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A. HIGH RESOLUTION SPECTROSCOPY OF ATOIIC HYDRO(EN AND DEUTER I UM

Extending ear l ier experiments (1,2) the 1S-2S transition of atomic hydrogen and

deuterium was studied by Doppler-free two-photon spectroscopy. The required

intense monochromatic ultraviolet radiation near 2le3 nm was generated with a

unique laser system, deve l oped under ONR support, and consisting of a cw dye

l aser oscillator (71*1.86 nm), a nitrogen-pumped pu l sed dye laser amplifier and a

lithium formate frequency doubler. Thanks to the near Fourier-transform limited

line width of this ultraviolet laser system, the isotope shift of the 15-25

transition could be measured to wi thin abou t 1 part in 100 000. The measurement

confirms the existence of the theoretically predicted 21. MHz NDirac Shift ” of

the hydrogen ground state due to relativistic nuc l ear recoil effects. An

Improvement In accuracy by another order of magnitude wIfl yie ld a new preclslon

value of the electron/proton mass ratio

The blue Balme r beta line (n—2-l.) has been simultaneously studied by

Doppler-free polarization spectroscopy, using the fundamenta l cw dye laser

output. The Balme r beta interva l Is alr,,ost exactl y equa l to one quarter of the

lS-2S interva l , and the two intervals can be compared very precisely, because

the two resonances are observed at almost the same laser frequency. These

measurements have yielded a new experimental value of the hydrogen iS ground

state Lamb shift with an accuracy better than 1 parts in 1000, well exceeding

the accuracy c~ an earlier comparison, using a saturated absorption spectrum

(2). The main source of uncertainty has been a small frequency shIft and

chirping , introduced by the pulsed amplifies. ~ pr eliminary description of

ii 
___________________

__________________________________ — ~r -~—~~~ —-. —
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I
these experiments can be found in two papers, New Methods of Laser

Spectroscopy TM by 1. W. H~nsch, and Nprecis ion Measurement of the Ground State

Lamb Shift in Hydrogen and Deuterium~ by C. Wieman and T. W. Hansch, which are

included as Appendix A and Appendix B respectively. A more detailed account Is

under preparation .

B. DOPPLER-FREE TWO-PHOTON SPECTROSCOPY WITH MULT I PLE COHERENT LIGHT PULSES

Doppler-free two-photon excitation of atoms has been observed with a train of

phase-coherent standing wave light pu l ses. In i nitial experiments , a pu l se train

was produced by multiple reflections of a sing le laser pulse inside an optica l

resona tor, and the 3s-5s transition of atomic sodium was studIed (3). Quantum

interference effect result In narrow spectral lines , similar to Ramsey fringes,

whose width depends only on the resonator losses and the natural transition line

width , not on the laser line width. The resonant excitation probability is

proportional to the square of the number of light pulses incident during the

atomic relaxation time, and a drama ti c s i gnal enhancement over sing le pulse

excitation is possible. We are presently exploring the fea sibility of using a

mode-locked cw dye laser for such experiments.

Two-photon excitation wi th multiple li ght pulses promises to extend the range of

hi gh resolution Doppler-free laser spectroscopy to new wavelength regions, in

parti cular in th. ultraviolet and vacuum ultraviolet , where only short pulse

l aser sources are available at present. Th. principles and early experimental

results are discussed in two papers °Coherent Two-Photon Exc i tation by Multi ple
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L ight Pulses ” by R. Teets, J. Eckstel n, and 1. W. Hänsch , and “Multip le Coherent

interactions ” by T. W. Hänsch, which are included as Appendix C and Appendix D.

C. TUNABLE ULTRAVIOLET LASERS

Cl. Search for Hydrogen-Laser-Pumped UV Laser

Althoug h tunable coherent ultraviolet radiation can be generated by frequency

mixing in nonlinear optica l materials, this approach tends to be relatively

Inefficient and complex. A desirable alternative would be a system similar to a

nitrogen-laser-pu mped dye laser but with suitable substitutes for pump and

active material to permit direct laser operation at shorter wavelengths. This

approach has already prov i ded some success with the use of a KrF laser to pump

the dye p-terpheny l , producing tunable laser output over the range 335-31.6 nm

C’ .) .

We have attempted to reach considerably shorter wavelengths by using a vacuum

ultraviolet hydrogen laser (5) as a pump source. The laser produces 1.0 kW

pulses of approximately .5 nsec duration at ~—16i nm and is very similar in its

properties to a nitrogen laser, including sim plicity of construction and low

operating costs. Unfortunately it has proven very difficult to find a material

that can be effectively pumped at this wavelength . Many simple hydrocarbon

compounds have absorption bands near 161 nm, but their fluorescence quantum

eff iciency is generally qul te low. Some non-organic materials, in particular

rare-earth doped trifluorides (6), looked considerably more promising.

t 
_ _ _



— 4 —

Techn i ca l Report 1977

We have obtained a sample of L1YF4:Pr (.25 At.%) from Dr. A. Linz of the MIT

Crystal Physics Laboratory. This material has an observed fluorscence quantum

yield of about 80% when excited by radiation at ‘~~~~~ 160 nm and a predicted

“tun i ng range ” of 215 - 260 nm. A 3 nm~ long polished crystal was placed in a

simple 1. cm long optical cavity and a thin region near the surface was

transversel y pumped by the VUV laser li ght, focused to a narrow line .

Unfortunately we we re unable to produce laser action , desp ite strong ultraviolet

fluorescence. The gain was obvlously insufficient to overcome the losses In the

cr y stal , augmented by excited state absorption . The development of a

hydrogen-laser-pumped tunable ultraviolet laser system depends still on the

d iscovery of some othe r more suitable laser material.

C2. Xenon Difluor ide in Xenon Fluoride Excime r Lasers

Discharge pumped xenon fluoride excime r lasers appear as a very attractive

alte rnative to nitrogen lasers for the pumping of pulsed dye laser systems .

They not only offer greater efficiency , but also considerably l onger pulse

length which is particularly important for the generation of highly

•nonochromatlc laser radiation. But although conr*rcial vers i ons of such lasers

are becoming available from severa l manufacturers, they still suffer from a

serious problem wh i ch prec l udes any econom i ca l and simple long-term operation :

the rather expensive gas mixture of helium , xenon, and some fluorine donor

(typically a NF3 or F
~ 

at a concentration of a few parts in 1000) has to be

replaced at short Intervals , because the very active fluorine is consumed by

_ _ _ _ _ _ _ _ _ _ _ _  S .  - , S~~~ - .~~~~~~~~~ S 5-
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various chemical reactions.

We have attempted to solve this prob l em by finding a suitable solid or liquid

fluor i ne donor with proper vapor pressure which would automatically maintain a

constant fluorine concentration . Xenon difluoride (7), a stable wh i te powder,

appeared as a p articularly promising candidate. This compound has a vapor

pressure of about 1. Torr a~ room temperature , and its dissociation should not

introduce any unwanted fore i gn substances into the gas discharge. We have

obtained some samples of hig hly pure XeF1 from Prof. N . Bartlett at the

Chemistry Department of the University of California at Berkeley. The vapor of

this substance was introduced into the He/Xe or He/Xe/NF2 mixture ins ide two

different Blum le in-type transverse discharge configurations , includin g a

well-tested excime r laser of Or. Charles Wang at Aerospace Corporation in Los

Angeles. The vapor pressure was varied from I. to 10 torr by sli ghtly heating

the reservoir and discharge channel. Unfortunately, no laser action could be

obtained over a wide range of operating conditions , and the introduction of a

few Torr of XeF
2 vapor into an operating XeF laser actually quenched any laser

action. The mechanism of this quenching Is not yet fully understood, but these

experiments may nonetheless point the way for improved gas handling in XeF

lasers: since XeF can form spontaneously in the discharge of a XeF excimer

laser , the remova l of this substance would seem important to prolong the

operating time and ir~ ise the power of such lasers.

S - Sp
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*
NEW METHODS OF LASER SPECTROSCOPY

To be published in the
Pr0066dingB of the LASER 77
Op to-Electronio Confer.raoe,

June 21—2 4 , 1977
T. W . Hansch Munich , Germany

Department of Pby.ic., Stanford University , Stanford, Cai.i.fornia 94305 , U.S .A.

