a standard commercial dye laser providing a few watts The strength of the transitions—a also can be expected
of average power, onlg,~3x 102 can be attained. to be greater than that of the direst—a transition. The
The detection efficiency will be similarly poor in this X(0)['2*]—a(1)[32 '] transition is forbidden by the se-
simple experimental arrangement. Detection of the decalection rule AS=0, and in addition the spatial part of the
fluorescence from tha(1) state is inefficient for a variety of dipole matrix element appears to be suppressed. Thus the
reasons. First, it is difficult to collect light over a large solid X—a transition is considerably weaker even than other
angle(Q) surrounding a heated vapor cell; we estimate thanominally forbidden AS+#0) transitions in PbO such as
0~0.1 is the largest feasible value. Suppressing backX—A,B,C,C’ [23]. In contrast to the situation foX—a,
grounds from blackbody radiation and scattered laser lighthere are no selection rules to forbid many of the transitions
requires the use of bandpass filters which transmit fluores¥ —a. Therefore, it can be broadly expected that at least
cence accompanying decay to only a single vibrational levesome of these¥«—a oscillator strengths are appreciable. In
of X. Taking into account branching ratios, filter transmis-order to determine the best scheme for high-efficiency exci-
sion, and detector quantum efficiency, we expect a total detation of thea(1) state via a two-step proceX¥s-Y—a, it
tection efficiency of onlye,~5x 103, will be necessary to identify strony—a transitions and,
Note that even this simple experimental arrangement hafirther, to measure the oscillator strengths for bothXheY
sufficient sensitivity to place interesting limits dg. Witha  andY—a steps of the Raman transitions.
reasonable integration time efl week, the statistical uncer- Next consider the requirements for efficient detection of
tainty can reachs(d.) <10 ?*ecm, already a factor of 100 the a(1) state. An improved value of4 can be achieved
below the current limit. In addition, thé€)-doublet level using laser absorption, if the cell comprised absorption
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length for the probe lasdsee, e.g., Ref.1]). Based on our TABLE I. Measured lifetimes in PbO. Referenc¢a) is Ref.
estimates of the available column density nL of PbO in thd12]. Ref. (b) is Ref. [7]. The fifth vibrational level ofC’ was

a(1) state, this condition can be met for a transition of theu_nmeasgred because the_ ban_dhead was unresolved from lines asso-
form a— Y if the oscillator strength for that transitions1. ~ clated with the seventh vibrational level of

From the usual sum-rule condition for oscillator strengths
(see, e.g., Refl20]), it is reasonable to expect that such a Electronic  Vibrational
transition exists. Unlike for the pump transition, we note that  state level Present work  Other experiments
the upper stat& of the probe transition need not have any

Lifetime (us)

appreciable coupling to the ground state However, no A 2 3.7430) (@
states of PbO without such coupling have been observed. g‘ 031 3.68(6) 25830 (3
Finally, we point out that the conditions imposed on the j '
strength of both the population and probe transitions could B 2 3.0312)
be relaxed somewhat by arranging for multiple passes of the ¢ 4 2.9614)
laser beam through the vapor cell; however, this is a techni- C ! 2.837)
cally difficult problem in itself. ¢ 3 3.72)
Here we report the first steps toward learning to take full c 4 3.92)
advantage of the PbO system for a measurement of the elec- c’ 6 3.42)
tron EDM. We have measured lifetimes for most known ex- D 1 0.36810)
cited states of Pb@a, A, B, G C’, andD). In addition, we a 2 101(10)
have searched for appreciable coupling of the higher-lying @ 3 11Q7) 81.85.9) (b)
states to the(1) state: excitation oK—Y transitions, fol- a 4 78(6)
lowed by selective observation df—X anda— X fluores- a 5 7105)
cence intensities, has yielded-G X)/(Y—a) branching ra- a 6 87(11)

tios. In combination with known energies and estimated
Franck-Condon factors, we have deduced from our data

