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Abstract: - Modern technlgues of coherent high resolution
spactroacopy, often invelving laser sourcas, have developad
the subject far beyond what it was In the great classleal
spectroscopie era which ooineided with the arigina and
development of our present theories of atomic and molecular
skructure. Precision and senaitivity have inoreazed =0
rapidly recently that it is appropriate to ask what phy=ical
harriers there are ko indefinite progress, and to what extent
they may be overcome. Thess questiona are the central foous
of this egaay.
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I. THE PROGRAM OF HIGH RESOLUTION SPECTROSCOFY

The program of high resolution spectroscopy (Fig. 1) 18 to make
contact between the physiocal world, which is a complicated, complex
world of many phenomene which are often uncontrollable or not thorougly
understood, and the world of physical theory. In thiz model world,
phenomena are described simply. The principles are clear, they ocan be
stated analytically, and they are often idealized. MNonetheless, we oan
describe a certain body of phenomena approximately by theory. If we
want to make contact between the real world and the world of models,
oneé must extend from the clear simple theory of, let us =ay, solutions
of the Schrodinger Equation to more complicated cases where we begin to
include real phenomena. At the same time we must make the experiments
that we do ever more olear out, ever cleaner so that they approach more
closely the model world. Our hope is to find a meeting ground between
the two, in which case we can say we have understood the phenomenon.

PHYSICAL WORLD & WORL D
Camplex Simple
Confused Clear
Uneanbralkabie [EHF"EHI Analytic
Poarly Linderstood Idealized
Real Unrenl

Fig. 1. The program of high-resclution apectroscopy.

What I =hall discuss here will be principally the experimental
progreas in spectroscopy, because, in faet, in recent years experimental
progress has been much more dramatic than theoretical progreas. Great
theoretical progress took place earlier in this century beginning with
the quantum mechanleal revolution. The next great reveolution, and the
last one from the point of view of atomiec and molecular structure, was
the gquantum electrodymamic revolution in the late 19403 early 1950s. In
very broad terms, one could describe the theory that has been done since
as solving the problema that the basie theoretical developments of the
1900a through 19503 gave us. The experimental advanoces have oocurred in
two great oyclea. The flrst, which took place from reooaghly the 1BB80a
through the 1930a, saw the development of vacuum technology,
electronies, and modern “oonventional™ spectroscopic  instrumenta,
particularly the diffraction grating apectrometer. The experimenter’s
technique was "pasaive®™ in the sense that he excited the sample in a
largely uncontrolled, although perhaps inspired way, and recorded the
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results. The second great cyele took place from roughly the 1930s
through the 1980s, and 1is =till taking place. It eoineided with the
development of the laser, the maser, and other cocherent radiation
spurces, neutral and ionic beams, ultrahigh wvacuua, low temperatura
technology, and the digital eomputer. Tta emphasis is on Factive™
techniques, in which the state of the sample is manipulated in &
controlled way in order to achieve a definite, ususlly preplanned, end.

If we want to make progress in spectroscopy, there are four steps
that we muat take. Firat, we must improve the resolution of our
{nstruments. Sacond, we must improve their absolute accuracy. Third, we
must inorease their sensitivity. Fourth and last, we will seek to find
new applicationa of the tools which we surely will develop by taking the
firast threes steps. We would like also to test the limits to advancement
in atepa ome, two, and three, te ses how far we can go, and to proceed
until we are stopped ultimately by laws of nature, auch as the
uncertainty principle and other basic relationa.

II. COMVENTIOMAL SPECTROSCDPY

Let us begin by considering conventional laser speatroscopy, which
iz almost the same as conventional nonlaser spectroscopy. The use of
the laser doesnt really contribute too much yet except ease and
sonvenlenoe. There are two bhasle ways to do spectroscopy. The first
way is the so-called absorption method [Fig. 2(al), in which one shines
the light of a laser, or indeed any light source, through a sample
sontaining the atoms or molecules one is interested in atudying, and

A) ABSORPTI PECTROSCOPY

Loser Hﬁam ple Detector

B FL PECTR Py

AP

by =

Fig: 2+ Conventlonal apectroscopic methods.

eollects the light with a detector of some sort. 1If one tunes, for
example, the frequency of the laser, a reglon of absorption may appear.
Then one can say that at the center of the absorption there is a
resonance in the sample, normally corresponding te a transition between
two gquantum states. The second way is to observe fluorescence [Fig.
2(t)l. One shines the laser beam into the sample, and if the laser ls
adjusted so that the sample absorbs its light, then the sample may =mit
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light either at the same wavelength as is absorbed; or at other
wavelengths. The detector detects the emission, which fa ocalled
Tluorescenom, This detector may be & broadband device such as a
photomultiplier; alternately, it may be a wavelength-sslective device
such as a grating spectrometer. Now one may tune elther the laser or the
detecting spectrometer in order to investigate the sample’s proparties,

TIT. UNCONVENTIONAL SPECTROSCOPY

There 13 also & growing body of techniques which together are
¢alled unconventional spectroscopy, and also often involve lasers. There
are many new techniques, several of which we will explore. These
tachniques are aimed principally at reducing the width of the apaabtral
line and inereasing ita intensity, op reducing 1ts noise level. In
addition, the aim of some is to use the laser’s high intensity to induce
nonlinear sample behavior unachievable with ordinary light sources.
dinoe our tikles is "on the limita ko precision in spectroscopy,” we will
not foous on these unless they carry us further toward that goal.

Let ua now consider the sources of the width of the apectral line,
aince the width {s the thing that most of the research has been aimed
at. I will be treating principally gases rather than ligquids or =olids,
slnce the higheat resclution spectroscopy iz done on gaszes. We may
distinguish five different general sources of line broadening in a gas of
atoms or molecules (Table I).

Table I. Sources of line broadening in 2 zas of atoma or molecules.

s S——
—— ——

i
i

{1) Environment
- Static electric and magnetic fields (Stark and Zeeman Effects)
= Collisions with other atoms
= Collisions with walls

{2) Deppler effect due to atomic motion

{3) Finite interaction time

(4) Instrumental broadening

'5) Coupling to real and virtusl background radiatisn Tield

The firat is the environment of the atoms: Static electric and magnetic
flelds may be present, and may shift energy levels through the Zesaman
effect in the magnetic case, or the Stark effect in the electric case;
there may alsc be ocollisions with other atoms in the sample, or with the
walls, which broaden the spectral lines. There may be a Doppler effect
dug to tomic motisn. There may be broadening due to the findte time
the' L light interacts with the atomic sample. There may be
brocening due to the limits of quality of the instruments cne is using.
Finzily, there =ay be broadening due to the coupling of the moleculs or
atom that ones [a studying to the radiation field. The radiation field
has three parca. First is the radiation field of the laser, which will
breaden a transition if it is more intenss than the minimum whish is
negded to induce a tranaition with reasonable probability during the time
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available; this 1z ealled power broadening. HNext i3 the heaockground
radiation field, which has two parts. The real part is what wa normally
sall blackbody radiation - the part of the background radiation field
which dependa on the temperature. Its total intenaity i3 proportional to
the area of the emitting surface times the fourth power of its
temperature. There is also the virtual background radiation field, that
is, the part of the radiation field which is s=till present at zero
temperature. Thia {s the source of so-called vacuum fluctuations. As
we shall see later, it iz also the scurce of spontanecus emissien by
atoma.

In the next few sections I shall examine the atate of the art of
reducing these effectz to thelr smallest pessible values =0 as to make
the width of the apectral line as amall as posaible. There has bean &
great deal of progress iIn eliminating some of these effeots and much
lesa for others. But in principle we know how to eliminate =11 of them;
ao some of what I will be dispussing is what has already happened and
some will be what is likely to happen in the future but has not happened
yet.

IV. ELEMENTS OF ATOMIC STRUCTURE: THE HYDROGEN ATOM

Let us now review very briefly the energy level struecture of an
isolated atom, taking as an example the simplest poasible atom, namely
the hydrogen astom.''® Tts energy level diagram according to the Bohr
model is shown in Fig. 3. The ground state, labeled 1, ia taken maz the
zero of energy. The highest bound atate lles 13.6 eV abeve the ground
state and 1s labaled =, Above it lies the so-called ionization contimuum.
In the econtlnuum states the twe parts of the atom, the elactron and the
proton, move near one another but are not bound, se that the alectron
has the possibility of moving Iinfinitely far away. In the disorete
atates below the fonization ocontimsum the electron and the proton are
bound together and cannet move to infinity. From the viewpoint of
classical physies, the light electron would orbit around the heavy proton
very muoch like a planet orbits around the sun. In the fonization
sontinuum the electron would move in a hyperbolic or posaibly a

parabolic orbit wvery much like a comet which comes in from infinity,
departs, and does not return. In a discrete state, the electron would

move in an elliptical orbit like a planet or a recurring comet and would
return to pass near the sun once each revolution. Only certaln orbitas,
however, would be allowed. The exiatence of the dlascrete energy levels
was predicted by the old quantum theory of Niels Bohr early in this
oentury, and has been amply verified since. With the advent of modarn
quantum theory, starting in 1926, one could describe the energy level
astructure in great detail, and we believs, in principle, perfect detail.

When an atom drops from one of ita excited levels n” to a lower
level n, it emits light. In the hydrogen atom the emission lines are
grouped into series aceording to the gquantum number of the lower atate
invalved in the transition. The series are named according to their
diapoverers. The firat flve series, with n=1 through 5, are called Lyman,
Balmer, Paschen, Brackett, and Pfund. The memberz of the serles are
given CGreek letters according to the state change n'-n: o, B, v, % and =0
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on, corresponding to 1, 2, 3, 4, end so on. Thua the first line, from 2 to
1, is called the Lyman-alpha line, and the next one, from 3 to 1, i=m
e¢alled Lyman beta. The Lyman series is in the wltraviolet and normally
1s not seen, becauss the light will not pasa through the glass walla of
g discharge tube. DBut one ocen see the Balmer lines, which are in the
visibla. The firat one, from 3 te 2, ia Balmer alpha, alsoc called H
alpha, and ia red. The next, Balmer beta or H beta, from 4 to 2, is blue.
The third, H gamma, from 5 to 2; 1s deep violet: the rest are ultraviolet.
The higher seriea all 1ia in the infrared. Moat af the rFesearch on
hydrogen has been done on the Balmer linea because you can sse them.

If one looks at the details of the hydrogen apectrum mors
carefully, one Cinds that each of the energy levela {s shifted alightly
from the Bohr position, and ia aplit into several sublewvel=z. Aa esach
higher level of detall is revealed; a more precise theory is nesded to
aocount for it. Figure 4 shows this progression. On the left we have
the positiona of the energy levels according to the original theory of
Bohr in 1'913." In 1928 P.A.M. Dirac made an improved quantum theory®
ineluding the effecta of special relativity. His hydrogen energy levels
are shown second from the left. The loweat level has shifted downward
and has 3lao gained a new quantum number, the 1/2, which representa the
spin of the electron, and appears as a natural consequence of his theory.
All the levels gained this extra angular momentum. In the lake 1930a
and early to late 1940s, the theory of quantum electrodynamics (QED) was
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developed by Feynmann,® Schwinger,” Tomonaga,® and others. They received
the 1965 Nobel prize for their work. One result of their theory (third
from left) is that the 3 levels, which have =zero orbital angular
momentum, are shifted upward slightly because of the interaction of the
atom with the wvirtual fluctuations im the vecuum radistion fisld that
are present even at 0 ¥ when the blackbody field intensity has dropped
to nothing.