New techniques of nonlinear laser spectro.copy provide powerful
tools for studies of atoms and molecule.: Coherent two-p hoto’-i
eco-itation with mul tip l. Light pulse. produces sarrowband
spectral int.rference fringes and strongly enhanced resonant
signals, and holds promise for very high resolution spectroscopy
of atomic hydrogen . Laaer pol.~~iaation .p.atPosoopy is a method
of Doppler—free b~’~ctroscopy , which greatly surpasses saturated
absorption sp.ctroe~opy in sensitivity, by monitoring the
nonlinear interactio n of two laser beams in a gas via change. in
light polarization rather than intensity. Th. method has been
very successfully used for a study of the hydrogen Mimer B line .
PoLarization Labeling with laser light can unravel the complexities
of mol.cular absorption spectra by identifying *1.1 absorption lines
with a co~~~n lower level.

INTRODUCTION

Laser techniques hay, been particularly successful in overcoming the Doppler
broadening of spectral lines, which is caused by thermal notion and often blur.
important dat_si. in the line structur. and line shape of free atoms or molecule..
Rather spectacular resolutions can be obtained by saturated absorption spectroscopy
(11 and by Doppler—fr.. two—photon spectroscopy [2] of gas sample., without any need
to resort to th. classical .che*ne of transverse observation of a v.1] collimated
molecular beam. This paper will report on some interesting advance , in these
techniques, which have been successfully demonstrated during the past year , and
which can greatly enhance the sensitivity, resolution and range of application of
high resolution lasar apectroscopy.

T~~-PHOTON SPICTROSCOPY WITH )UYLTIPLE LIGW~ FIKLDS

A particularly simple and elegant technique of laser mp.ctroscopy without Doppler
broadening is th. method of two—photon excitation with two counterpropagating
monochromatic laser beams , whose first ord.r Doppler shifts cancel. This scheme ,
which was first experimentally demonstrated about three years ago , has already been
used widely for novel studie. of atoms and aol.cules (2] .  Typically, a gas sample
is placed in a stand ing wave laser f ield , and the excitation is monitored by
observing th. fluorescence of the excited atoms. £13. the atoms contribute to the
narrow Doppler—free resonance signal, not j ust a few with selected velocities. but
the excitation probability ii proportional to the square of the laser intensity, and
the laser source •hou].d be both intense and highly monochromatic, two obviously
contradict ing requirement. , in particular, U frequency mixing in nonlinear optical
crystal, is necessary to generate the required wavelength.

This problem has been the main obstacle in some recent studies of the two—photon
transition from th. 2S ground state of atomic hydrogen to the natastable 2S state ,
carried out at Stanford (3,4]. The upper state has a natural lifetime of 1/7 sec and
should in principle permit an unprscedent.d resolution of better than 1 part is 1O~~.
Precision spectroscopy of this simplest of the stable atoms is of obvious interest
because it can provide accurate values of fundamental constants and provide stringent

_ _ _  5~~5 5 ~~~~~~~~~~~~~~_ - _ _ _ _
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t e s t s  o quantum electrodynamic calculations .

In the quoted experiments, the required ultraviolet radiation ~c 243O~ was generated
by frequncy doubling the output of a powerful puleed dye laser oscillator amplifier
sy stem . but  the short pulse length of about 10 nseL limited the resolution to line
wid th s  not better than about 60 P~~z. Nonetheless , Carl Wieman in our laboratory  ha.
been ab le to measure the lS—2S isotope shift for hydrogen and deuterium to wi th in
about 5 MHz or 1 part in lO~ in this way, and he has , for  the f i r s t  time , obtained
experimental evidence for the existence of a theoretically predicted 24 MHz Dirac—
shift  of the hydrogen lS ground at.~te , associated with the nuclear recoil motion in
th i. re la t ivis t ic  two—body system.

Another fac to r  of twenty improvement in accuracy would p rovide a new value for  the
electron/proton n_ see ratio , and an absolute wavelength measurement to that accuracy
would determ ine a new Rydb.rg constant with a hundredfold improvement in precision
over the best pre vious measurement [ 5 ] .

Th• most obvious way to overcome the Fourier—transfor m limits of pulsed laser
•pe~~t r ~’scopy is the use of a cw laser. Highly monochromatic cw radiation at 24301
hes indeed been generated at Stanford by si~~~ 1~ g the frequency of a blue krypton ion
laser and a yellow dye laser in cooled ADP. but the low power of only about .1 eW
would require t ight focusing for two—p hoton excitation of hydrogen lS—2S , and then
the short transit tin, of the atoms, moving through th. narrow beam waist , would
again broaden the obssrv.d line width .

A rather ingenious solution to this transit time problem ha. been suggested by
Mklaoov et al (6 ] .  An atomic beam car. be sent through two consecutive transverse
standing light fields , sepa ra ted in space. After passing throug h the first field ,
the atosu ire found in a coherent s iperposition of at_ ste. and oscillate at the two—
photo n resonance frequency . The effect of the second light field depends on the
phase of the radiation relative to the atomic oscillations , so that atoms pas sing
through this field will be either further excited or returned to the ground state by
st imulated two—photon emission . When monitoring the ne~ pxcitatioa by the two fields
one should observ, the optical analog of th. well known Ramsey fringe., which are
routinely used in rf spectroscopy of atomic beams (7]. The spectral resolution is
then limited by the travel time between the two fields rather than by the transit
tim e through each waist .  Doppler—free  two—photon excitation with standing waves
ensures that the fring, structure is not smeared out by dephaaing due to the
unavoidable small spread of transverse atomic vslocities.

Attempt . to us. these narrow spectral fringes for very—high—resolution spect roscopy
of  atomic beams ar, present ly under prepa ration in several laboratorie s. Similar
fringes can also be observed by saturated absorption apectro scopy with spatially
separated laser fields , as recentl y demonstrated by Bergquist at al. [8] for a fast
beam of atomic neon .

To an atom traversing the separated field regions , the laser field appears as a
succe ssion of light pulses . This suggests that optical Ramsey fringes in two—photon
excitation at . also observable with a pulsed laser source , without any need for an
atomic beam , if a gas cell is irradiated by two standing wave light pulses separated
by a delay time T. If the pulse delay time T is scanned together with the wavelength ,
the spac ing between adjacent fringes will be equal to l/T . Such interference fri nges
have indeed been observed by Salour and Cohen—Tannoudj i [9] for the sod ium 3S—4D
t r a n s i t i o n . The observation of spectral fringes of a width well below the Fourier—
t r ans fo rm limit of an individual laser pulse open. new prospects for  high resolution
ap ectroacopy, although the sinusoidal fringe s t ructure  would make it rather diff icult
to resolve spectral components that are ver y closely spaced.

The ie excitation experiments using two separated fields can be regarded as analogs to
optical diff ract io n at a double slit. This analogy suggests an import ant next step :
it is also possible to observe the analog to diffraction at a multip le slit array or
d i f f r a c t ion  grati ng . If two—photon transitions are excited by a whole train of
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rha~
L_coher eflt light pulses, the spectral frInges condense into narrow lines which

can be compared to the diffraction orders of a grating or to the multi—beam
i n t e r f e rence  fringes of a Fabry—Perot  i n te r fe rom ete r .

Such narrow multi—pulse interference fringes have recently been observed at Stanford
by Tests et al [10] for the 3S—5S transition of atomic sodium with a very simple
experimental setup . A pulse train is produced by injecting a single short dye laser
pulse into an optical cavity, formed by two mirrors. The gas sample is placed near
one end mirror so that the atoms see a pulsed standing wave field once during each
roundtrip, when the pulse is being reflected by the mirror. For spectral fine tuning ,
the resonator length is scanned with a piezotranslator . The observed sharp
interference fringes can be interpreted as originating from the “shock—.xcited”
narrowband modes of the optical resonator.

The signal magnitude can be easily predicted by analyzing the excitation in the time
domain , using perturbation theory. A dramatic signal increase, compared to single—
pulse excitation , is expected if the laser pulse is injected into the resonator
without loss, for instance by a fast electro—optic light valve. As long as atomic
relaxation can be neglected , the probability of two—photon excitation for small
Intensities is proportional to the square of the number of pulse roundtrips.

Two-photon excitation with multiple light pulses promises to extend the range of
Doppler—free Laser spectroscopy to new wavelength regions , in particular in the
ultraviolet and vacuum ultraviolet, where only short pulse laser sources are
available at present. The technique may make it quite feasible to im?rove the
resolution of the IS—2S transition of hydrogen to about 1 part in 101 

, as limited
by the relativistic transverse Dopp ler effect  at room temperature.