some approximate values fr—Y anda— Y transition ma- counter or, in later measurements, with the multichannel
trix elements. Following the description of the experiment,scaler' Data are collected both on the rotational bandhead

we will discuss the implications of our results for the EDM @nd Off resonancedetuned typically 12 cnt to the blue of
search using PbO. the red-shad_ed_ bandhgad aking the dlﬁgrence _between
these data eliminates backgrounds associated with scattered
light, window fluorescence, dark noise, and blackbody radia-
tion. Several independent measurements of the lifetime are
made with the excitation laser at different positions and pow-
A. General description of the apparatus ers. No systematic dependence on laser power is observed,
Our investigations are performed using a conventional ef§uggesting that saturaion of_our detection system IS not an
fusive molecular-beam apparatus. PbO is heated in sue. The data collected at different Igser positions permit us
stainless-steel oven to a temperature of about 900 K. Ape 0 place reaso_nable bounds on poss.lblle contributions to_the
tures in the heat shields collimate the PbO beam. The PbO @gqsured lifetime due to spatial varlatlc_ms. of the de.tectlpn
efficiency. Because the short and long lifetimes require dif-

selectively excited with light generated by a Nd_YAGéerent techniques, they will be discussed separately, begin-
pumped dye laser with frequency-doubling capabilities. Th hing with the shorter-lived states.

fr ncy resolution of th r is limited in the visibl e .
equency resolution of the apparatus is limited in the visible TheA, B, G C’, andD lifetimes are extracted simply by

t t 0.2 cnt by the | linewidth. This line- : : ;
range to about 0.2 cn by the laser linewid 'S Ine evaluating a best-fit exponential decay to the data. Data from

width is typically sufficient to resolve individual rotational B es just after the laser pulseypically ~100 n3 are ex-
levels, except near bandheads. The decay fluorescence is ¢ '-Sded from the fit, because of backgrounds from scattered

c
ference filtersitypically with a bandpass of 10 nno select laser light, laser-induced fluorescence from windows, etc.

IIl. EXPERIMENTAL INVESTIGATION
OF ELECTRONIC TRANSITIONS IN PbO

limated by a collection lens, passes through a pair of inters
Data are collected with the laser intersecting the atomic

the frequency, and is focused onto a photon-counting photh t th ter of the viewi . d at it 3
multiplier tube with known quantum efficiency. The interfer- eam a ¢ e cen edr 3 N ;/lewmg region, tan 'I?h postl |tpr;fs |
ence filters are narrow enough that they typically select gnm upstream and downstreéam from center. 1he statistica

single vibronic decay channel. The photon counts are reUncertainty associated with ea(c):h of these individual measure-
corded by a gated photon countéBtanford Research ments is typically only 1-2%. The larger uncertainties

SR400 or a multichannel scaléStanford Research SR430 quoted in Table | accommodate the ranges of lifetimes mea-
sured at the various positions of the laser beam. The results

obtained for theA and B states are in reasonable agreement

with earlier, less precise measuremef8]. We are not
Lifetime measurements are made by counting the numbeaware of any previous measurements of €eC’, andD

of fluorescence photons as a function of the delay from théifetimes.

initial laser pulse. The signals are recorded using either mul- Measurements of the(1) state are more problematic due

tiple measurements with variable delays on the photono its long lifetime. Typically, the molecules traverse the

B. Lifetime measurements
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chamber are not taken into account in the simulation. We