The famous n=2 state has been studled the most. In it, and in all
the higher states, there ia & possibility that the electron’s erbit will,
¢lassically speaking, have 2 net "elprcularity,” ac that the atom will
acquire an orbital magnetic moment from the revelving of the charged
aelectron. The electron’s intrinsic spin magnetic moment interacts with
the orbital moment; the interaction depends on the relative orientation
of the two moments, and hence of the Ewe angilar momenta. The so-
called 2P states have angular momentum L=1, in unita of £, and the
aleotron’s spin angular momentum is S5=1/2, giving possible total angular
mommenta values J of L+5=3/2 and L-5=1/2. Here H 18 Planok’s constant h
divided by 27, Thus the 2P state has two aublevels, 2Py,, and 2P
whose energies differ by the change in the magnetic moments intamct-fm
There 1= also a 234,, state, whose electron orbit ascording to olassiosl
phyaiocs would go back and forth through the nuoleus, or according to
gquantum theory, has a spherically symmetrlc wave function. In the Dlrac
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theory the 28,,- state and the 2F,, have exactly the same energy, but
in gquantum electrodynamica they are alightly split by bhe S-state shift
fand by a very amall P-state shift). Thia shift, which is about 1000 MHz
in n=2; 1a called the Lamb shift, after W. E. Lamb, who discovered it in
1947 with a very beautiful experiment dome by him and his co-worker ®. C.
Retharford.

At about the s=mame time, P. Kusch diacoversd that the magnetie
moment g of the sleaotron was not exaetly two Bohr magnetons, as the
Dirac theory predicted. This "anomalous magnetic moment™ g=? was also
explained suoccesafully by the quantum electrodynamic Eheory. Thesa
discoveries, which atimulated tha development af quantum
electrodynamica, led te the awarding ef the Nobel prize to Lamb and
Eusch in 1955.

Finally, if the nucleus has a spin (1/2 for a proton), the energy
levels aplit again; the 15,,5 lowest level, which we have been following,
splita into two sublevels having F=1 and F=0; where F i3 the total
angular momentum of the atom in units of A These splittinga are called
hyperfine atructure and are shown at the right, with the vertical scale
expanded.

Other atoms have different structural details, but the hydrogen
gtom is 8 simple and sufficiently representative cage that we can refer
to it again from time to time in order to glve concpete applications of
the apectroscopic techniques we will examine.

¥. ESTIMATES OF LINE BROADENING EFFECTS IN CONVENTIONAL SPECTROSCOPY

Lat us next consider some details of the line broadening effects
listed im Table I. To be definite, let us imagine that we wish to study
the red He (n=3 to n=2) transition of atomiec hydrogen using either of the
conventional spectroscople methods shown in Filg. 2. Its wavelength is
sbout 6x10=% om (actually 6563 R)y and the speed of light is about 3x1010
om/asc. The optical frequency is then

v = e/ = 321010 om/sen * Bx107F = 5x10'" H. (1

Thia ia a very, very high frequency compared to that of, let u=s =ay, a
radic wave or a television signal. 3till, it is not Impossibly high, and
we will see later on how with very new developmenta in technology
people are able to measure freguencies like this directly.

f. Effects of atomic metion

Let us first investigate the effects of atomie thermal motion. To
begln we muat oaleoulate what a8 typical apeed v i3 for a hydrogen atom.
The average kinetic energy MvZ/2 of each dimension of motion For an atom
in a gas sample which has ab=olute temperature T 1a kT/2, where k ia
Boltzmann's constant. Dividing by the rest energy Mo® and applying a
amall amount of algebra resulta in

v/e = (kT/Ma®y /2 {2)
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This v is the root-mean-square value for motion in one direotion. At
ordinary temperature {T=300 K); kT=0.025 eV. By comparison, the rest
energy of tha hydrogen atom is aboyt 107 aV. Putting theas numbera inte
Eq. [2); we find that %/¢ ia S5x107Y, and the velccity ia 1.5x10° em/sec.
This is about the speed of a very fast rifle bullet, and it is alsc about
agqual to the apeed of sound in a gas of hydrogen atoma. Of ocourse theps
iz & wvery good reason why that is a0, namely that sound propagates in a
gas with a speed about equal to the apeed of the atoms in the gaas.
Bince hydrogen 13 the lightest atom, this speed is the fasteat you would
find in any gas at room temperature. M is about 30 timea greater for
alr, for example, so the molecular speed in alr would be sbout 5 or 6
times lower. A speed in the range of 107 to 10° om/sec is typical for
most atoma and samall molscules. The actual distribution of apeeda is
the Maxyell=Boltzmann distribution, which is ahown in Fig. 5.

i

00 TF iE Db 040 OF DS i3 I8 20 24
Fig: 5. 0One-dimensional (solid curve) and thres-dimensional
fdotted ourve) Maxwell-Boltzmann distributions of atomic

valocity inm an ideal gaa. Ordinate: relative probability.
Abcissa: speed in unita of (kT/M)'/2,

1. Collisions

The "perpetual motion"™ of the atoms haa several effects. Firat, if
the atoma are moving rapidly and randomly, they will hit =ach other
of'tan. Let ws ocaloulate a woollisien rate using a density of atoma
corresponding to a pressure of 1 Tore; which i3 a typical pressure in &
gaa diacharge atomic light souroe. One Torr i= approximately 1/760 of
an atmosphere, so the number of moleoules st 1 Torr in the room in which
you are reading this would be 1/760 of the number there are at the
pragant time. The number A of eoclli=zlons per second that any atem
recaives 1s equal to the denaity p of obther atoma times the crosa
section 0 for collisions (the effective area for the collision which the
atom presents to the others bombarding it) times the mean relative speed
Vpais Shis speed ia roughly the speed v we have just caloulated; times
/B The +'b converts from one dimension of motion for one atom to three
dimensiona of motion each for two atoms. Thus

R = pow'd . {3}

We may asaume that the radius for a broadening eollislon between an atom
in state n and an atom in state 1 i3 about the mame aa the sum of the
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geometrie radil of the two atoms: r:ﬁgﬁﬂ*lu: Wwhere an=511{|"9 em is the
Bohr radius, or the elassisal radius of the ground-atate orbit. Then we
hawva

u=an=ﬂ1[nz+liEn:- {u)

To find the density p we can uas the fact that one mole of any gas

oocupias 22,400 3!3 at standard conditiona, (760 Torr pressure, 273 K} and
0

contains 6.02x1 atoms. Thua at 1 Torr and 300 K, the denalty is

0=

{6.02x1023 stom mole™ ) (273 :)
(2.24x10% em3 mole~! atm-273 KI(760 Torr atm='} V300 K

=3.ERW1E abon on . (5)

If we do the ealeulation for the upper atate of the Ha line, m=3 in Eg.

(5}, Putting in all the other numbers gives R=9x107 collisions per
aacond. When the atom suffers a eollision during the procesa of

absorbing or radiating emitting light, the phass of the electric field
pacillation that the atom emits is interrupted. fAs a result; the Fourier
transform of the wave train shows & broadening which is approximately

A = R/2m = 1.5x107 He | (6)

A more detailed model of the collision would Eive a somewhat different
numerical valoe, but this is a reascnable order of magnitude.

2. Doppler broadening

Hext let wua look at Doppler broadening. It is known that the

observed freguency of a wave shifts if the observer is moving toward or
away from the source of the wave. The nonraelativistie expression for
the shift ia

wiw) = wid) = (w/e) wio) . (71

whera ¥ is the velooity along the line of sight. Because the atoma in
our gas have their velocities spread over a range about equal te 2v (Fig.
5), thera will be many different values of the Doppler shift of the light
emitted hy the atoms in the sample. Thus we will have a Doppler
broadening Av, of the spectral line which 1= given approximately by

|!|.".||:=I = 2lviel v . (8)

For v/fao = '3-‘:|n|:'ll'.|'-E and a frequency of 5-':1I2I1Ill Hz, 4v, will be 2.5:1419 Hz.
You can see already that this effect ia much larger than the oolliaicnal
broadening, at least for the conditions I've shown. It will in fact turn
out to be the largest broadening effect in moat apectroscople
experiments which use the methods of Fig. 2.

3. Trensit broadening

The next effect is called transit broadening, which is closely
related to the uncertainty principle, or to the Fourler tranzform of a
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sinuacid. If a sinuwscidal ocoaeillation goes on for an extremely long time,
its frequency apectrum, which iz its PFourler tranaform, 18 exbtremely
sharp. However, if a plece of the oseillaktion is out out and isolated so
that the amplitude is =2Zerc before and afterward, then the Fourier
tranaform of the plece has a definite width |!|.=.lT {T for tranaform or
transit) whioch im equal to the reciprocal, divided by 2w, of the time that
the wave is turned on.

Ir a moving atom ia f1luminated by & laszer beam, the atom will feel

a pulse of light whose duration is equal to the time that it spends im

the beam. That time iz longer for some atoms and shorter for othera,

but is typically about egual to the root-mean=aguare ons=dimenalonal
speed v of the atom divided by the radius of the beam. Thus

Aw

= v/21R =}

T beam *

Fop a speed v of 1.5x10% em/ses and a laser beam of 2 mm radius, Avg =
107 HE.

The next effect Ethat adds to the linebreadth iz the decay of the
atomie atates by apontanecus emiszsion. The spontansous emission, o
"natural® broadening of an atomic energy level is

Bv_ = V2wt (10)

where T 1a the lifetime of the atate. If both the upper and lower
states of a tranasition decay; we must add their linewidthas to get the
tetal broadening. Thiz broadening scurce is again & result of the
uncertainty prineiple, and ean also be obtained from the Fourier
tranaform of an exponentially decaying wavetrain whose intensity dropa
by the factor e=2.718.. in time T. Some typiesl wvaluss far the
spontanecus emiz=zion broadending in hydrogen are: gur tha Ha 3p=23
transition, 3x107 Hz. For the La 2P-15 tranaition, 1x10° Hz, For the 25-15
tranaition; 1 Hz. The reason the last number is s0 amall is that the 28
atate 1a metastable and oannct emit light in the elecktrie dipole
approximation. It radiates primarily by a "forbldden® Z-photon proceas,
which is wvery slow. There are other atates as well whoss decay is very
alow; thess are the high-lying RAydbergz atates whose princlpal quanbtum
rumber n is much greater than 1. The esssntial point Lo remember is
that different states of an atom can have lifetimes differing by many
orders of magnitude.