HICH RESOLUTION POLARIZATION SPECTROSCOPT

For normal single—photon transitions , Doppler—broadening can only be reduced by
res t r i c t ing  the range of atomic velocities along the direction of observation. In
the saturation techniques (1], intense monochromatic laser light is used to “label’
atoms in a narrow range of axial velocities by selectively removing them from an
absorbing level. A second laser been probes the resulting bleaching of the gas
sample and records a Doppler—free saturation spectrum.

At Stanford, Wieman (12 ] has demonstrated a new technique of Doppler—free
spectroscopy, which is related to saturation spectroscopy, but can provide
considerably higher sensitivity and signal—to—noise ratio than the older approach.
In this method of “polarization spectroscopy,” atoms of a gas sample in a selected
velocity range are labeled by orienting them through optical pump ing with circularly
polarized laser light . These labeled atoms can then be detected with high sensitivity
by observing their effect on the polarization of a probe laser beam.

A polarization spectrometer can be rather simple. The gas sample is contained in a
cell with good, strain—free optical windows. The output of a monochromatic tunable
isset is divided into a circularly polarized saturating beam and a linearly polarized
probe beam, which are sent in opposite directions through the same sample region. A
crossed polarizer prevents probe light from reaching a detector , as long as the
sample is optically iosotropic .

Normall y, in a gas , atoms have their rotation axes distributed at random in all
directions. The polarized laser beam preferentially r emoves those wi th  particular
orientations , leaving the remaining atoms polarized . The linearly polarized probe
light can be thought of as a combination of right—handed and left—handed circularly
polarized waves of equal intensity. If the laser is tuned near the center of a
Doppler-broadened line, where the probe beam can ‘see’ the atoms polarized by the
pump beam, those with zero axia l  velocity,  more of the lef t—handed wave , say , is
absorbed than of the right—handed one , and the light passing through the sample
becomes elliptically polari~ed. In addition , the polarization axis is rotated ,

7
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bec i ~~.e :he two waves also see d i f f e r e n t  refractive indices. The probe bean thus
acquires a component that can pass through the cr r ssed polarizer in f ron t  of the
detector.

polarization spectroscopy has an important advantage over saturated absorption
spectroscOpY, because there is almost no transmission of the probe beam until its
polarization is changed by the pumped atoms. With essentially no background, the
signal is not easily obscured by noise or intensity fluctuations, and the method can
be used with fewer atoms and lower laser power .

ror very small signals it is actually advantageous to uncross the polarizers slightly.
The dete~ctor will then register some finite background, 

but the polarization signal
appears enhanced by its interference with this background . The resulting resonance
curve is dispersion shaped , and facili tates , for instance, electronic locking of the
laser frequency to an absorption line.

This technique of polarization spectroacopy was developed in response to the need for
a wore sensitive method of Doppler—free “single—photon” spectroscopy which had become
pa inf ully apparent during a study of the blue IL.tmer—B line of atomic hydrogen at
4960X by saturated absorption spectroscopy (4]. The Balner—8 energy interval (n 2—4)
is almost exactly equal to one quarter of the Lyman—(Z interval (n—l— 2) , and the same
dye laser , whose second harmonic is used to study the lS—2S two—photon transition,
can simultaneously record the Balmer—B line at its fundamental wavelength. The two
optical interval. can be compared very precisely in this way, and from such a
comparison , Lee et al [4] were able to determine, for the f i rs t  t ime , the Lamb shift
of the lS ground state of hydrogen to an accuracy of almost 1Z. The main limitation
was the relatively poor resolution of the Balmer—8 saturation spectrum . This lint is
considerably more diff icult  to observe than the red Balmer—a line (13], because the
f ine  s t ructure  splitting of the upper level is emaUer . In addition , this line is
more susceptible to splitting by the electric f ield in the discharge tube , used to
form the atomic hydrogen. It is also much weaker and so requires a stronger discharge
and a more intense saturating laser beam. Because of all these factors, it was not
possible to resolve single fine structure components by the old saturated absorption
method .

The polarization spectra , obtained from the same hydrogen Miner—B line with a cv
dye lase r, give dramatic evidence for the value of the technique, shoving strikingly
clean signals with relatively few atoms (1—22 absorption) and linevidths as narrow as
25 MHz. These spectra did not only resolve single fine structure components, but
revealed , for the first time, the Stark shifts arising from the weak (lOV/om) electric
field in the glow discharge. The data from a new precision measurement of the ground
state Lamb shift, using such polarization spectra as reference, are presently being
evaluated by Carl Wieman at Stanford as part of his thesis research and promise an at
least tenfold improv ement in accuracy.

SIMPL IF ICAT ION OF SPECTRA BY POLARIZATION LABELING

Polarization spectroscopy is not only a powerful tool to study f ine spectral details
with high resolution, it can also be used to unravel and greatly simplify comp lex
molecular absorption spectra, as demonstrated by Teets St *1. at Stanford (12] in
experiments with diatonic sodium molecules.

Ordinarily, very many of the rotational—vibrational levels of th. electronic ground
state of a molecule are populated , and the optical absorption spectrum is a
complicated superposition of absorption . from each of these ground state levels. But
the polarization method can be used to label and chosen level by orienting its
molecules with a circularly polarized laser beam, tuned to a selected absorption line .
Alternatively,  the molecules can be aligned by punping with linearly polarized light.
All other lines, originating from the same lover level , can then be easily identified ,
because the samp le will change the polarization of a probe beam at these wavelengths .
Label ing  of molecular levels by depleting selected levels through saturation and

— -~~~~~~~~~ .-—--—
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monitoring the resulting reduced absorption had been demonstrated before by Kam.tnsky

• 
et al . [13], but polarization spectroscopy offers again a considerably higher
sensitivity.

To quickly survey a large spectral region , one can use a broadband probe beam , as
generated by a dye laser without wavelength selective tuning elements. This probe
light is sent through the sample etween crossed polarizers and into a sp.ctrograph.
The lines originating from the labeled lover level appea r as a simple series of
bright lines on a dark background and resemble the spectra of laser—excited
fluorescence , but give direct info rmation about the quantum numbers and parameters
of the electronically excited upper state rather than the ground state.

Such spectra are iamensely helpful for unraveling complex spectra and for studying
perturbations and collisions . Once a spectral line is identified , it can be studied
with  high resolution , free of Doppler broadening , and its wavelength can be measured
vith high precision . With accurate fringe counting digital wave meters (14 ] it is
thus easily possible to determine much improved spectroscopic parameters , even for
molecules that were as thoroughly studied in the past as dia tomic sodium.

CONCLUS ION

We have only been able to look at a few new methods of laser spectroscopy, which have
been developed and explored at Stanford dur ing the past year or so. Numerous other
powerful spectroscopic techniques using lasers had to remain unmentionad. Rut the
few . uples may be sufficient to convince us that we can expect a rich harvest of
important results — and perhaps surpri sing discoveries — fro m these and other new
laser techniques in the future.
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APPENDIX B

PRECISION MEASUR~)1ENT OF TUr GROUND STATE LAMB Sh IFT
IN HYDROGEN AND DEUTER IUM5

C. Wieman~ and T. W . H~nsch
Depart ment of Physics , Stanfor d University

Stanford , California 94305 , USA
[Reference: To be published in
Laser Speotroeoop~~, J. L. Mall
and 3. L. Carlsten, eds.,
(Springer Series in Optical
Sciences , Vol . 7) ,  Springer—
Verlag, N . Y . ,  Heidelberg 1977.]

The measurement of the 2S 112 state Lamb shif t in hydrogen was one of the
main stimuli for the development of quantum electrodynamics. Since the first
experiment by W . E. LAMB and R. C. RETHERFORD [1] the Lamb shift has been
measured for a great many hydrogenic states, and such measurements are among
the most precise tests of QED [2]. One measurement which was conspicuously
missing from this list , however , was the Lamb sh i f t  of the hydrogen ground
state. This has only been measured in the past few years (3 ,4] and the
experiment described here is a continuation of those measurements to higher
precision by the use of several technical Innovations . We have also made an
improved measurement of the Lyman—a hydrogen— deuterium isotope shift suff i-
ciently precise to give the first experimental confirmation of the predicted
relativistic nuclear recoil correction. The technical improvements mentioned
are the developmen t of a h ighly sensitive new form of Doppler—free spectro-
scopy , polarization spectroscopy , and the use of a single f requency cw d ye
laser at 486Q~ with a high power puleed amplifier system .