14000 ﬁ X upstream data e believe that these reflections account for the discrepancy be-
12000 1% ~e--78ps fitupstream T 600 tween our fit and the data in the downstream region at short
2 10000 ;% + downstream data L 500 & times(see Fig. 1 For this reason, we have restricted the fit
§ — 78us fit downstream 3 in the downstream region to data taken at times greater than
g 8000 co@s+-5ps fits || 0 £ 120 us. Similarly, to avoid overweighting data that contain
2 6000 300 £ little signal, data where the background is large compared to
g 4000 200 § the signal are also ignoredhis is typically data taken at
® times greater than 100s in the upstream and 3Q@s in the
2000 1 - 100 downstream region
0 b | o Our measureda(l) lifetime on thev'=3 vibrational
0 100 200 300 400 500 bandhead is somewhat longer than that obtained in[R6f.
time (us) This is perhaps not too surprising, since the earlier measure-

ment took the decay rates measured in the presence of buffer
FIG. 1. Typical data and fits used to determine #fd) state ~ 9as, and extrapolated to zero pressure. It is interesting to note
lifetime. The data shown are for the =5 state. The solid curves that the lifetimes of the’ =2 and 3 levels are significantly
are the best fits to the data; the dotted curves show the fits with thionger than the higher vibrational levels, consistent with the
lifetime changed by+5 us, which is the range of uncertainty as- suggestion of Beattiet al. [16].
signed for this data set.

viewing region within a few tens of microseconds, making C. Branching ratios

the measurement of the lifetime difficult. To solve this prob- One of the prime motivations for the present work is to
lem we measure the decay fluorescence in two viewing redetermine if there are strong transitions that couple other
gions separated by three inches. The laser beam now integxcited molecular levels to the(1) state, since such transi-
sects the atomic beam 12-14 mm upstream from the cent@ons could be used to improve the excitation and/or detec-

of the “upstream” viewing region. Two independent detec- o of thea(1) state. We have searched for such a coupling
tor assemblies are used. One detector constantly monitors the, .\ the Y=A. B. C. C’. and D levels. To search for a

total decay fluorescence in the upstream region for normalb
ization. On the opposite side of the atomic beam, a secong
detecto”r asse‘r‘nbly IS move’c} back "’?“d forth between the  UPaf these has filters that permit us to monitor a specific vi-
stream” and “downstream” detection regions. The two in- : .
teraction regions have been made as identical as possible ajaonlc g:hanngl of thg dec?ajy_’X'. The.second system Is set
methods have been developed to allow precise positioning p monitor a likely vibronic transition in the subsequent cas-
the detector assembly. Care is taken that all of the parametef@de decay—X. The second channel accepts signals only
of the detection apparatus are left unchanged when the défter a delay of 1Qus after the laser pulse, in order to further
tector assembly is moved between the two regions. The siglistinguish decays proceeding through the long-liegd )

nals and backgrounds in each of these regions are recordééfte from the direct decays of the upper stétdhe likely

on the multichannel scaler. All signals are normalized usinglecay paths are chosen by using Franck-Con) fac-

the signal from the fixed detector, effectively removingtors. ForY=A andB we use FC factors published by Dorko
variations in signal size that might occur between measurest al.[24], while for Y=C, C’ andD we generate FC factors
ments (due to, e.g., fluctuations in the laser or the atomicfrom a Morse potential that is generally found to yield good
bean). The measured fluorescence data are fit to a numericalgreement with the published values for other transitions,
simulation that predicts the expected fluorescence as a funend with qualitative measures of relative absorption intensi-
tion of time in the two regions. The collection efficiency as aties [22].

function of the position of the radiating molecules is deter- To measure the branch, we record the signals in both
mined by an auxiliary measurement, and the resulting profilehannels as we scan the laser over some high rotational
is used in the numerical simulation. The fit parameters adstates. This produces a large, modulated signal that allows
justed in the simulation are the overall amplitude, the effecfor sensitive detection of the branch. We search for correla-
tive beam temperature, the position of the point of laser extion between the signals in the two detection channels. The
citation, and the lifetime. A typical fit is shown in Fig. 1. results of our search for all of the states are summarized in
Statistical uncertainties in the fit lifetimes are very smallTable Il. ForY=A, B, C, andD we are not able to defini-
(typically less than 1% The inferred lifetime depends pri- tively measure a nonzero branch. However, for several vibra-
marily on the relative heights of the peaks in the two regiongional levels ofC’ we do see clear evidence @ —a tran-

and changes by less than 2% when the effective beam tersitions. Typically, we find that the ratio of the detected
perature used in the fit is varied by 100 C from its best-fitphotonsR=(C’'—a— X)/(C’'—X), is several percent. Un-
value. The combined uncertainties in tl1) lifetimes fortunately, given our distrust of the FC factors from our
quoted in Table | are dominated by the uncertainties in theneasurements oK—a— X (see below, it is difficult to
detection efficiency as a function of position. In particular, make precise statements about the transition strengths at this
reflections of the primary fluorescence from the vacuumpoint.