B. 8tray quasistatic fislds

Next, let us look into the effecta of stray electric and magnetie
flelds. If our sample is; for inatance, a discharge tube with a current
flowing through it, like the neon signa that we ase in downtown Taiped,
there will be both an electric field E and a magnetic field B in the
discharge. The electric field is required to keep the current flowing im
the presence of collisional kinetioc energy losses, and i= typleally om
the order of 10=-100 V/em. It will cause a shift of the energy lavels,
the soc-called second-order Stark effect from quantum theory, and if the
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field is nonuniform 1t will also cause broadening. The shift of any
atate a i=

5 l¢alaBer/hlb3|

b Va " Y

ual.'!'.'}-uallﬂl = p {11}

where r ia the selectron’s coordinate in the atom and vy, W, are the
atoma” energy levels in HE. As an example, I will work out the order of
magnituda of the shift for the 25 state of hydrogen. Earlier we saw
that in hydrogen the 2Py,o state and the 254, state have no energy
difference in the Dirac theory, but actually they are split by about 1000
MhE. Thia {a a wvery, very amall energy difference compared to moat
atomic energy differancea. Therefore, what I will caleulate here will be
an exceptionally large shift.

In electrostatic units, the charge on the electron ia B. 8x10=-10 eau;
the electric field is 1/30 to 1/3 aV/emj For the ma'l:r-h elemerﬁt of r
can use the radius of the n=2 state, whish {a 22 By-ex107% om, and
Planck’s constant h is 6.6x10727 erg-sec. With h in the formula, the
pumeraktor in Eg. (11) ia in Hz? and the denominator is in Hz; =0 we have
a consistent set of units. Whenm we put the nupbers im, we Find that the
second=order Stark shift is approximately 2x710% to 2x10% Hz - about the
same size as the other smaller effeats - and the breadening Avg will
ba whatever freotion of this the spread in EE gives, parhaps 1/2 to 1/8
af the shift.

Tha discharge current of, say, 10 to 100 mA spread over a ocolumn of
about 1 om diameter will produce a magnetic field, but the OLS5-gausa
megnetic field of the earth will be somewhat larger. The field will
aplit the Zeeman ocomponents of each energy level, and cause a
aymmetrical broadening Avs of the spectral line which amounts to
roughly

&uz 2 E{uB.-"h]IE = (e/2mme)B , {12)

where m(=9.1210-28 ) 42 the electron’ EE :ma.sa and dg is the Bohr magneton.
Putting in the numbers ylelds Ayy = 10

2. Raplidly varyving atray flslds

Finally we must oconzider the effects of the rapidly time-varying
fields the atom is subjected to. These fields are the field of the laser
beam i1lluminating the sample, the fleld of the thermel or "blackbody"
radiation in the apparatus,; and the long-range time=varylng fielda of the
ions and electronz in the sample iff the sample 1= a gas diacharge. It is
quite accurate to consider only the electric fields of these sources, and
to neglect their magnetic fields, because the latter is at mest of the
same order of strength as the former, and the magnetic interaction
M*B i3 therefore weaker thEm the Bl%ﬂtr‘iﬁ: interackion eE=r at leaat by a
factor on the order of yplea,nse®/f=1/137. These flelda can cause
Stark shifts which are quautativalr similar to, but usually amaller
than, the astatic-field Stark shift we have just estimated. Their
nonuniformity will then cause broadening. In addition, they can cause
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broadening by inducing transitions between states; and hence shortening
the atatea” effective lifetimes. The laser field broadening is called
power broadening, and can be adjusted by the experimenter; in order to
bring a resonanoe =signal to full strength, it may be necessary to set

the power broadening about comparable to the largeat of the other
broadening mechanliams, bukt rarsely more.

1. OF thepmal eadiation

The blackbody electric field present in this room at 300 E
temperatura amounts to about 10 ¥/om roct-mean-square, lntegrated over
the entire spectral distribuotion. Tta affecta can easily be sensed if
you put your hand, or a mirror; near to your chesk but not touching 1it.
Since your hand or the reflection of your face 1a warmer than the
surrounding objects, vour cheek will feel warm. Sinoe on the thepmal
radiation energy iz apread over a wide range of rrequencies, caloulating
the effects accurately requires some analyais.®'" The results of these
studiea for the 28 state of hydrogen'® appear in Table IT.

TABLE IL. Theoretical blaockbody radiation effects on the 25 stake of the
h¥drogen atom.

300 K 000 K
Shift = -1.08 Hz -1.5x10" Hz
Broadening (Avgg)= 1.4x10=5 gz, 7x10" Hz

It is interesting to note that there should be a conneckion between
the blackbody radiation effects and the spontaneocus esmiasion effects,
ainoe they coriginate from different parts of the same radiation field.
Thia connection will be brought out more olearly further on.

2 Holtzmark broadening

The effect of long-range ion and slectrom flelda is ealled Holtzmark
broadening. It depends greatly on the detalls of the discharge
operation, but in general will be of the same order of aize as, or

smaller than, the static field Stark broadening; and henceforth will be
subsumed under that heading.

D. Summary

The results of the above disouzsion are summarized in Table TIT.

Although these numbers were caloulated for the hydrogen atom Ha line,
for many other atoms and spectral lines they should not be more than =
factor of tem or so larger or amallar.
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Table ITI. Estimated broadening and shift of the Hy line in conventional
apectrosoopy.

Operating conditions:

Temperature 300 X
Pressure 1 Torr
Msechargs ocurrant 10=100 mA
Masgharge diamebter 1 om
Elsotric field 10=100 V/om
HMagnetic fiald 0.5 mauss
Perturbing effects:
Broadening (Hz) Shift (Hz)
Weutral ocollisicna fvg = 1.5%107
Thermal motion hwp = 5x107
Tranait through laser beam Avp = 105
Spontanecus emission Avy, = 107
Electric Fields dvg = Sx105-10° 2x108-2%10"
Magnetis flalds Avg = 1m0
Blackbody radiation Avgg = bx1o=Y -12

¥I. REDUCTION OF DOPPLER BROADENING

Evidently the largest effect in Table IIT ia the Doppler broadening,
which is on the order of 107 Hz and ia very, very large compared to many
of the others. The firat thing that one muat do if one wishes to
{noreasze the resplution of spectroscopy is to find a way to eliminate
the Doppler broadening - some way to see the spectrum of the atom
without seelng the broadening which comes from the motion of the atom.
People have devised many different techniques to eliminate or reduce the
Doppler brosdening. Some of these are quite ingenious, and some of them
produce remarkable results in resolving the spectrum. We will examine
the most important methoda. Then, when we have eliminated the Doppler
broadening, we will turn to the other smaller effects to see haw we can
eliminate them as well.

Let ua firat loock more precisely at what the Doppler broadening
aeffect depends on. Consider a photon propagating in some direction with
a propagation vector k (Fig. 6). This k is the angular frequency w=v/2n
of the photon, divided by the apeed of light ¢, timea the unit vector £,

4 A w= freq. emitted S ey
Fig. 6. oppler
Loser 1 . by Loser effect in light-atom
= w'= fraq. received interaction.
el by Atom
Light Atom
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which points in the direction that the photon iz moving. Then Ethe
magnitude of k is the npumber of pradlanz of the electromagnetie
oacillation per centimeter of travel. The photon interacta with an
atom moving at a velocity ¥ in some other direction, and the angle
between k and v is 8. The exaoct expression for the Deppler effect ia

e oo = k*v - [1=y aosffa) (13)
2, 2 1/2 © a =8
[1=w=sa=) [1=w=a=)

where w" is the frequency that the atom experiences. In most elementary
textbooks the formula is written without the (1-v2/a®)1/2 rastor in the
denominator because most elementary textbooks neglect the theory of
relativity. TInoluding this factor expresses the change in time scale
between the inertial frame in which the atom is at rest and the inertial
frame in which the laser 1s at reat. What we would like to do i3 to

find some experimental way to reduce this effect to the smalleat
poasible value.

Our starting point must be the ke*v term, since the satrongest
velocity dependence appears there. We may try to eliminate it, or just
to reduce its spread of valuea. The poasibilitiss then are (a) to reduce
the value or the aspread im w; (b} to reduce the value or the spread in
cosf; and (o) to reduce the value or the spread in k (normally its spread
is already quite small). The many different methods of "Doppler-Frae
spectroazopy™ all reduce one or more of those quantitiea.

f. Temperature reduction

To reduce v or ita apread, the firat and most obviou= method {a ko
lower the temperature, because the velooity comes from the thermal
motion of the atoms. This is an old method; for example, many years ago
the hydrogen Hx line was atudied in a discharge cooled with 1liguid
nitrogen in order to measure the Rydberg conatant. (Ultimately thia
method has a limit, because if you cool things too much they freeze, and
then all the atoms disappear from the vessel and end up on the walls,
and you have no more atoms to study. How much one can cool dependa on
the vapor presaure of the material you are working with. Since hydrogen
has a8 very high vapor pressure of about 1 atm at 20 K, one could perhaps
ecol te even 10 K and still have a sample dense enough to do
spaotrogoopy with. But many other substancea, e.g., iron or magnesium,
are solid even at room temperature, and soc the sample must be quite hot
in order to be useful. Later we will look at the technique of atom
trapping, which allows cooling without freezing in somes cases.

B. Mass inoreasa

Another poasibility to reduce v would be to study only very heavy
atoms, because v varies as !-'['1"""E at aonatant tamparature.
(nfortunately, the simpleat and hence the moat fundamental atoms,
hydrogen or helium, are very light, and even though an improvement in
resolution of the hydrogen spectrum is achieved by using the heavier

deuterium lsotope, the resolution increase gained thereby is relatively
modeat.
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These two methodas are what one might 0all the ™iraditional®
methods. Recently, a2 large number of new "modern™ methods of velooity
broadening reduction have come into use, which have proved to be much
more effective. Let us now loock at them.