The shif t of the iS state energy from the value predicted by simple Dirac
theory , which we call the Lamb shift , is calculated to be 8149 Mhz (5). QED
correc t ions are the dominant contr ibut ion, but the shift also includes some
small nuclear effects. Although this is eight t imes larger than  the s h i f t  of
the 2S state it cannot be measured using the traditioniJ. RF approach because
there is no nearby P state reference level. Also there are several difficul-
ties in measuring the Lamb shift by determining the Lyman—a wavelength to
sufficient precision using conventional absorption or emission spectroscopy.
The most serious of these are the 40 GHz Doppler width at room temperature ,
and the difficulty in making precision wavelength measurements in the vacuum
ultraviolet region (1215A). Moreover , the present uncerta inty in the Ryd berg
constant precludes any such Lamb shift measurement to better than one part
in 10’.

The recent development of several nonlinear laser spectroscopic techni-
ques , and improved tunable dye lasers has made it possible to determine the
iS Lamb shif t  in quite a different manner , however. This approach , as (ir~~t
described in (3 ] ,  uses laser spectroscopy to compare the Balmer—~ (n—2 to
n 4 ) transition energy with 1/4 the Lyman—a energy . The comparison is made
using a high power tunable narrowband laser a t 4860A , whose f r equency doubled
output  at 243Q~ excites the two—photon t r a n s i t i o n  from the iS ground state
to the metastable 2S s t a te .  Simultaneously the Balmer—~ l ine is observed
using the fundamental laser output. If the Bohr formula were correct this
interval would be exactly 1/4 the Lyman—a interval and we would f ind the two
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resonances at exactly the same fundamental frequency. The actual displace-
ment Is due to the ground state Lamb s h if t  plus small well measured relativ-
istic and QED corrections to the excited state energies. So an accurate
comparison of the two optical energy intervals allows one to measure  the
unknown 15 Lamb shift. This approach avoids the technical problems of VUV
spectroscopy since one only measures visible wavelengths. In addition , the
use of counterpropagating beams to excite the lS—2S two—photon transtion
eliminates the Doppler broadening , as discussed in [6]. Because this meas-
urement involves only the comparison of two transitions in hydrogen the
uncertainty in the Rydberg constant does not matter .

The f i r s t  experimental value [3] for the 1S Lamb shift was obtained by
exciting the 1S—2S t ransi t ion jus t  as described , and recording a simple
Doppler—broadened laser absorption spectrum of the Balmer— ~ line as the
reference. Substantial improvem...nt was obtained by using the technique of
satura ..’d absorption spectroscopy with a pulsed laser to observe the
Balwer—~ line (4]. This gave sub—Doppler resolution , but the limitation of
the quoted Lamb sh i f t  accuracy was still the poor resolution of the
Balmer— ~ line.

The present experiment, which is shown schematically in Fig. 1, measured
the Balmer—~ line with enormously improved resolution by using a single
frequency cw dye laser and the technique of polarization spectroscopy. The
Balmer—~ por tion of the experiment has been previously described in [7],
but will be briefly reviewed .
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Fig. I. Schematic of experimental apparatus

--.—- . 
-~~ -



— 15 —

The laser was a cw jet stream dye laser (modified Spectra—Physics Model
373) using coumarin—one in ethylene glycol pumped by a UV argon laser
(Spectra—Physics 0171). Single frequency operation was achieved by having
three intracavity etalons. At 1.5 W pump power the laser provides a single
mode output of about 10 eW near 4860A with a linewidth of 3 MHz and
continuously tunable over 4 GHz.

The technique of polar ization spec troscopy uses induced optical aniso—
tropy as a sensitive means to obtain Doppler—free lins profiles. The basic
schamatic is shown in the middle portion of Fig . 1. A weak linearly pola-
rized probe beam from the cv laser is sent through a Wood ’s type hydrogen
discharge tube. Only a small fraction of this beam reaches a photodector
after passing through a nearly crossed linear polarizer. Any optical
anisotropy which changes the pro?~ polarization will alter the light f lux
through the polarizer and can be detected with high sensitivity. Such an
anisotropy can be induced by sending a second, stronger , circularly pola-
rized beam from the laser in nearly the opposite direction through the
discharge tube. Because the beams are counterpropagating their interactions
are Doppler free. The improved resolution obtained using this technique
enabled us to measure and correct for the effects of Stark and pressure
shifts in the discharge.

Although the cw laser was highly advantageous in observing the Ba].mer— ~
line its power was much too low to excite the lS—2S transition. Therefore,
it was necessary to send the cv beam through a series of three pulsed dye
amplifiers pumped by a 600 KW nitrogen laser (Molectron UV 1000) . With a 1
mW inpu t these gave output pulses 7 nanoseconds long with 100 kW peak
power and about 52 pulse to pulse amplitude f luctuat ion.  The fundamental
iinevidth was about 120 MHz which gives twp—photon linewidths less than one
quarter as wide as those obtained with the previously used pulsed oscillator—
amplifier system [4].
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Fig. 2. Portion of the hydrogen Balmer— ~ polarization spectrum ( le f t )  and
lS—2S two—photon spec trum (right)
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The two—photon spectrometer , as shown at the bot tom of Fig . 1, is iden-
tical to that described in [3 ,4J . The output of the pulsed amplifier system
goes into a lithium formate frequency doubling crystal which is angle tuned
to phase match near 4860A. The output of this crystal goes through a quartz
prism which separates the doubled light from the fundamental. The doubled
light passes through a hydrogen absorpt ion cell , a snail arm attached to the
side of a Wood dicharge tube , and is reflected back on itself to obtain the
Dopp l e r — f r e e  l S— 2S exc i ta t ion . This excitation is monitored by observing
the collision induced 2P-lS fluorescence at l2l5A , through a MgF2 window ,
with a photomultiplier.

In Fig. 2 we show typical spectra which were obtained . On the lower left
is the portion of the Balmer— ~ transition used as a reference , while on the
lower r ight  is the lS—2S two—photon spectrum . On the top of the f igure  are
shown the frequency cal ibrat ion ines obtained by sending a portion of the
cw laser beam through the semiconfoca]. calibration interferometer shown at
the top of Fig. 1.

The experimental results for  hydrogen are shown in Table I.

TABLE I — Hydrogen 1S Lamb Shift

Uncorrected measurement: 8133.2 ± 4.8 MHz

Corrections:

iS Two-Photon Spectrum :

AC Stark E f f e c t  3.2 ± .8 MHz

Amplif ier  s h i f t / l i n e  shape — 40.0 ± 28.0

Baimer— ~ line :

Pressure, Voltage 57.2 ± 6.8

AC Stark e f f e c t  5.6 ± 2.0

Total 26.0 ± 29.0

E~perimental iS Lambs shift 8159.2 ± 29.0

Theory 8149.43 + .08

As shown by this table , corrections must be made for a number of system-
atic shifts of the data, and much of the effort in this experiment was spent
in determining these s h i f t s .  For the Balmer— ~ t rans i t ion  the s ignif icant
corrections are the l i nesh i f t s  caused by pressure and electric field pertur-
bat ions in the discharge , and the AC Stark effect , or light shift, due to
the polarizing laser beam. For the lS—2S transition there is a small
correct ion for the AC Stark effec t, and a larger correction , the uncertainty
of which is the main limitation in this experiment , to compensate for the

- 
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S
frequency shifts introduced by the pulsed amplifiers. This shift I. meas-
ured by using an in ter fero meter to obtain simultan eou s spe t r a  ~~i the
beam and the pulsed output , but assymetry and ‘ch ir~ 1ng ’ in u.r pu1s.~ 1.~s e r
spec trum causes substantial  uncer ta in ty  in t h i ,  correction .

For the ground state Lamb shifts we have obt aluci 8~ .” . t .~~~ IO4~ in
hydrogen and 8182.6 ± 29 PflI~ for  deutsrlu , with sim il ar systematic corr c -

tions. These numbers are in excellent agreement wit I , the c heor.t.1 al
results of 8149.43 ± .08 MHz and 8172.23 .12 MHz (SI.

Because the two—photon lines are narrower and less noisy than the pr..i~~.
measurement (4] it was possible to also make a sub stantiail . tmpr .~~i meas-
urement of the Lyman—ci isotope shift betwe en hydrogen and i e u t s r i u a . The
result was 670992.3 ± 6 .3 MHz which agrees well with the th.or.L~ ~ i va
of 670994.96 r .81 [5] and gives the first experimental confirm ation of ‘~~~~ t

11.9 lOi s correction due to the recoil of the nucleus (81.