ranch fromY—a, two detection systems observe the inter-
ction volume from opposite sides of the atomic beam. One
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TABLE II. Branching ratios for known levels to decay via thél) state vs decaying directly to the
ground stateX. A single vibronic level was excited, and the detection was sensitive only to specific vibronic
decays. The level with vibrational numberof electronic stater is denoted a¥[v]. Column 1 lists the
channels monitored; the transition in curly brackets specifically is detected. Column 2 lists the wavelengths
of the detected fluorescence for each channel. Column 3 lists the ratio of photons emitted in the two
monitored channels, taking into account different detection efficiencies for the two channels. Column 4 lists
the transitions and the associated wavelengths which would be required for populatald jh&tate via a
stimulated Raman transition. Unambiguous branching tcaflig state is observed only from ti@’ state.
The listed uncertainties only reflect the deviation of the branching ratio from zero; there is an additional
uncertainty of=40% in the relative detection efficiencies for the two fluorescence channels.

Transition for stimulated

Decay channels Wavelengths Ratio of Raman excitation

(channels monitorgd detected photon yields (associated wavelength
A1]—{a[1]—X[2]} {668 nn} 1.6(7.8)x10 2 X[0]—A[1] A[1]—a[1]
{AL1—-X(2]} {533 nn} (496 nm (2641 nm
A3]—{a[3]—-X0]} {577 nn} 1.7(0.6)x 102 X[0]—A[3] A[3]—a[3]
{a[3]—=X[3]} {528 nn} (475 nm (2678 nm)
B[2]—{a[3]—X[0]} {577 nn} 2.6(1.0)x10°® X[0]—B[2] B[2]—a[3]
{Bl2]=X7]} {546 nn} (432 nm (1714 nm)
C[4]—{a[4]—X[O]} {562 nn} 2.5(1.8)x 102 X[0]—C[4] C[4]—a[4]
{C[4]—X(3]} {426 nn} (388 nm (1246 nm
C'[3]—{a[3]—X0]} {577 nn} 7.8(1.9)x 1072
{C'[B8l1-X51} {439 nn} X[0]—C'[3] C'[3]—a[3]
C'[3]—{a[3]—X[O]} {577 nn} 7.0(3.7)x 102 (380 nm (1115 nm
{C'[B8l-X4]} {426 nn}
C'[4]—{a[4]—XO]} {562 nn} 4.9(1.2)x10°? X[0]—C'[4] C'[4]—a[4]
{C'T4l-X(4]} {418 nn} (374 nm (1113 nm
C'[6]—{a[6]—XO]} {535 nn} 2.5(0.4)x 10 2 X[0]—C'[6] C’[6]—a[6]
{C'[6]—-X5]} {413 nn} (361 nm (1111 nm)
D[1]—{a[3]—X[O]} {577 nn} 2(3)x10°4 X[0]—D[1] D[1]—a[3]
{D[1]—X[3]} {351 nn} (327 nm (753 nm

D. Other observations from the previously calculated FC factdi34]. The experi-
mental values of these parameters could be in error by as
much a factor of 2 due to variations in various parameters
Despite many attempts, we were unable to observeEthe from run to run. Despite these large uncertainties, it is appar-
state in fluorescence. This is puzzling since ¥E transi-  ent that the calculated FC factors are woefully inadequate to
tion has been seen both in absorpti@®] and in fluores- describe the observations.
cence[24]. It is possible that the lifetime oE is simply
shorter than the recovery time of our detection system from
the large pulse of scattered light and UV-induced fluores-
cence during and following the laser pulse. This would re-
quire 7(E) <100 ns. However, we cannot rule out that the for
state is ionized or dissociated by the excitation laser before ot
has a chance to decay radiatively.