C. Faskt-beam kinematie compression

The next method, which was developed by my co-workera and my=elf
at the Oniveraity of Arimna,”*” is to acoelarate the atom. It may not
aeem that if one makea the atom faster, the wvelocity broadening of ita
gpectrum should be lower. In fact, thia is possible using an apparatus
guch aa that shown in Fig. 7. A sample of lons iz aceelerated to form a

b
WM SOURCE i
EXTRACTOR LENS——i [} “
’ I
e
CONDENSER LENS—| | ey
DEFLECTION PLATES =i
FOCUSING
COLLIMATOR LENS . &
LASER BEAM
CHOPPER
INTERACTION REGION ——{ | MICRO-
; COMPUTER
L
POWER METER
FOCUSING LENS ——| IR Gk
DEFLECTION PLATES =
ANALYSER MAGNET
TARGET————— = INTEGRATING
A% i VOLTHETER
SRHRTRE LOCK-IN
VACUUM CHAMBER ANMPLIFIER

Fig. 7. Faat beam laser Doppler-shift spectrometer (from
Ref. 14). (Gases are as chosen for study of the HeH
molecular ion.

collimated beam and 1= {lluminated by a nearly co=-parallel laser beam.
One or another effect of the light on the ions ia used as a detection
mechanism; here it 18 the change in charge-exchange oross section khat
accompanies a changs of internal state. Let us look at how the apread
in velocity behaves. Conservation of energy during acceleration requires
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1 1
EII!I'I.I'E = Em\rg + q¥ (14}

where Vv, and v are the initial and final speeds and qV 1= the kinetio
energy that the accelarating veltage supplies. Taking the derivative at
oconatant V, we find

wiy = \rﬂﬁvﬂ . 15}

80 the spread of wvelocities & in the moving beam, which has perhapa
geveral keV of kinetio energy, 13 equal to the initial aspread of
veloolties dv, times the ratio v /v. But the initial veloelty v, 1s quite
slow aince the fnitial kinetic energy of the ions in the source may be of
the order of 1 eV, whereas the final wveloclty iz quite fast. Therefore
Vo/v 1a amall compared to 1, which means that the velccity spread has
been reduced by the acoeleration proceas. Thia teochnigue, which ia
ealled "kinematic ecompression,” produces wery sharp resonance lines.
Flgura 8 iz an example of swoh a resonance line for the hydrogen
molecular iom HD'. The beam voltage is proportional to the frequency of
the laser beam W that is experienced by the mewving lon. Some of the
hyperfine structure in the transzition has been resclved; without
kKinematic compression the lime would have been 20 to 100 times broader.

Beom Voltoge (V)

Fig. B. Fast beam Doppler-shift laser rescnance trace of the
fv=1, N=1)=(v=0, N=2) transition in the HD* ion (from Ref. 11).
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0. Seturetion spectroscopy

The techmdque of saturation spectroscopy has been used very widely
in recent years. To understand the easential features; let uz imagine
placing the atomiec sample in a standing wave optical fleld, soc that it
can be thought of as interacting with not one but twe beams traveling im
opposite directiona with propagation vectorz +k and =k. A sample atom
traveling at a wvelooclty v will see Ewo frequencies; which are wk*v and
iw-k*w, If =pecial relativity 1s neglected. Az long aa v is not zero,
thaze frequencisa are different, and the atem will be able to resonate
with, at moat, one of the beams. Therefore two groupa of atoms, having
veloodtiea along the laser beam direotion of

v =1 u{mﬁ-m].-‘v (16)

interact with Ehe light, where w_ 13 the atom’s tranzition frequency in
ita reat frame. Only in the upenfll case that the laser {a tuned to the
atomic frequency Em::.ugi can the same atoms interact with both beamas.
Those that do have Vg,e0, and so this gives us a way to eliminate the
Doppler breadening Lf we can find cut how to exploit it. To do that, we
make the light strong encugh to partially bleach, or render transparent,
the atomic sample. The resulting population distribution ia shown in Fig.
9(b). The normal Boltzmann distributieon of ground state atoms has two
"holes™ burned In it at the two values of v, [Eq. (16)], where some of the
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atoma are exaited. This siteetion is shown at the left. IF one adjusta
the Frequency of the laser to interact with atems that are stationary,
the population distribution will look as shown at the right. The
maximum absorption is twice as great when there ara two different
populations which ocan abasorb 1light when there is only one. The
absorption "dip" at w=u, has a width whioch i= equal to the resultant of
all the broadening mechanisms we discussed earlier exoept Dopplar
broadening. Of course, this technique giveas no aignal when the light ia
vary weak, because then there ia in effect an infinite supply of atomsa
regardless of how the laser is tuned. If the sample is a laser medium
[Fig. 9(a)], the ourves apply to the inveraion, or the population
difference batween upper and lower atates. The laser output power then
shows a small dip in the center of ita tuning curve [Fig. 9{c)]. This
output power dip was first predicted theoretically by Lamb'" and
cbaerved by MoFarlane, Bennett; and Lamb'® in the early 1060s, and is
known as bthe "Lamb=Bennett dip.”

& spectrometer based on this principle was developed by T. W. Hinach
et al. of Stanford Univeraity (Fig. 10).%° Here we have one beam stronger
than the other. The beam aplitter 5 divertz a amall percentage of the
light, ealled the probe beam, which goes through the sample cell and

Laser Lock=in
b amplifisr
8
Signal
Choppar
My 1 -
..-“-::: L
;.:’.-'"
W=
E":‘;..-L- : J
== 7 e i
Absorption -
cell Detectar
Saturating Probe
beam

Fig. 10. Saturation spectrometer (from Ref. 3).

into a photodetector. The main part of the light, called tha saturating
beam, goea through in the oppoaite direction. If different satoms
interact wilth each beam, then when a 1light chopper turns on the
saturating beam, there is ne effect on the probe beam. However, I the
same atoma intaract wilth the two beams, which meana that they ars
moving in a plane normal to the mean axlis of the beams, then when the
saturating beam ia turned on, it reduces the number of atoms that oan
absorb light from the probe beam; and the probe beam, as viewed by the
photodetector; gets stronger. Just as before, this ccocurs when the laser
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frequency equals Ehe reat-frame atomic frequency, and the width of the
resonanace in the probe light {3 given by the other broadening effects,
axcluding the Doppler broadening.

Figure 11 shows an example of a result from a spectroscople
experiment that was done on the hydrogen He linea by this group.® At
the top of the figure, the sublevels of the n=? and n=31 states are shown
in detall. There are many difTerent tranaitions because of the Fine
structure sublevela. In an ordinary spectregraphic experiment on a
diacharge containing hydrogen, the lime profile will lock something like
that shown in the middle of the figure. Each line i1z & composite of
aeveral Sransitions. The splitting betwsen the twa peaks is
approximataly equal to the fine structure aplitting in the n=2 state, but
clearly the saituation is quite & bit mare complex Ehan that. Mona of
the individual transitiona are resolved, and s0 one has & hard time
atudying the fine splittinga of the states. This =ort of speotrum was
seen Tor many years in the spectroscopy of the earlier part of this
cantury, and gave very ldttle hint that buried within it was an essential
clue to guantum electrodynamics.
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At the bottom of Fig. 11 ia the saturation spectrum. By measuring
the distznce between the transitions, one can determine the fine
struckture aplittings with reasonable acouracy. In particular; the
splikting between the rightmoat two lines is very nearly agual to the
famous Lamb shift, whiesh, 1t should be pointed out, was measured by Lamb
and so-workers?! much more acourately over two decades earlier, using a
direct miorowave resonance method. The real walue of this partloular
saturation experiment was 1its demonstration of a new way of atemlc
hydrogen spectroscopy. The “orossover rescnance" iz an artifact of the
method which I shall not discusa.

The results of a very similar experiment that was done by Prof.
4. L. Shawlow and oolleagues,’” alse at Stanford, is shown in Fig. 12. In
thizs case the object under =tudy iz the iodine molecule. Because the
1277, melecules” mass is 254 timea that of the H atem, its thermal
velooity is about 16 times leas at the =same temperature. Thus the
Doppler profile of its viaible spectral lines will be typically 300 MHz
wide inatead of the 5 OHz hydrogen value we see in the middle curve of
Fig. 11. However, the saturation spectrum linewidths of Fig. 12 are only
abtout 20 MHz wide. The narrowing Factor of 15 13 enough Lo reveal many
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Fig. 12. Saturation spectrum of molecular iodine (from
ref. 3).

rotational sublevels in the lodine molecules. Thus, as with other line-
narrowing methods, the saturation spectrum shows fine details which the
ardinary Doppler-broadened spectrum cannot show., This technique has
bean used now in many different spectroscopic studies.

Figure 13 showa a small variation of the technique, which ie called
polarization upectmucnpr.“ It 1= basically the same method aa before,
except that instead of turning on and off the saturating beam with a
shutter, one puta =& brefringent crystal in it, which oonverts it to
circular polarization. The probe beam {8 linearly polarized by the firat
polarizing fllter, and ao may be decomposed into a sum of two ciroularly



PMGE ON THE LIMITS TO PRECISION IN SPECTROSCOPY 47

Fige 13+ Polarization-saturation spectrometer (From Ref. 3).

polarized waves of opposite polarization. When they are recomposed by
the second orosaed polarizing filter, their phases add =ac a=s to ereate a
wave polarized parallel to the firat filter’s axls. The second filter
blocks this completely, so no light reaches the photodetector. When the
laser iz tuned to reaonate wikh zero-v. atomsa, the saturating beam makes
the absorption of the twoe circularly polarifed probe beasm components
unequal. Then when the probe beam 18 reconstructed at the orosasd
filter, a oértain amount of ik manages to pass Ehrough and reach the
photadatector, glving a saignal. Figurs 1! shows an aexample of the
results. HAgain, let wus neglsot the arossover rescnances. At the top of
the figure iz a saturation spectrum taken with a pulsed laser, aimilar to
that In Fig. 11. MNext is one taken with a continuous laser. At the
bottom is the polarization spectrum. The signal=to=noise ratio ia higher
in the comtinuous cese than in the pul=ed case because the contingous
laser’s amplitude was more atable tham was the pulsed laser’s pulse
amplitude. The peolarization apectrum has slightly higher signal-to-nolas
akill, because the laser and hence ita amplitude nolse are completely

T

Fig. 14, Polarization-
saturstion aspectrum of
atomic hydrogen (from
Ref. 3)
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blocked betweaen reasonances. In addition, the polarization line= are
sharper than the saburation lines. In fack, a alosa look shows Ehat the
polarization resonance consists of a weak, broad negative aslgnal ocombined
with a strong, narrow positive one. Oualitatively, the rceason Ffor thisz is
that Iin the polarization method the strong =zaturzting beam power-
broadens only one af the two oircular componenta of the atomis
transition; whereas in the saturation method it power=broadens both
componenta.

There ara several uasful wvariatlons of the saturation technigue., I
has one major drawbaok, which 1a that to get the narrow resonance it
throws away moat of the atoms: Only one small weloelty group ia in
resonanoa, and the other atoma are pot part of the signal. S0 i only =
very amall number of atoms ia available, then the signal may be gquike
weak, The fast-beam method discussed sbove does not suffer from this
defect, nor do the next two methoda Eo be discusasd.

E. FRight-angle interaction

This is a wvery stralghtforward method. Jne merely sends the atoms
in one direction in & beam and the llght in another direction in another
beam and fixes the angle ©® between them at 90°. Sinece the Doppler shift
is k*v = kvoosf®, at 907 the shift is zero. In reality it won't be
precisely Zerd because thare la always a spraad in angles in sach beam;§
however, the apreads can be quite amall in a well-desaigned experiment.
Thiz idea i3 actually quite old, btut waa revived recently and refined
significantly by Lichten and co-workers®® at Yale University. Flgure 15
ghows their arrangement. The resonance =lgnal :z seen by turning on and
off tha laser with s light chopper and monit «~ing the change in Flux of
metastable atoms or molecules as a result of the absorpticon of laser
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Fig. 15. FMight=angle=interaction molaciular beam spectrometer
(From Ref. 24).
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light. The metastables are oollected by a secondary emimsion detector.
This detection =scheme turns cut to bae much more sensitive than direct
dataotion of the light absorption, in the sense that 1t can use a much
smaller sample of atoms or molecules. Figure 16 shows a spectrum of
the hvdrogen molecule showing two sharp transitions whose width is 20 to
30 MHZ. By comparison, the full Doppler broadening would be over 3000
MHz. Thus the esxperimenters have reduced the linewidth by a faoctor
exceading 100. The reasen this 1s better than the asaturation
apectroscopic results shown earlier is the freedom from power and
oollision broadening which the use of an atomie beam and a linear
interaction method allows.
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Fig. 16. FRight-angle-interaction speotrum of molecular
hydrogen (from Ref. 24).