The possibilities for  fu r the r  iramatic improvement. In ~~~~ resolution
laser spectroscopy of hydrogen are by no means exhausted . The AS-2S t uu-
photon t r ans i t ion  has a natural line width of only 1 Hz, and atte mpts t

improve the spectral resolution by cw laser spectroscopy of an atomic beam ,
or by optical Ramsey—fringe spectroscopy witi separate oscillatory fields
are presently underway [9]. Only a twentyf l d  improvement in the accuracy
of the H—D isotope shift is needed to obtain a new precise value of the
electron/proton mass ratio . Simultaneous observa tion of the Balmer— t line
in a beam of metastable hydrogen atoms promises important future improvements
in the accuracy of the ground state Lamb shift , and may well turn such a
measurement into one of the most stringent present tests of QED calculations .
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APPENDIX C

Coherent Two-Photon Lxcitation by Mult ipk Light Pulses*

R Teets,t J. Eckstein , and T. W. Hänsch
!~~f t.~rf m~’nI ,.( m,~ cicc~ SIa’,fortl 1’~ir ~ r . , t ’ , S#e,, f oy, l. (‘, a / i I ,-nj a “no;

i Hect ’i~ed 20 December ~97t

We h i v e  studied 1~~ppIer—freu two- photon -fl~ t~ ‘n f atoms with a t r a i n  of phase—co-
he ’r ent s tanding -wave light pulses . or i i~ine ~t ing f i o m the sin , , ’  l~~ er pulse . Quantum In-
ter ference ~ffccts  produc e nar row sp cctr .iI f r inge s which ha~ i a ph%s i ca l  origin s i m i l a r
t th at of I tamsey f r in g e % .  I m, ’wi I r h s  mu ch less than the l ou r l e ,  - t r an sfo rm l i m i t  of an
Ind ividu al  lig ht pul se h;i~ e been observed f ox the sodium t’~- “ t r a n s i t i u n ;  and a dramat-
ic enh ancement of the resonant s i gn: i l  Is possible.

We have stud ied Doppler-free two-photon cxci- excitation is possible. We have observed these
t at ion of atoms w ith a train of phase-coherent coherence effects for the sodium 3S-SS transition.
standing-wave light pulses, produced by multiple The phys ical origin of the narrow interference
reflections of a single laser pulse inside an opti- fringes is similar to that of Ramsey fringes.’
cal resonator. Quan tu m interference effects re- The light field induces coherent atomic oscilla-
suit in narrow spectral lines , whose widths de- tions at the two-photon resonance frequency , and
pend only on the resonator losses and on the nat - the increnwntal effect of each pulse depends on
u ral trans ition lin cwidth , not on the laser line- the phase of its light field relative to these atom-
width.  The resonant excitation probability is pro- ic oscillations It has recentl%’ been pointed out’
portinnal to the square of the nunthe r of pulses that Doppler-free two-photon excitation with
incident during the atomi c relax atAon time; and standing light waves ~.hould permit the observa-
a dramat Ic’ signal enhancement over single-pulse tion of optical Ramsey fringes with two spatially
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si’ioirated f ie l d ’~ in t e r ac t ing  w i th  an atomic beam , of the atoms.  The nio~~on of the atoms does not
because t he  phas e f the sum frequency i .s not aI- cause depha.sing since the atoms see opposite
f ected h~ the f i r s t -o rder  Dopp ler ef fec t .  (The phase shi fts for the two counterprop agating wav es
atot i t s  in a standing wave see opposite Doppler in the standing-wav e fie ld .)
sh i f t s  for the two  t rave l ing-wave  component s.)  The f ie ld  for the trai n of pulses in the resonator
Optical Ramsey f r ing e s  hav e  v e ry  recentl y been is
ibserved wi th  two phase-coherent l ight  pu lses ,

~ ( l)  = ~~ E, (1 — n~~ exp~ — x~~~ — n r ( ~(j ~ ~~~~~~)~~ ‘2

separated in t ime  rather  than in space. 3

The presen t ly  proposed technique of multip le- I I
pulse in ter ferenc e  can provide sharp lines rath-
or than the sinusoidal pattern of two-f ie ld  Ram- w h e r e  r is the roundtrip t ime in th e  resonator ,
soy fringes This is of particular interest for U 1 and U 2 are the mir ror  r e f l e c t i v i t i e s , ~ is the
spectroscopic applications , because it makes it laser frequency , and E ,(f ) is the (slowly v ary ing )
possible to resolve closely spaced line compo- envelope function for a single laser pulse inside
nent s Also the large possible signal enhance- the resonator. We note that the pulse does not
nient is advantageous for the study of weak Iran - have to be transform-limited . The detailed spa-
sitions or for excitation with ultraviolet light tial f ie ld  distribution is unimportan t in the l imit
where powerful pulsed lasers often wi th  large of small excitation probabi lities , as long as only
linewidth s are required for the efficient genera- the fundamental TEM ,.., cavity modes are excited .
tion of the tunable radiation by nonlinear frequen- The interaction Hamil toni an —~~

-
~~~~ i~ can be wr i t -

cv mixing. The signal enhancement should also ten as i’ exp (— iwfl . V’ cx p ( t .~t ) , where I i s a
permit the use of larger , less intense beams , slowly varying function of time.
thus alleviating the problems of ac Stark shifts 4 As long as the laser frequency is tuned away
and transit-time broadening . The large enhance- from any intermediate single-photon resonance
ment can even naake two-photon excitation attrac- frequency ~~~~~ f i rs t -order  perturbation theory
tive for effective pumping of excited states for yields only rapidly oscillating state amplitudes.
such applications as selective photochemistry. But second-order per turbation theory predicts

To describe the excitation process , we refer a slowly varying amplitud e C’, of the final state ,
to the experimental configuration shown in Fig. 1. describing two-photon excitation. Neglecting
A laser pu lse , tuned to excite a two-photon Iran - atomic relaxation , we expect
sition between atomic levels ig) and i f ) , enters a V~~

V,,,exp 1i(uJ 11 — 2 ~~
) 1 ’

resonator of length L , for example , throug h a C,2 (t ) J~ dt~a~~~ ~~
,.. — 

-

parti ally transmitting mirro r , and bounces back
and forth , producing a train of phase-coherent (2 )
pulses , separated in time by i = 2L . The atoms If the successive light pulses do not overlap in
are placed near one mirror , where  the incident time , the integral of Eq (2) can be replaced by
and reflected fields form a standing wave. The the sum of integrals over individual pulse contri-
fluorescence from the upper state is monitored

butions Since the successive pulses are replicas
as a function of the resonator length . of each other , except for a constant amplitudeTo show how the multiple pulse excitation leads
to narrow liriewidths and large signals , we calcu- fac tor , only one such integral needs to be evalu-

late the excitation probability, using perturbation ated, corresponding to the state amplitude (,(r)
after the fi rst pulse. The tota l sum is then

theory. Since we are only interested in the Dop-
pler-free par t , we ignore the velocity dependence c’ ,(~ ) = (~ (r)~~ • ~s ~?(Jj ,R) ”~ (3)

. 0

The entire dependence on the laser frequency is
P11 10 contained in ( , (r ) .  The sum over the amplitude

- MIPROR
________ SOon~ ’ O I L  and phase fa ctors depends onl y on the atomic res-
I PUt.S(0 I. - 1) 

~~~ ~~ onance frequency ~. ,, and on the resonator proper-I ovr i
ties , not on the laser frequency ~~~ . Similar sum-