The E state

IV. CONCLUSIONS

Now we consider the implications of our measurements
the PbO EDM experiment discussed in Sec. Il. We first
e that the single transition of the type-»Y that we have
observed—thea— C’ transition—is probably not suffi-
ciently strong to enable efficient detection by absorption. We
estimate that a PbO cell of the type described in the intro-
In the course of measuring the(1) state lifetime for  duction would comprise only-10~2 absorption lengths for
various vibrational levels, we have been able to determin¢his transition. On the other hand, both this transition and the
roughly the relative transition strengths for different X—C’ transition are considerably stronger than the direct
excitation-detection chains of the fornX(v")—a(v’) X—a transition. For this reason, it should be possible to
—X(v"*). This allows us to determine relative values of enhance the population of the(1) state by driving the
products of FC factors for th¥-a transition(see Table IlJ. X—C’—a process rather than the direct excitatign-a.
Also shown in the table are the predictions for these value#ccurate calculations of the relative efficiency of these pro-

X-a Franck-Condon factors
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TABLE 1ll. A comparison of the theoretical and observed products of the Franck-Condon factors
{F(v",v")XF(v"*,v")} for transitions fromX[v"]—a[v']—X[v"*]. The calculated values are taken from
Ref. [13]. To facilitate comparison, both observed and calculated values have been normalized to their
respective values for th&[ 1]—a[ 3]— X[ 0] transition. Uncertainties in the observed values-a&9%.

F(U”,v/)XF(U"*,v,) F(U”,U’)XF(U"*,U/)

States involved in the transitions F(1,3XF(0,3 F(1,3xXF(0,3
v” initial of X v’ ofa v"* final of X Calculated Observed
1 2 0 0.7 0.4
1 3 0 1.0 1.0
1 4 0 0.7 2.4
1 5 0 0.2 2.6
1 6 0 <0.1 0.6
2 2 0 0.5 0.5
2 3 0 0.1 0.8
1 1 2 1.2 <0.1

cesses are not possible because we lack reliable FC factdisat couple more strongly to theg1) state. These measure-
for all steps. However, our best estimate indicates that aments will be conducted in a vapor cell in order to achieve
enhancement of the excitation rate by a factor-df0 can be larger signals. We are also beginning a project to perform
achieved using optimized laser sources. high-resolution molecular beam measurements onaiig

It is our hope that this study will initiate new theoretical state. Precise values of the hyperfine structure, isotope shift,
work on the structure of PbO, which may provide answers toyng Landeg factors for this state will permit a more precise

some of the questions raised by our observations. In particsemiempirical calculation of the sensitivity of the proposed
lar, four features of our data are difficult to explain from our g\ experiment tcd,, [25]
. [25].

current knowledge of the PbO structur@. Why does the
a(1) state couple fairly strongly only t6', and not to any
of the other nominal triplet state$i?) Why does the lifetime
of the a(1) state vary as a function of vibrational quantum
number?iii) Why are the calculated FC factors for thea ) o o
transition inadequate to explain the observed transition rates? We wish to thank D. Budker for originally pointing out to
(iv) Why were we unable to observe emission signals for thé!S the possible application of PbO to an EDM measurement,
X— E transition? and for many subsequent helpful discussions. We also thank

We intend to continue our spectroscopic investigations of- Grant for technical assistance and M. Kozlov and R. Field
PbO. Although our tentative result for the—C’ —a cross  for useful conversations. This work was supported by funds
section is encouraging, we will to continue to investigatefrom Amherst College, Yale University, Research Corpora-
excited states of PbO in an effort both to measure the reltion, and the National Science Foundation under Grant No.
evant FC factors and to locate previously unobserved state®02701NSF.
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