To measure absslute transition wavelengths aocourately, a carsful
salibration is required. Flgure 17 shows the system used by Lichten and
po-workers. The wavelength of the dye laser driving the transition i=s
referred through a series of intermediate Fabry-Perot resonances to
narkaln well-measured lines in the neon atom speoctrum. To aveid bias
from unknown phase shifts at the Fabry-Perot mirrors, the "method of
virtual mirrora® 18 used, in which the results of measursments at two or
more different Fabry-Perot lengths are combined to eliminate the phase-
sghift uncertainty.

The moat interesting experiment that has been done by this group

was agaln done on the Ha line of hydrogen. Accurate measurements of the
line components were used to caloulate the Rydberg constant in hydrogen
Ry from the relation

174 = IilF[lZ'h-"ﬂE - 1/0%) & small sorrections , (17}
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where n=2 and n'=3. The first two terma ocome from the original Bohr
theory. Tha small ecorrectiona come from  relativity, quantum
aleotrodynamics, end nuolear structure. Here Fig. 18 shows a number of
recent values for the Rydberg constant in em~)., The "Hinsch et al." and
"Joldsmith et al.”" resulta are both from the same Stanford group, using
the saturation ﬂpen-truaunpiu method described above. The "Fetley et al."
result is that of a group at the Mational Phyaical Laboratory In the T.K.
"Thias work™ ia that of the Yale group. Mot only ia it the moat accurate
by far, but it reveala that the earlier work had some difficulties in
error estimation. Evidently the Atanford group was too optimistie in
stating itas 68%-confidence error eatimates, since only one out of four
reaulta overlap the much more aoourate Yale walue, whereas the HPL
group was too pessimistic, aince all three of fts results hold to the
Yale value exceasively closely. It seems llkely that the high quality of
the Tale resulta was due more to careful experiment deslgn and executlon
than to an inherently superior experimental method.

F. Doppler=fres multiphoton spectroscopy

Multiphoton excitation of transitions offera another way to
eliminate the Doppler effect. Figure 19 shows how this works. 3Suppose
an atomic transition between states b and a i3 made by absorbing not one
photon, in the normal way, but two or three, or perhaps even more, =50
that the total energiea of all the photons absorbed add up to the esnergy
differencoe between b and a. Let us ealoulate the freguency shift. Let
wi{ be the frequency im the laboratory frame of the ith-absorbed photon
and w{ be its frequency in the reference frame of the moving atom. Then
the total energy ahsorbed by the moving atom; in frequency units, ia

- i = v
w' = Em{ = E_ e ’ {18)
1 1 (1=v2pe?yli2

How it is possible for Lk;*¥ to be O even if the individual and
the velocity v are not O. The way to do this is to require that Zl=0.
In this case w'=w to within an error which is of second order in w/o. To
acgomplish this Iin the ocase ef & two-photon process, we muat arrange the
photona =0 that I‘.1=-'I:E: Their frequencies w, and w, are equal and their
direactions are opposed. In the ocase of three photona, if the frequenclas
are all equal, then their directicns of propagation must 1ie in a plane
2n/3 or 120° apart. If the freguencies are unegual then Dopplar
canoellation 1s atlll posslble 1f the frequenclez =atisfy the triangle
oondition W g +Hl5> gy for any combination of frequencies. Both the two-
and three-photon casea have been observed experimentally.??+?% The
tranasition atrength may be quite weak compared to an allowed transition;
however, if the light Iintensity is high encugh, the rate of absorbing two
photona or three photona may be enough that a signal ean be asen.
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Multiphoten Absorplion
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Fig. 19. Doppler-fres
Three Phatons: multiphoton Interaction
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Doppler-free conditicn: T &, =0

In practice, the two-photon experiments are usually done within a
Fabry-Perot resonatori the atanding optical field resolves into the two
ocounterpropagating light beams. The reaonance may be detected by one of
saveral schemes, such as monitoring the fluorescent decay from the upper
atata a to a third state o.

Figure 20 is a sketchofatypieal signal. One sees a very aharp
resonance whose width 1s again given by the other broadening mechaniama

Two—photon
absorplion

- Beam 1+ beam 2

Fig. 20. Two-photon
absorption spectrum in a
Beam 1+ beam 1 standing light wave.

and
beam 2 + beam 2

;

-

not inoluding the Doppler affect. In addition, one sees a weak broad
reaopnance, which ocomes From the atoma which have absorbed two photons
from the same beam, so that the Doppler effect i3 not eliminated. The
sharp resonance givea a very good Iindication of where the center of the
line is.
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An experiment of thiz type by Hinach et 21.?7 has ylelded a very
accurate value for the position of the ground state of hydrogen relative
to n=2; which allowed a measurement the Lamb Shift difference betwean
thoae states.

VII. TRANSIT BROADENING

At this point we have seen several techniques For eliminating
Doppler broadening, the largest of the broadening effecta listed in Table
II1. Wa have also =een that It 18 poasible to eliminate the sevaral
affecta that depend on pressure by operating in a low=densiby
anvironment sueh as an atomie beam. It s appropriate now to take a
ghort diversion and examine wayas to reduce the "transit broadening.”
Onea that is done we will turn to & recent technique which ia capable of
reducing all the above effects at once, namely trapped-particle
apectroacopy.

f. Habl resonance

As we saw esarlier, I an atom intersctz with = light beam for a
time T, itz transitions are broadened by the amount Avp=1/2pT. If T 1=
the reault of the motion of the atom through the light beam, this
broadening iz at root another wveloclity-broadening effect. This problem
was first examined from the point of view of quantum mechanlos by L I.
Habi in !93?1,“ and has besn dizcussed often in the literature. A4 two=
level moleouls interacts with a near-resonant sinussddal perturbation
that awitches on at time E=0 and off at time t£=T. T is much longer than
the time required for the perturbation to induce a transition from the
initial atate [|b» to the final state |a». The amplitudea of states l|a>
and [b> are E:i{u-}=u and Cy(0)=1 at time t=0. The probability that the
atom is in state la> at time T works out to be

1;2”2} - {19)

(2b)°
Puh{m = I-

5 .-:in'?[[fu:-rﬂnlgrtzh?zl
L (=t )" +(20)

Iri these expresaions, 2b is the matrix element of interaction between the
field and the moleoule, w, 13 the trus Eransition Fregquency, &nd w is Ehe
field osaillation freguenoy. The expression on the right side of Eg. (19)
pan he seen to be a product of a "Lorentzian™ function and a function
which cscillates at the frequency fp/2, where Opsllin—n,)?4(25)%1/2 ia the
so-called Rabi ocseillation fregquency. The funckion Pgp for Tan/2b is
graphed as the dashed line in Fig. 21.

Often; in practical situations, not every atom will exparience
exackly the aame lengkh of pulse. For esxample, I one atom moves
through the center of the beam and ancther atom moves through the side
of the beam, the pulse langth they a::pur'l-enht Wwill be different. Thua
Eq. (19) must be averaged appropriately and the resonance shape ia
sltered (malid curve). In addition, the intenaities they experience will
he different. If the distributions are is broad enough, averaging will
oonvert the sine-squared funotion to 1/2, and the line shape will become
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Fig. 2?1, Habl resonance line shapas (from Ref. 29; see text).

g simple Lorentzian {dotted curvel. This line shape i3 =een In many
resonanoce experiments involving lasers, or molecular beams with radio-

frequency fields as in Rabi’s original situation, or nuclear magnetic
PESONANnoS.

B. Separated oscillatory fields

In 1989 Narman Ramsey of Harvard University :prnp-n-aed“ an
improvement called the teshnlque of separated csocillatory flelds. This
iz the teshnique that is uvsually used now. Ramsey podlnted sut that an
advantage is had if the interaction is broken up into two parta instead

of one (Pig. 22). Usually the apperent frequency of interaction or the
strengkth of the Interaction 12 not precisely oconatant over the entire

AR

b 00N AN
TAVAY TAVAY
Fig. 22. S3chematia waveforms of oscillatory astom-field

interaction for {a) the single-Tisld interaction technique;
(b) the saparated-fisld intaraction techniqua.

time. For example, there may be a velocity change between the beginning
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and the eand of the interaction or an irregular Zeeman affeck bacause of
B stray magnetis fisld. The Rabi rescnance would then be broadened.
Ramaey obsarved that it is much easier to make, e.g., the magnetic rield
equal st two smell separated regions, than over the entire long reglon.
The transition amplitude ia the product of two Rabl amplitudes with a
time delay between them. All tEhe complicated things which happen to the
atem in the "dark" time bebween pulssa ocen be subsumed into an overall

phaze and (conceivably) amplitude ahift. The reasult of working out the
theory is that the =ignal incloedea a broad resonance which comes from

the fnteractlon with one separated field, on top of which is a sharp
oscillation representing the interference between the transitions induced
by the btwo field pulses (Fig. 23). The shape of the sharp ocsecillation
dependa on Ethe phase change between pulses. This line shape 1s very

Bbljax = 0-200,

b (i) L =122

-7

O

i | Flg. 23 Caloulated
L i p aeparated paolllatory
-_E_H B H‘dy}m% field resonance {(Crom

\ Ref. 29).
a3 /
/ \
o K hhes
/ )
W \
.. ¥ LAx
e (%) I:Iianiu resonance) N

e &%Ehirmr 5 3 o

good for purposes of analyals of the exact line center. The sharp
pacillation i3 also slightly narrower than the line ahapa produged by a
single pulse of the =ame overall length. The reason is, loosely
aspealdng, that the average width of the double pulse train is greater
hacause there iz none in the middle.

One of the picest examplea of the use of the separated ocacillatory
field method sccurs in the cesium atomic beam frequency standard at the
Hational Bureau of Standards in Boulder (Fig. 24). This is the primary
frequency reference at present for the United States time scale. It
ponalsts of an atomic beam of cesium In which a tranaition between Ewo

hyparfine states is induced by separated fields in a microwave cavity
made of Ewe long places of wavegulde with samall holes for the beam to

pass Ehrough.
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Fig. 24. Cealum atomic beam primary frequency reference
(from Ref. 50).