- 
, 41 ,
- P.IIRRO4~ mat i ons are encountered in the theory of optical

~~~lO r0MOL 1lPt i(R 
mu i t i ple-beani it iterf er ence and it is hence not
surprising that the excitation c ,(..-) versus de-

s~ . - i r i ~ i l i i i  .,ni~-meiit. iav t im e  T exhibits many of the features of a Fa—
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axt  ma ( ‘c -cur I s -  (‘‘ as f r e q u e n t l y , and the ft  — j u ry in at i ’i n i ( ’  sodn’m , we used the experin~ental
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. r i t t  r t .u st ~tn  (P 1R . ‘- r i -  h i n t  — s i r e  imocted into an op tical  resonator , contain—
~ ‘I th  ( f u l l  w i d i  I at t a l l —  rnaxi niutn I oi .ul in d i v id u .  t n t  a s di un i  cell  near one end nii rror , to provide
al f r I t O - i -  I s  .tp) r i\ n t a t i - I v  a standing—wa~’ t o l d  A n it roge n— L.t s er— pu mped
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dyp ~ l,~ser ay l . te : i i  was used to produce l0-kW

- pLi l~~ s i f r i n c a i  polar ized l ight  at about 6022 A.
The resonant signal enhancement , in the l i m i t  of The pulses stor e 6 nsec lontz and the bandwidth
negligible atomic r elaxation , is given by ~~~~ = 1 was s l i gh t l y  gr e a te r  than the Fourier- t ran sform
(1 —R ~R 2 )~ , w h i c h  is about equal to the squar e of t t  i f  about 170 ~1Hz . The r o~o n a t n r  was
th e  e f f e c t i v e  numbe r ii! pulse r oun dtr ips , N ’. In mounted on a rigid opt ica l  bench. I ts  lengt h was
aLJ iition , there will be a Doppler-broad ened back- r iainta ined by quartz tubes and Invar rods, whi ch
ground due to t ravel ing-w ave exci tat ion ,’ WI ( cl i  provided mechanical  and thermal s t ab i l i t y , and
reduces the f r ing e  c on t r a s t .  But this back ground an insulating I t u x  reduced h . -r m a l  d r i f t s  to a few
grow s only h i - an ; se i th  V so that the contrast mega cvc l * s per ni i i i u t e  One end mirror  was
improves w ith  increasing N .  mounted on a j u v i - ? l t r a n s l a t l i r . per m i t t i n g  Contin -

Wh i le  the coherence a.sliects of two-photon ox- u . i u s  scanning over s i s  i r a ! waveleng t hs .
citation se ith n i u l t i p le pulses can best be under- The su d iuni st as c in tIu n e d in an evacuated
stood by st- i rk i n g in th e t ime domai n , the spectre- qua r t i  cel l w i t h  h i gh-qua l i t y  Brewster window s in
scepic asp .-i- s are t o ’;irest in the f requenc y i i i -  order I i i on t  ooze l iuss , - s  in the resonator The
main. In sl ime ways  the situation r esembles tw o- ccli was heated in an e lec t r ica l  oven to about
photon spectr scoI lv w i t h  a m u lt im o t h  laser ‘ 120 C , pr oducing a sodium dens i t y  of 2 10
Figure 2 shows the i n o - r t s i t v  spectra if  a t r ai n of .i tun rs  cn~ The laser was tuned . - one hvper-
Gaussian light pulses f i r  two d i f f er en t  c a v i t y  tun - f u n -  s t r i i i l o r e  c’omponent ii  the 3~-5~ transi-
ings l~es~naiil t w o — p O l o  exc i ta t ion  is I~ t 5s t1! t -  lion , with .41) u~~j . - r — s ta t e  I f C h i n l C  i i i  71 i t soc

w t t i - r u i ’ v i i’ the frequencies if any two peaks add up and the l x i  t . i t l i i i l  54 .1- lo i n l t t t i - ed  b .  hso r~ i ng the
0 the Ir inic t r a n sh i t  i t  f r e q u en cy  a . , , As i l l i s —  u l t i  . t V I h l - t  c:i oh- f l i io re se , - r i c ,  t r io r h i  41’ —
t rated in } ig  2 , t h i s  ca n i t t - u i’  i i i  ts s u t  —e iv s  3s t r o t -  t i t o n
E i t h e r  a peak cu in c id i - s  w i th  ,, (solid cur s ‘ , I ‘.e - d i t i e r t -ni  i- i -wn ator i - -o! ig ui - at ti n s were

r th e  ir equcncv 
~~ . , 

t . i l i s  e x a c t l y  ha lfw t ‘ i- — i i~ i d  a I — rn — l eg n i t n l v  h I - I u i s h i h I r lcal ca\  i t s

twi ’en t W u i  c a v i t y ’ -  ide ’. (dashed curve ) . In II — and a 2 -  I~~~! -o r  - - r i f ic i l  1. . I ’. i t s  TO. beam—en—
t I n u - r ise , all th e modes un der  the single—pulse I ( .10( 1’ n i l  n r . i i  in e ,u’h ca~~t t a i l  .i t r .— l n s l l l s s l n I t

I - p .  c l i t I - i h l i l f I -  lu the e x c i t a t i o n . For l u n g  7 l ight ! i s s , ’ l -  .it t h e  i i i t r r t u r s  and th i  wind ow s
pulses w i t h  t i a r r iw spe d r i !  envelope , the e X c i t a — n I - S i i ! h i  it in an ef f t - o t i s  . -  I t iss f actor  R H  I t  about
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The i n t er p r e ’t a t i i t n  of such .i s p ect r u m  w i t h  i ts

- 
m u l t ip l e  order s  is s i m i l a r  t i  t ha t i f  a u - o n ve ntion-

I at Fabry-Perot  spe c t rum.  If two close ly spaced

N ~ ~ 
u lines are present , two combs of r e son ances ap-

-- ‘ - • ‘2 - ‘ 
I 

pear , separated by the atomic l ine split t ing modu-

~~~~~~~~~ 
lo e 4L - In our p r e l i m i n a r y  exper iments , the fre-
quency uu f  t he  pulsed dye la,si-r was h e f t  fixed , and

- - I u~ only the external  cavity wa.s scanned - F u r  a nun ~-
ber of experiments envisioned , i t  would seem

I, desirable h o tun e the laser a.s well If i t s  f i - -q-i en—

P cv were locked to the external resonator , th e ( e’n-

I * tral f r inge  of the mu i lput se in ter ference  pat tern
- ~l would always coincide wi th  the atomic t rans it ion

‘ 
~

‘ \ I ~ frequency , as in the double-pulse Ramsey-f r inge
experiment. One can derive this simply using

- 
Eq. (4) h~ aLlding the constraint that L =

— where n is integra l .
~~SO~iA’~~ TL ~eu~~ A~ i~~~1ii In the present experiment , much laser light is

F 1G. 1. Multi i *alse ’ tWO- Photon i -x i itat i n of the ~ 2 lost when the pulse ent ers  the re sonator th roug h
h i i i - r f i n - ri nri ponent i t  sodium 15- 5 S , The fluores- one end mi r ro r ,  In the absence of absorption
cence ii’ r ee - r d i •d  V e ’rsU a re sonator tuning fo r a u  a 1-rn losses , the input t ransm it tance  is I — I t ;  and
n ear ly  h emi s !ih i - r l ca i  resonato r and (b t  a 2-rn confocal since the excitat ion is proport ional  to the un t e - n-
resonator . sity squared , the exci ta t ion t v  a sing le pulse

would be decreased by a factor of (1 _ f l 7
)Z~ How-

0.8 , reducing the effective number of roundtrips ever , the observed resonant fluorescence Lfl our
to about 6. The beam waist at the sodium cell experiment was actually comparable t I the  signal

was about 1 mm .  For the intensities inside the produced by a single unattenuated pulse outside
resonator , the resulting ac Stark shifts are only the resonator , giving evidence for the predicted
a few megacycles . 4 enhancement. Curr en t  electro-opt ic technology

The fluorescence versus resonator tuning for makes it entirely feasible to inject  a laser pulse
the I -r n  hemispherical cavity is shown in Fig. into a resonator wi thou t  at tenuation - A low-loss
3(a) . The spectrum was recorded at a 15-pps La- cavity,  which permits about 100 pulse roundtr ips ,
ser repetition rat e with a 3-sec t ime constant du r -  would then allow an actual enhancement i .t f the ex-
ing about 150 sec . Since the transverse modes of citation probability by a factor of 10000 .
this resonator are not degenerate , it was essen - We are grateful to Dr Geoffrey H. C New , Mr .
t ia l  to mode-match  in orde r to excite predomi- Michae l Salour , Professor Claude Cohen-Tan-
rt ant iy the TEM ~ mode. The observed lmewidth noudj i , and Professor Ar thur  L. Schawlow for
is about 30 MH z . s ignif icant ly less tha n the laser numerous st imulating discussions.
bandw idth , but large r than predicted by Eq. (5 ) ,
large ly because of residual exci ta t ion of higher-  •Work suppo rted by the N , i t l i n , i l  Science’ F un b , t t k i n

ord er t ransverse modes. As predicted , the peaks u nder ( d n i t t t  N .  l 4 7~~ i and b~ the i . S. t u l t u  v of N e a l
l ( , ’ si- :ir ch under Contract N i . Nu i O ( u 14 - 7 5 - t - l 54 1 -

a r’ separated by .~ I. - - A . Since the Laser band - . - - -I N  i t t  ina l Science I’ oundation l’r e’doctural F ell ’i w .
width is comparable to the resonator free spec - ‘N . I’. R a m s e y , Mole ’cie’ ir  Beams o e c f o n I  I n i ’ . .
tra l  range , the two different resonance condit ions Or, ’s,s , London , Ei~~land , 195(ti , p . 12-I .
i llustrated in Fig . 2 , produce differentl y sized ‘i ,. V . liaklanov , V . I’ . Ch et t i t : , s ~~ • 110(1 Ii . I i . I)u-

peaks, and result in the observed alternation of i o t s k ~ , App I. Ph) s. 11 . 2( 1 ! i O 7 i  - -