The separated oscillatory fleld technique alse has been applied
many times in laser spectroscopy, using both two and three fields, and
has yielded resonsnoe linewidths for forbidden transitions at viaible
light freaquencles as nerrow as 650 He?®

VIIT. ELIMINATION OF DOPFPLER AND TRANSIT BROADENING BY COMFINEMENT OF
PARTICLES

It should be alear already from the foregolng that much progresa
has been made In elimlnating apectroscopic line broadening, and many
beautiful techniques have been developed. The final technique for
eliminating the Doppler effect s, I believe, superior to all of the
others, and will ultimately yield the highest resolution in all of
apeclroscopy. This fa the method of Doppler-free trapped particle
spectroscopy. To see how thia technique works, let us go back and look
at the physlos of the Doppler effect in more detail. To illustrate the
podnt T wish to make it 1= sufficlent to use a nonrelativistio
approximation.

A The role of photon momentum

Lat us firat see what conservation of energy haa Eo say aboubt the
interaction of a photon with an atom (Fig. 25). The answaer 1s very
aimple. If a photon of energy fu strikes a atationary atom of internal
enecgy 0 and the latter is exoited to a lewel of internal energy E, the
2nergy conservatlon law says

fs = E . (200
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How supposs We treat a moving atom. The atom asbsorbs #u, but its motion
doesn’t have any effect on ita internal energy if we don’t use speocial
relativity, Therefore the atom’s energy change is E just as before,
Eq. {20} still holda, and there ia no Doppler effect!

e | —
M =l M =y

Photon + Gnd. stofe atom =  Excited atom

Fig. 25. Interaction of light with a free atom.

How what have we left out? The anawer ls momentum conservation.
Let ua treat the problem again, fncluding momentum as well as energy.
The radiation has momentum %HuE/c per photon (thi= is =ctuslly a
ralativistio expression, but there iz no nonrelativistio approximation for
light propagation). The atom has kinetic energy Ty=py;°/2M. Ita initial
internal energy is again 0. Ita initial momentum i8 p,. The atom’s final

momentum and energy are py and piZ/2M 4+ E.  Equating momentum before
and after absorption ylelds

hukfe + py = B » (21)
while energy oconservatiocn ylelda
- pEIE‘H = p;E.-"EI'I & B {22)
Subatituting (21) into the right-hand side of (22) and expanding yields
fo + pos2M = (p: + 2Pwp_*Rrc + B /et) /oM 4 E (23

We may aimplify this equation by cancelling identical terms on the left
and right, dropping the term in m?’. and rearranging. Thg approximation 18
permisaible because Hw/e<<py, and therefore the w® term is small
comparad to the one immediately preceding it. The error we make will be

roughly of the same order of size as the errors made by neglecting
special relativity. Using p=Mw, we find

E/M 2
ey (B [1-u=k.-"'¢+|:l'w 17 . {2m)

Here v, is the component of the atems wveloecity in the direoction of
light propagation. Heglacting the vZ term on the right (in any svent, it
is probably incorrect because of our nonuse of special relativity) gives
us the noarslativistic expression of the Doppler shift of the =spectral
m-ﬁ

B. CGiving the photon momentum away: crigina

We now have Ffound that Ehe Doppler effect is a8 result of the
gbsorption of photon momentum by the atom, magnified by the atom’s



358 W.H. WING 1383

velooity. This glves a clue to how we can eliminate the effect: we
must find a way to make Ehe atom abaorb the photon energy but not the
photon momentum. Therafore something else must abasrb the photon
momentum. There have bean several suggeationa about how Eo do this In
recent veara; the common idea is that a third body must be present to
abaorbt the photon™s momentum while the atom abscorbs ita energy. Thus
the atom must interact with the third body, yet in order to allow close
approximaticn of the sltuation of an 1laclated stom, the interacticn musat
perturb the atem’s internal structure as little as poasible.

The Firat detailed Eresatment of this problem waz glven im 1937 by
W. E. Lamb. In a pﬂp&r” discussing the absorptiom of neutrona by
hydrogenous substances, Lamb showed that 1f an atomle nuolews in a2 bulk
object sbsorbs & neutron, the nucleus can absord the momentum as well;
in which case it gaina some additional energy of motion, or else it can
transfer the momentum to the lattice, and the entire bulk object can
abaorb the momentum, with the astate of the relative motion of the
abaorbing nucleus and the bulk object left unchanged. Becausa the object
1z nearly infinite In mass compared to the nucleus; the second process
Involvea very, very little change In velecity, and a sharp absorption line
was predioked to result. He alsc showed that IFf the nueleus underwent a
disorete change in motional atate as a result of the absorption, discrete
peaks or sidebenda in the velosity apectrum of absorption would ococour.

The oonceptual roobts of this problam go back muoch farther than
1937, at least to the beglnning of the twentieth century with the
disoovery of Bragg scsttering of X=-raya by cryatala. The Brage problem
fa wusuoslly discussed Iin terma of the cohepent oonstructive or
destructive addition of acattering amplitudes from many lattice atoms,
but it can be seen that the same basic phenomenon - the abaorption of
the atomio reooil by the entire corystal - cam be viewed as responaible
for the sharp angular socatterlng rescnances. The Brage problem ia in
turn eloasly related to the much older problem of the interaction of a
light wave with a diffraction grating, but a discussion of it in terms of
momentum conaervation had to await the advent of at least the modern
theory of electromegnetiam and the notion of energy guantization. The
firat discussion of momentum conservation in light diffraction which I am

aware of was given by Duane in the late 1920%s,’! whe derived the angular
rasonant acattering from these principlea.

In 1958 A. Meoasbauver independently discovered that If gamma rava
are absorbed by nuclel in erystalline subatancea (e.g., °'Fe), then it ia
posaible to obtain an extremely sharp absorption line from the same
mechaniam. Moasbaver spectroscopy?’ has become a very useful tool for
studying orystal properties as well as properties of nuecled, becauss of
the Lamb=Mossbauer =sidebands which result from the lattice exeitation.
These can be detected via the Doppler effect by transalating the entire
erystal. The extreme sharpnesa (v/Aw10'1) of the Mossbauer line has
al=o made posalble fundamental physical measurementzs such as tha Pound-
Rebka measurement of the gravitatiocnal redshift.’

In 1953 R. H. Dicke? discussed the theory of shsorption of a photon
by an atom which was in the presence of many cther atoms; in a so-called
uffer gas, as in the Meld of optleal pumping. He &glao gave a

discusalon of the absorption Iin case the atom was inside a box having
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rigid walls, TIn either casa, the momentum of the photon was given up ko
the other atomas with which it was constantly eolliding, either in the gas
or in the box walla, This phenomenon ccours in microwave resonance
spackroscopy in a waveguide or cavity, and probably was present In
microwave spectra for many vears before it was described theoretically
or noticed experimentally.

The multiphoton Doppler-free absorption desoribed earlier i3 an
example of easentially the same momentum-tranaferring phenomensn, with
the padiation fleld 1tself plaving the role of the third, momentum-
abaorbing, body. An analeogous phenomenon is the line narrowing that
resulta from the elimination of inhomogeneous magnetbic-fi=ld brozdening
in roktating-zample nuoclear magnetls resonance. The rapid passags
through the range of applled fleld waluea ecausez =311 the puclel to
participats in the resonance at onoa.

C. Example: the hydrogen storage=box maser

ne of the niceat examples in the miorowave regime is thE atomie
hydrogen maser (Fig. 26).%% Atomle hydrogen in the ground 1 .5& state
has two hyperfine levels whose total angular momenta are Fs ?flnwarl

e LI
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Fig. 26. Interaction of light with a free atom.

gnd F=1 {upper): The F=1 to 0 tranaition freguency iz approximately
1420 Mhz; Ehis ia the same line that iz well known in radio astronomy.
The hydrogen atoms pass theough a state selector which foouses Ehe
atoms in the upper atate into a amall hole in a round box whose inmer
walla are teflon=-coated. The atoma in the lower state are delocused,
and moat of them don't go through the hole. Therefore the hyperfine
population in the box iz inverted. To make a maser, the box iz enclosed
in a microwave cavity tupned to 1420 MHz and & small amount of resonant
radiation i3 ecoupled In or out with a plokup loop. Above a <ertain
inoident atom flux the maser breaks into =self-sustained oscillation.
Below the threshold flux it ocan act as a highly selective, low=nolias
amplifier of 1420 MHz radiation.

What happenz to a hydrogen atom when 1t passea through the hole?
In a short time it hits the wall, and then it bounces in some directlomn,
and them 1t hits the wall again and bounces agein, and again, perhaps
several thousand timesa, before ultimately finding its way back out the
hole. The atoms may be stored in the box for a period of on the order
of one second. And sinee the mlorowave cavity'a dimensions are on the
order of the wavelength of the Gtransition, the entire ocomplicated
bounaing motion takes place within a single wavelength of the radiation
that the atom is absorbing or emitting. Az we will aee below, thia
patisfies the criterion for efficlently transfering the momentum of the
photons te the walls. The maser line is therefore Doppler-free and
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extremely sharp, and in fact the hydrogen maser 1a among the most
precise frequency sources at present. The resonance linebreadth is given
by the reciprocal of the storage time and may ba 1 Hz or less. The
center of the line i reproducible to better than a thousandth of a
harts. Th? frequanoy 18 on the order of 107 Hz, and so the precislon can
arcsad 10 E, and mctually approaches ‘II:I"I'I ke 1) in precisely built
deviecss.

beapite such preciaion, the hydrogen maser 1s not used for Che M.5.
time standard. Each time the atom hits the wall, the relative quantum
mechanical phase of the upper state and the lower sbate wave funchbions
shifta slightly. The acoumulating phase shift preduces a Prequency
offast which i3 not well underateod, becauss the interaction of the atom
and the wall is very complioated; but more ssrioualy, it depends on the
pature of Ehe wall surface {fluorooarbona, a water Fillm, vacuum pump
oil, and molecular hydrogen), which ages. As a result, the long-term
atability 13 inferior to that of the leaa precise cesium beam ologk,
which 1= the present time =tandard referenos.

4. TUnderlying principle of recoilleas abacrption
The ocentral guestion in understanding thess phenomena iz "under

what econditions will the atom be likely to give away the photon’s
momentum to the other obisckts it 18 in conteet with, and under what
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Fig. #7. Interaction of light with a confined atom.

eonditions will it keep the momentum to itself?" When it keeps the
somentum, the absorption line will have a broad Doppler spectrum; when
it gives the momentum away, the absorption line will show no ordinary
Doppler broadening, as in the derivation of Eg. (20) when momentum
pomeervation was neglected. To provide an anawer, let us look at Fig.
27. An atom i= confined in a one-dimenalonal box which we represant by
a square potential well. The total of the atom™s internal energy and
energy of motion is now quantized, and ainee the internmal energy is
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guantized as well, the motional energy has wvalues given by the
elpenstates of a particle in &8 square well. Now leb us shine light on
the atom. Its internal energy stateas Ey=0 and E =E each have a fine
structure given by the energy spectrum of the atom’a motlen in the box.
If the atom starts out in a certain motional energy sublevel of E,, and
after absorption ends up in the =ame motional sublevel of E,, then its
momentum change 13 zerc and there is ne Doppler shift in the apectral
line. If while it absorbs 1ight {t also ochanges its motional state, there
is a nonzero Doppler shift. Another way to Ehink about the asjtuation 1s
shown in Fig. 28. The moving atem ahacrba Ethe photon, lts atate of
motion changes, it then strikes the wall; and ftas state of motlon changes

Photon Wall

Fig. 2B. Interaction diagram for tranafer of photon
momentum to wall.

again. If the momentum of the photon ia absorbed by the box, then the
final motional state aof khia praceas muat be indiatinpuishable From that
of the process where the atom only interacka with the wall. The
uncertainty principle then gives the condition that makes it probabla far
the atom to give the momentum to the box without changing its own state
of motion. The uncertainty Ap, 1n the atom™s momentum timez the
uncertainty Axg; In its peaition is greater than or equal te h Ax, 1s
about equal te %, the size of the box. This means that Ap, Is about
equal to f/l. For the above-mentioned indistinguishability to hold, the
unoertainty in the atom’s momentum must be greater than the momentum 1t
tranafers, the photon momentum, which is ﬁ.uf:r:ﬁ.-"!., where &=A/27. Thus

ALz Bk or Ls 4. {25)

When this condition holds true, the atom will be likely to return te the
sama state of motion after it absorbs lishE and hiks the wall. When
this condition doesa not hold, the absorption and hitting the wall
probably will be independent events, and the atom will be likely to
return to a different final state of motion. Then there will be a
Dopplar affeact.

Figure 20 showa a sketeh of the absorption spectrum of an atom in a
box. When the box ism much larger than the wavelength of the light
{upper curve) the absorption spectrum has many lines. The envelope of
ghaorption intensaity is closely =imilar to the one-dimensional Maxwell-
Boltzmann wvelocity distribution of Fig. 5. However, if the box dimenaion
is comparable to &, then there are only a few absorption lines spaced
far apart (lower ourva). The center line, where the momentum is all
given to the box, is normally the moat intense. If one can resolve this
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center line, then one has achieved Doppler-free spectroscopy.
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E. Confined particle spectroscopy

How let us look at the ultimate scheme to eliminate the Dopplar
broadening in apesctroacopy, by gZiving the momentum to the walle. This
ultimate way =so far can only be applied to charged particles, that iz to
gay, lons and individual electrona. Tt conaists of atering the particles
in a stationary limited wolume of space by applying carefully chosen
electrie and magnetic fields to keep them from moving away Crom the
volume = namely, by storing them In an electromagnetic trap.

1. Trap principles

There are several types of trapsj; the two most important cnea for
speatroacopy are the radio-frequency trap and the Penning trap. The
radic-frequenoy trap consists of two end caps at the same potentfial and

8 ring electrode biased relative to them. The electric potential near
the origln haz the Fors

2 2 2 2
#lrt) = Wduﬂaﬂmuﬂﬂm +f =2% ‘.I.-‘1:1ﬂ . {26)

Conaider a pozitive partiela in the trap. When the woltags factar in Eq.
(26) iz peositive, the particls is attracted axially to the nearer end cap,
away from the ring midplane, and 1s repeslled radially from the ring
toward the capz axlis. When the potentfial reversaes, so do the forces. As
the potential osclllates the particle is alternately pulled this way amd
that; if the oscillation is rapid enough, and the voltages V. and V.
are suitably chosen, the net result is that it will stay in the middla.
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The theory af the confinement processa atema from the theory of Mathisu
funotions. These same Tunctions appear In the motion of =atellites in
the ocombined field of Ehe earth and moon, or the motion of the moon in
the combined Fileld of the esarth and the =sun. The atom obeys a
differential equation of meotion which 1s similar to that for a mass
attached ta a spring, when the spring has a time=dependant oscillatory
restoring constant.

The Penning trap (Fig. 30) has the same electrode atructure as ths
radio=Trequency quadrupole traps. In place of the radlo=frequency drive
voltage, & magnetic field ia applied aleng the axiz. A constant bias
potential iz applied between the two end capa and the ring. The charged
particles are confined to trajectories which apiral about the magnetic
figld (z axia); Etheir excursiens in the =z direction are limited by
repulsion from the end ecaps. Agein confinement results. Additional
=mall an fields may be applied at wvarlous points to drive the particles’
motional resonances.
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Fig. 30. Penning trap for elsctrons {(from Ref. 37T).

Spectroscopy can now be performed on the oconfined particles, either
on internal structure transitions 1if ions are being atudied, or on
magnetic-field orbital and spin flip transition= in the case of electrona
{Fig. 30 shows an electron g-Tactor experiment). If the wavelength of
the radiation ia greater than the dimensiona of the particle orbita, we
pan axpact that when the particles absorb the radiation, they will do so
without showing Doppler broadening. Flgure 31 shows an example of such
a transition in the 'T'Yb* 1iom, obmerved by Blatt et al.®! at the
University of Mainz, West Oermany. The transition is between ground
state hyperfine levals. The rescnance Grace is fairly nolsy.
Nonetheless, the resonance width ia only 6x107° Hz whereas the center
freguency 1= 12x109 Hz. Therafore the ratio of the lUinewidth ta the
freguenocy i=s about ExTn"'E, and the resolution 1s extremely high. By
gomparison, the Doppler broadening we caleulated for a typleal
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Flg. 31 HyparTing
ragonance in  trapped
'""lypt ions (from Ref.
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Fluorescence Intensity (arbunits)

12 642 Bi2 195,805
Microwove Freguency (Hz)

apectroscople situation [Table IIT] waz about 10-% times the transition
frequenaoy. The resclution In Fig. 31 ia 5 to 6 orders of magnituds
greatert The line has been sharpened enormously by the prooess of
tranaferring the momentum to the apparatus, and also somewhat further
by the chofee of a high-mass ion.

2. Limitations: confinement radius and second-order Doppler broadening

What are the limitations of thizs technigue? There are two. Firat,;
if we want to go to higher and higher frequencies {(for example, into the
visible reglon), then the wavelength gets smaller and smaeller and we
must bea able to confine the lons in a smaller and amaller wolume to
Indige the momentum-tranasfer tpick. 2econd, the momentum-transfer
Erick, 1like all the Doppler-free tricks we have atudied =0 far,
aliminates the Doppler broadening only to firat order. There {8 =atill a
residual velocity dependenoe of the transition frequency through the
(1=v=/2®)"/2 donominator in Eq. (13). If we axpand this Factor in a
Taylors seriea about w=0, we ssa that the ran? of frequencles will be
about equal to v*/c?, or about 10~'% if ¥/e310°". This effect ias called
aecond-order Doppler broadening. The only ways to reduce it are bto make
the atom move more Alowly by coollng the motion or by changing to a
heavier atom. Cooling the motion has the additional effect of making the
particle’s orbit smaller; this can readily be wvisualized if one imagines
that the atom ia moving in some aort of parabolic potential well. That,
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in turn, will permit use of the momentum=-tranafer trick at shorter

wavelengths. Increaszing the particle’s mass at conatant temperature,
however, does not shrink the orbit.

3. Cooling

Te eool the motlonal temperatura of the partioles in the trap, we
mugk put them 4in thermal contact with a lower-temperature heat
rezgrvolr. Several schemes to do this have been devized. The moat
gtraightforward is to admit a eold neutral gasa, such as helium, to Lhe
trap. Thia is often done in the early atages of cooling, and the gas 1=
aubaaguently pumpad away.

Another scheme iz electrieal cooling (Fig. 32). A charged particle
ospillating back and forth in the trap will Induce an image charge of
opposite s=ign to itself whenever 1t approachez an electrode. IF an
external wire aonnects the electrodes to a charge reasrvolr or another

Liquid _ o

Y Fig. 32. Aesiztive
HE hﬂﬂ'l é’ oooling of electrioally
T_42K » e' trapped particles.

f Ll

2N

electrode, a small oseillating current will flow. Thus, to cool the
motion we oan insert a resister in the clrowit to dissipate the
electrical energy, which will damp the motion of the charged particle.
The particle then geta "cold" as the resistor gets het. Ultimately the
twa will come into thermal equilibrium and oooling will cease. The
reverse energy [low machanism that makes equilibrium possible iz Ehe
thermal, or Johnson, noizme woltage fluctuation between the realator
terminals, which always appeara if the resistor temperature Ia greater
than absolute zers. Thia fluctuating voltage Ia applied between the end
sapa and produsnes an oseillatory force on the eslectron which, on the
averags, lnoreases itas valocity. The resistor must ba put in as aold a
place as possible to achieve maximum cooling; typieally this is a bath of
1iquid helium at U ¥ or perhaps less (of course, the rasistor must not

become suparccndocting). The practical 1imit of this mechanism may be a
few tentha of & kelvin

L mechaniam that does not work for elementary particlea, but does
work for partioles that ecan absorb 1light, such as fons, 1z optical
sideband cooling. To =ee how it works, let us return to the speetrum of
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the absorption of an atom in a trap (Fig. 33). Let u= shine light on Ehe
atom and drive a transition between the lowar stake and the upper state,
not at the center frequeancy, but at one of the lower=Treguency of the
sidebands Into which the Doppler-broadened profile has coaleaced. TIf the

=
Excitation T } Fluorescence
mm-ﬂm Wy,

Fig. 33. Transition eyocle in optical sideband cooling.

atom absorbs the light, eventually it will flucresce or reradiate light.
The absorption and spontanecus fluorescence are independent procssses,
s0 that the frequency which the atom emits need pot be the same as that
whioh it absorbs. In fact, the frequency that it emits may be anywhers
in the atom + trap spectrum. Sdmilarly, if the atom were Freely moving
in a gas, it might absorb the light from one direction and emit into
another, therefore with & different Doppler shift k-w; or it might hit
something and change fta weloeity batween abasorbing and emitting. In
each case, on the average it will amit at the center of the speckrum,
and therefore on the average it will emit a higher freguency Ehan it
absorbs. The net energy added to the radiation feld by the absorption=
emizsaion cycle iz hiw>0. The source of the energy ohange must be an
aqual negative change in the kinetioc energy of motion of the atom, since
the atom’z internal energy atays the same; the coupling mechaniam is the
recoil upon absorption and emission. The process ocan be wvisualized in
terms of the trap-induced substructure of the ground =state and the
excited atate; the net result then iz a decregss in the motional quantum
level. The amount of energy that can be extracted in cne eyele of this
process is a very small part of the total thermal energy, but sinos at
the end the atom is again in the ground state; the proceas may be
repeated, and after many cyeles can extract almost all the klnetio
energy from the syatem. Temperatures as low a3 10 mE have been
reached.’ At 10 mK less than one part in 10% of the initial kinetio
energy remains. This meana alsc that the second-order Doppler effect
has been reduced by a factor exceeding HZI"* and the amplitude of the
atemio motion has been reduced by a Ffactor of 10, Thus the goal of
reducing the amplitude of the atom’s motion to one wavelength of wvisible
light is approaching; at this point?® the radius of motion was less than
1 ym in the beat casa.
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Thia trapping and cooling technique haa another very great
padvantage, which 18 that it naturally permits wery leng interaction
timea. In prineipla, the atom can stay in the trap Forever, a0 the time
of interaction of the light and the aktom can ba as long as one wishas,
Uitimately, the interaction time will be limited by =ome process that
makes the interaction betwean the radlation and the atom lose coherance,
such aa & aollision or spontanecus emisaion.