Intensit ies.  Figur e 3(b) shows a corresponding M . Sal it i r , I~ j l l , Am . I’h ys . Son . 2 1 , i2 ( 197(0 ;

spectrum recorded wi th  the 2-rn  ronfocal resona- M . M , Salour and C. ( hen—T nnnou djl , t h u i ~ is’ot,-

IPhy s . Rev . l ett , i~~, 757 ( 197711. ( V i , added . -i ipt i—
b r  which u i i , es  not require mode mat ching . Here i i i  Ramsey f r i nge’s have i t s  been f r e q r n t l v  observed
th e  I ine ’w idths are  only aix)ut 12 MH z , presun iab — in ~ 4tn r I I p u l  i t l s u i r h i t i ( , n  w i t h  -( at l i l ly  - e j - a r a t e ib  f t t ’Id ’.~
ly t i n  i l i - i l  t i y  cavi ty  v it o - it ion s and ac SLirk sh i f t s , ,~ - c’ , i O - u - i,’qu ist , S . . ‘.~. I -i- , n e l l . I.. l i i i ) , t ’ h u v s . Re’s- .
bu t the i~ ’aks ire  s e j i t t r a t , tt by only ~ I . * .i , ,  i .e’ut  - , I ‘

~~ 
( I ¶1 77 11 -

M i i i - , ’  i th • y e - r u  t u b  i t u t  r I si n a t l i r  modes  st-I re ex — ~i’. I . I i i ~ and .1. 1. l ul l khi , In y , l~i~ s . 1te~ . I U . 33,

763

— 
— -- - -- - -- —- - 

~~~
- 

~~~~~~ ~~~~— ~~~~~~~~~~~~~~~ - -



— 2 2 —

V o i i M F  ~S.~~~u~~~~ IR -1 P H Y S I C A L  R L V I E ~\ LI TTFRS 4 ApkIi. !9’”

i o 7 4 u , M . D. Levenson an d N . itloembergen . I ’hys. Rev .
-\ . (~ u ld , in Qaa~ t~~n: Optics , Proc~~ dings of Ih e In -  Lett. 32 , 645 ( 1 974 1 ,

!er ,na / , s taf  School ( 
~~~s-c ie c , “F,, r ic i F,rmi .” ( Ur c C  ~D. E. Roberts and E .  N .  For t s i n ,  () pt .  (‘ommun , 14.

XI !!, eJited t u y  E l ,  I . (;l aui iei  (A c a d e m i c  I’ re ’ss , N e w  332 (1 975 ) .
yo r k , 196 9) , . 397 . ‘H. Wallenste in and T. W , HKnsch , Opt. Cornmun.  14 ,

‘M. Po rn and F.  Wnd , Principles of Opt ics (I ’ erga- .153 (1 9751.
mon , ()xford , England, 1970) . p. 323. ‘°D. Kaiser . l’hy e. Left. 51A , .175 ( 1975 1 .

764

- - - a-- ’



— 2 3  - [Reference: To be p u b l i s h e d  In
Laaer Spectroa cop,y , J. L. Hall
anã J, L. Caristen , eds.,

APPENDIX D (Springer Series in Optical
Sciences, Vol. I ) ,  Springer—
Verlag, N. Y . ,  Heidelbe r g 1977.]

MULT I PLE COHERENT i~4TERACT I ONS

T. W. Hansch
Department of Physics , Stanford University

Stanford, Cal i fo rn ia 91.505, USA

The observation of narrow optica l Ramsey fringes in two-photon excitation
of atoms with separate short light pu lses , as discussed by M. SALOUR in a
pre :eedlng paper, can greatly enhance the potential of Doppler-free laser
spectroscopy . it can, in particular , extend the accessible wavelength
range t nto the ultraviolet and vacuum ultraviolet , where there are
present ly only pulsed tunable lasers ava i l ab le  wh ich have by necessity
relatively large bandwidths.

At Stanford we began about one year ago to explore the meri ts  of
coherent two-photon excitation with more than two li gh t pulses (1), and it
soon became apparent that such mu lti-pulse specr oscopy can offer i mportant
advantages in resolution and si gnal strength over two-pu l se experiments.

To better understand the principles and advantages “if such an approach,
‘et us briefl y recall the ori g in of two-nulse Ramsey fringes. As
il lustrat ed in Fi g. 1, top, a s i ngle shor t laser pulse can, at best,
produce a broad spectrum whose transform-limited width is about equa l to
the inverse pulse length. Two-photon excitation - w i t h  two identical
sepa rate pulses produces a sinusoidal spectral interference pattern , as
shown at the center of FI g. 1. The first pulse leaves the atoms In a
coherent superposition of upper and l ower states, and causes atomic
osc illations at the two-photon resonance frequency. The effect of the
second pulse depends then on the relative phase between these atomic
osc i l la t ions  and the light f ie ld.  The atoms are ei ther  further excited , or
they can return to the ground state ~y stimulated two-photon emiss ion , if
the pulse delay is varied In proportion to the laser wavelength , the
spacing between the resulting fringes (in frequency) is equa l to the
inverese delay time between the pulses, while the enve l ope corresponds to
the spectrum of a sing le pu lse.

The width f these two-pulse Ramsey fringes can in pr inc ip le be
arbitrarily narrow, down to the natural atomic llnew (dth , if only the two
li ght pulses are sufficiently far apart in time. But the number of fringes
within the pulse bandwidth increases according ly, and can easil y become
confusing ly la rge. More seriously , the sinusoidal fringe pattern makes it
difficult , if not i mpossible , to resolve closely spaced line components,
even if the number of fringes remains sm a ll.

it is easy to recognize a so lu t ion  to these problems , if we observe the
s i m i l a r i t y  between the spectrum of such a two-pulse excitation experiment
and the we ll known spatia l interference pattern that Is obtained in the
d i f f r a c t i o n  of li ght from a double slit. Based on th is analogy we shou ld
expect that coherent excitation with a whole train of equidistant ide ntica l
ligh t pulses wi l l  produce a spectrum that resembles the interference

— - - -- - ---- -.-~~~~~~---
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pattern from an array of sli ts or a diffraction grating. As indicated in
FI g. 1, bottom, the fringe spacing should remain the same for a g i ven pulse
separation , but the fringes should condense into narrow spectral lines ,
which correspond to the diff raction orders of a grating. The fringe width
s h o u l d  now be determined by the length of the entire pulse train , as long
as the transverse re laxat ion of the atomic oscillators remains neg li gible.

UGHT FIELD TWO-PHOTON SPECTRUM

— t — V
Fi g. 1 Short li gh t pulses (left) and resulti ng Doppler-free
two-photon spectra (ri ght). One sing le pu lse produces a broad,
transform-limited spectrum (top). Two successive pulses give rise to
sinuso i da l opt i ca l Ramsey fringes (center). A train of multi ple
i dentica l pulses can produce narrow spectra l lines (bottom).

Such multi-pulse excitation is obviously ana logous to molecular beam
spectroscopy with multiple , spa tially separated rf field regions, and it is
Interesting to note the N. RAMSEY, twenty years ago, has alread y cons i dered
up to four separated oscillatory fields (2). But unlike In this latter
case, the complexity and expense of an apparatus for optica l two-photon
excitation does not have to grow with increasing number of pulses.

The si gnal magn i tude produced by two or more light pulses can be read ily
calculated by second orde r perturbation theory, as long as the total
two-photon exc i tation probability remains small (3). Alter native l y, we can
describe an atom in a coherent superposition of ground state and excited
state by a 3-dimensional Feynman vector (1.), whose vertica l component g i ves
the difference of the leve l populations or the exc i ta t ion  probabi l i ty .  i ts
horizonta l components g ive the atomic oscillatio n amplitude and phase, and
can be made to stand s t i l l  in the absence of li ght fields by goi ng In to a
rotating coordinate system. Just as in the familiar case of sing le-photon
excitation of a two-level atom, the two-photon excitation by a li gh t pulse
can be described as a finite rotation of this Feynman vector around some
externa i “torque ” vector. (This is true even for pulse whi ch is chirpin g
in frequency or othe rw i se not transform limited , althoug h the net rotation
wil l  then be the result of a more complicated detailed angular mot i on.) in
order to predict the excitation by a train of i dentica l li ght pu l ses, we
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need only look at the correspondin g :equence of rotations. The relative
ang le between subsequent rotation vectors, as seen in the rotating frame,
is simply determ i ned by the delay time between the pulses. At exac t
resonance, all rotations add constructively, and the total excitatio n
pr obability, to l owest order, is proportional to the square of the number
of ligh t pulses in the train . For a given pulse energy, coherent
mu lti-pulse excitat ion can hence lead to a dramatic si gnal enhancement .
Such an enhancement i s  often extremely welcome in two-photon spectroscopy,
because it can permit one to avoid tigh t focus i ng of the laser li ght with
I ts associated problems of transit time broac~en I ng and l i g ht ihift s .

There are severa l simple ways of generating a proper trai n of li gh t
pulses experimentall y. One attractive po ssibilit y is the use of a
mode-locked cw dye laser. To contro l the exac t pulse roundtrip time inside
the laser resonator, one can employ similar stabilization schemes as are
coerionly used for sing le-frequency dye lasers. The accessible wavelengt h
range of such devices is unfortunately st i l l  limited , but the possible hi gh
pulse peak power can permit an efficient wavelength extension by nonlinear
frequency mixing in crystals or gases. We are presentl y explor i ng the
mer Its of this approach.

Another, more genera l scheme, has been employed in a recent experiment
by R. TEETS and J. ECKSTEIN In our laboratory (5). Here, the pulse train
is generated by Injecting a sing le 7 nsec long l i ght pulse from a
nitrogen-pumped dye laser into a simple optica l resonator, formed by two
mirrors. The li ght enters the resonator through one of the partially
transmitting mirrors. The gas sample is placed near one end mirror , where
th. atoms see a pulsed standing wave field once during each pulse
roundtrip . The roundtrip time is controlled by chang ing the resonator
length with a piezotransla tor. As l ong as the laser bandwidth is larc’~
compared to the free spectral range of the resonator, the fringes can be
observed by simp ly keeping the laser frequency fixed , and only tunin r, the
l ength of the passive resonator. The Na 3s-5s transitio n was stud~ed in
this initial experiment , and the two-photon excitation was observed by
moni toring the 3p-3s UV fluorescence li ght. Fringes of very high ontrast
and of a few MHz width , much below the 300 MHz laser lIne wli th , were
easily observed wi th a 2 m long confoca l resonator and about ~ effect ive
pulse roundtr lps.

This s im ple setup i mm ediately suggests an alternative inte ’pretation of
the multi-pu l se Ramsey fringes. We can ascribe these fringes simply to the
discrete axial modes of the passive resonator. This res nator filters
narrow spectral lines out of the broadband spectrum of the l.’se r pu l se. We
could also say that modes w i t h i n  the laser bandwidth are s iock-excited by
the I ncoming laser pulse. A fringe maximum is observed if t’ie resonator is
tuned so that it s modes can excite the two-photon resonance. in this
descript ion, multi-pulse two-photon spectroscopy does not seem much
different from conventiona l Fabry-Perot spectroscopy, and one may question
whether we are entitled at all to use the term “Ramsey fringes ” to describe
the observed narrow spectral lines.

It is Instruct ive to l ook at the two-pulse experiment of M. SALOUR and
C. COHEN TANNOUDJ I (I.) from the same point of view . The optica l dela y
line , which produce s the second pulse , can also be considered as a passive
optical f i l t e r .  S im i l a r  to a Miche l son interferometer , It filters a comb
of narrow spectral bands Out of the ori gina l broad pul se spectrum, and the

a
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observed Ramsey fringes can again be slmp iy ascribed to this spectra)
filtering . Because of the uncertainty principle , such filtering can, of
course, not be performed without chang Ing the pu l se shape in time . And the
temporal effect of the considered comb-filter is simply the generation of a
second, delaye d pulse.

Such a desc ri ption in te rms of passive spectra l filtering indicates tha t
the exact cen t ra l frequency of the laser pu l se, if it can be defined at
a l l , plays no i mportant role in such exp eriments , in practice it can
none theless be highly desirable to empl oy a cw oscillator with pulsed
amplifier and to lock the oscillator frequency to the passive fiiter or
resonator, as in the experiment of SALOUR, If for no other reason than to
monitor and contro l the exact position of the filter transmission bands.

iave we now succeeded in expl aining a quantum interference effect
without resorting to quantum mechanics? A description simply in terms of
passive spectral filtering would certainly seem adequate for weak
single-photon excitation of atoms at rest. The Schrodinge r equation
prov i des t~’~ at~~~ ;T rn p ly  w i th  a means to take the Fourier transform of
~ne i ncoming pulse train and to analyze the filtered spectrum. For
two-photon exc i ta t ion, however, the situation is not qu i te as simple.
Here, we can sa t i s fy  the resonance condItIon by tuning one of the cavity
modes to half the transition frequency. The atom can then be excited by
absorb ing two photons from this mode. But it can also absorb one photon
from the next higher mode and one from the next lower one and so forth . As
a consequence, all the modes of the resonator contribute simultaneousl y to
the resonant excitation . The same Is also true , if half the transitio n
fre quency falls exac tly ha l fway in betwe en two resonator modes. in orde r
to predict the signa l magnitude , we hence need to know the relative phases
of all osci l lati ng modes. And it Is only these phases that Imply that , in
the experimen t of TEETS and ECKSTEiN , fo r ins tance, the atomic sample has
to be pla ced near one resonator mirror. The description in the time
domein, which seems certainly more Intri gu i ng, can then actuall y be simpl er
as well.

Nonetheless we can use our spectral filter arguments to explain the
pr edicted strong resonant si gnal enhancement In multi- pu l se excitation. if
we send a s in g le  l i ght pulse through an optica l resonator, consis ting of
two lossless mirrors of equa l refl ectivity R, then the filtered ,
transmItted li ght (a damped pulse train) wi l l  exhibit a comb- like spectrum
of narrow lines. The li ght inside th, resonator has obv i ously the same
Spectrum, but it s Intens i ty Is hi ghe r by a factor 1/R, i.e. the spec tra l
energy density in the line maxima is Increased over that of the ori g ina l
pulse . But such a passive interf erometer st i l l  wastes a large portion of
the incoming li ght by reflection. One mi ght say that this reflection
simply discar ds the unwanted li ght outside the narrow transmission bands of
the resonator. But we have to remember that the dominant loss occurs
during the in i t i a l  Injecti on and tha t the reflected pu l se has exactl y the
same shape as the “good” l i g ht tha t is transmitted into the resonator. it
Is hence possible to avoid any energy loss by injecting the entire pulse
actively into the resonator, for instance with the help of a fast
ciec t roop tic or acoustooptic li gh t switch . The signa l magnitude can then
be many orders of magnitude hi gher than for sing le-p ulse excitation outside
th. resonator. T he active pulse injection Is In fac t chang ing the spec tr al
energy distribution of the available li ght , and is condens i ng a b roadband
spectrum into narrow channels.
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Regardless of Its Interpretation , coherent two-photon spectroscopy with
mult ip le ligh t pulses promises to become a valuable too l for high
resolu tion spectroscop y of atoms and molecules. We ex pect, for Ins tance,
that it should be quite feasible to observe the hydrogen LS-2S two-photon
transition at 21i30 Angstroms In this way with a resolution of about 50 kHz,
close to the l imit set by the t ransverse relativistic Doppler effect at
room temperature . Such a resolution would be more than sufficient for
several important new precision measurements. Moreover, the possible
strong sI gna l enhancement may make multi-pulse two-photon excitation
attractive for the effective excitation of high atomic and molecular
levels , for applications such as selective photoch .mistry .
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