The ideal atom for optical sideband cooling and sp=octroscopy would
have one atate that decayed very rapidly to allow rapid optizal pumping
and eooling and another state that lived a very long time. Spectroscopy
an the second atatke ocould be done with extremely high rescolution. This
is the goal of groups at the Hational Bureau of Standards in Boulder,
Colorado, the University of Washington, the Univeraity of Hamburg, and a
few other placea arcound the world, as they seek to produce the ultimate
line narrowing in spectroscopy.

L4, Univerzal trapped particle refrigerator

There iz a further small wvardation of the laser ocooling process.
There are partisles that cannat be cooled by means of dipest laser
optisal =ldeband pumping; for example, an elamentary particle which has
na internzl statea. TIa it newvertheless possible to oool an elesmantary
partiols with laser ocooling? The anawer appesrs to ba yes, although it
haa not besn directly demonatrated. Suppoae we put in & teap not one
but two particlea, one belng the elementary partiele we wish to study,
and the other being an atomic ion suoh aa Mg* or Ba* whose energy lavels
are conducive to optical =sideband cooling. A= the lon ia being cooled,
the elementary particle oollides with it; the forces they exert on each
other are Coulombic and hence wery strong. Thua momerntum will be
transferred very rapidly from one to the other, they will thermallze,
and the optical aideband pumping on the ion aloneée will ool both
particles to approximately the same temperature. The final temperature
should be slightly higher than before, since the heating mechanisma of
the trap affect both particleas while only one iz ocooled. An estimate
shows that for any reasonable trap dimension, the coupling is quite
strong  enough. This "transference cooling" has been seen® in the
spectrum of trapped Mg* ions (Fig. i8). The three transitions shown come
from the Mg+, Mg+ and *Mg* isotopes. The point to notice 1s that
the linebreadth {predominantly the Doppler breadth) of sach of the three
1lines i= exacktly the sama. Yat the laser pumping was applied only to
#Mg*, the most ocommon iaotope. Evidently Coulomb ecollisions
equilibrated the temperatures of the three specles very effectively. It
seems likely that the method will alse work well enough with very amall
numbers of particles, and with particles of differeprt mass. Thus wa
will have produced a universal trapped particle refrigerator.

5. Ultimate sample aize

To avold ecollisiona; one should work with ga small a sample as
possible. How amall can this be? The anawer is that it is poasible to
gtudy spectroscopically a sample that contains only one ion! Flgure 35
shows"? the fluorescence intensity from a sample of trapped **Mg* ions
as a Tunction of time. Periodically a charge exchange collision will
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Mg [l RESONANGE
TRAKSITIONS

Fig. 34. Optical
tranzitions in optieally
oooled MgY  dsotopes
(from Ref. WO

PHOTON COUNT RATE

“u

ooour betwaesn a Mg* fon and a “Hg atom from an atomic beam passed
through the trap. Thus the number of *'Mg* ions decreases by one. When
the deocreass ocours, thera s a sudden downward jump in tha fluorescencs
intenaity. If there were a large number of lons contained in the trap,
the compoaite aignal would average cut to a smooth exponential deecay.
In Fig. 35, howewer, the sudden downward Jumps are clearly silaible, and it
ia evident thalk the numbap af lona in the trap degreases progreasively
from three, to two, to one, Lo zaro.

Mg 4 Mg Mg g

BACHGROUND

™ug" FLUCRESCENCE INTENSITY —

TINE —

Fig. 35. Fluoresacences from a olowd of trapped I"ME"’ decaying
from 3 to 0 fons (Crom Ref. 37).

A =simpla esaledlation werifies that 1t 13 possible to detect
optically a single trapped ion. The lifetime of & typieal excited state
1a about 10-7 gac. This means that {f we pump the transitjon with las=er
1ight as hard as we pleass, the atom oan radiate about 10" photona each
second, since the probability that the atom iz In the exclted =tate can
be made at most of order unity (actually about 0.5). If we cabtch even
1/1000th of the fluorescennse with a photomidltiplier, we are then
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catahing 10% photons per second from one single atomis ion. And that
Elves quite a strong aignal, alnoe good photomultipllers have & nolse
level of only 1 er 2 photons per aecond and an efficlency of 0.1 or
hettar. An even more dramatic experiment %Yo show this leawvel of
senaltivity is possible. A p_:mun"l 1led by H. Dehmelt and P. Toschek made
& very small radio-frequency ifon trap employing optical sideband cooling
and studied it with a mieroscope to which a camera was attached. They
obaerved a =amall glowing spot of light (Fig. 36). A= they reduced the
numbar of ions in the trap and econtinued to take photographa, they Cound
disorete stepa in the fluorescent spot size;, with ne intermediate cases,
and abtained photographs of spots conslsting of Eheee, two, and one lons.

Flg. 36, (Right aslde) photograph of fluorescing clouds of 3,
2, and 1 trapped Bat dona; (left side) peneral view aof
fluorescence from trapi (insert) trap detail (From Ref. H1).

I¥. REDUCTION OF RADIATION BROADENING

Wa have seen how to eliminate many of the physical effecks which
limit the precision in Eraditional forma of spectroscopy. Let us Cinally

turn our attention to the radiation fisld. The major radiation affecta
ara:

{1) Power broadening and shifts indused by the exciting light
sourae

(2} Broadening and ahifts Indused by blackbody radiation

{3 Spontanecus emission broadening.

Power broadening by the eadiatlon source can be an inharent problem
only when the speotral line is detected in the radiation itself. This 1a
the oase bacause every radiation detector has a lower sensibtlvity limit;
thug the applied radiation fiald intensity cannot be reduced indefinitely
in the attempt Eo eliminate power broadening, For ultimately the signal
will become undebectably weak. Tn practice thia will be a problem only
when other broadening effects have been reduoced to very low valuss.
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If a non-radiative detaction method is employed, this restriction is
removed. Detection of the atom in the excited staks san, in principls, ba
senaitiva at the single-event level. Some susch methoda, e.g., =tate
aalective lonlzation or oollisions, have baen very successful and can be
carrled far. However, the detection normally will destroy the level. 1Is
it posaible to do better than that? One suggeation might be to Ywelgh®
the atom, taking advantage of the relativistic mass depéendence on
internal energy to ascartain which state the atom is in. It may be
passible te accomplish the weighing with adequate precision by monitoring
a motional oscillation frequency of the atom in a l:ra.p” aince theas
frequencies are maaz depandent. The extent to which this acheme of
Tquantum nondemolition™ spectroscopy can be auccesaful In principal
appeara to involve basic gqueations of quantum mechanicos, thermodynamics,
and information theory.

The blackbody radiation fiald has two effects. In firat order 1%
induces tranzitiona Crom one state to another, thereby shortening the
lifetime. Tn second order, It czuses energy level ahifts which can be
modeled as dynamis Stark effects.’’ Figure 37 shows ths Blackbody-
induced transition rates from principal quantum state m to all aother
gtates in the hydrogen atom at room temperaturs, and Fig. 33 shows the
dynamic 3tark shift of state n in the same conditions. The approximate
models are due to Oallagher and Cooke,? and the exact ocaleulations are
dus to Farley and Wing.!" A hydrogen atom in the n=10 state will absorb
8 blackbody photon about 35,000 times per ssconds The dynamic Stark
ghift is on khe order of ' kHz for this state. Both of thess effects can
be reduced by lowering the temperature.

g4l oot

depapulaban rabe {sec'|

3 BR8N Ea3488

Fig: 37. Depopulaticn rate of atomle hydrogen statea induced
by 300 K blackbody radiation (from Ref. 10).

But how can we eliminate the affects of spontanecus emission? Tt
asam=z 38 if ikt ia anm inherent property of the atom. Howewer, that i= not
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dynamic Stok st {kHI

Fig. 38. Energy shift of atomic hydrogen states induced by
300 K blackbody radiation (from Ref. 10).

precizaly true. When we solve Schfodinger’s Equation for the senergy
levels of an atom, the levels we obtein have infinite lifetime. Why i=
it then Ethat real atoms decay IF they are In  an exolted atate? The
gnawer is that real stom= interact wikth virtual quanta {n the radiation
field even at abaolute =zero temperature. The many ocacillatory modes of
the radiation fleld contain no photona at abeplute =zere, but they still
can receive photons. Basauss of the coupling between the atom and the
field, after some time it will emit ita energy intc one of them. T we
pould eliminate the radiation Tield modes In the neighborhood of the
gtom, it appears plausible that we would eliminate the spontanecus
emission. To do that we agaln must put the atom in & olozed cavity, so
that the distribution of radiatlion fleld modes as a funotion of frequency
is diserete rather than continucus, and adjust the cavity dimensions so
that there are no medes having frequencies near those which the atom 1=
1ikely to emit. For microwawe transitiona this can be done by making bhe
cavity dimensions leas than roughly &  For optical frequencies this
cavity size is so amall Ethat it ia impractical, but it may be possible to
position the transition frequency in bebtween cavity modes, Iff the cavity
Q@ is high enough and the atomic transition is sharp enough that the
relavant linea are all well resoclved.

In this way the atom could be made to have a long lifetime. What
would ultimately limit it7? First, the atom might drift oot of the
cavity; or against a wall; this, however, could be eliminated if the atom
ware confined near the center electromagnetically. Second,; if more bhan
one atom ware present, two or more might emit ocooperatively teo produce
& phaoton having enough aenergy to mateh a eavity mode. Third, if the
cavity temperature were greater than zero, a Raman process might occur
in which the atom absorbed a photonm From a lowep=Trequency mode and
amitted one Iinte 8 higher-frequency mode while de-exciting itself.
Finally, it might de-excite by a nonradiative loas mechanism such as
ragistive heating of the cavity walls (if not superconducting at GLhe
tranaition Crequency) by the fluctuating near field of the atom.

A step toward realizing thia idea ha=z been made by Vaidyanathan eb
a1."*' A beam of Rydbergz atoms was sent not inte a cavity, but into a
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apace betwean twoa parallel oconducting plates. The space between aush
plates is not ocompletely {solatad From the outside space, vet 1t i=
partially isolated, so the density of radiation field modes is different
inside than in free space. In particular, there is a cutoff frequency for
ane pelarization aof the osaillatory elechkric field, below which the mode
denaity wvanizhea. A& do elecktric field was uszed to tune {via the Stark
effeck) the Frequency of one af the transitions out of the initially
excited state aorosa the cutaff freguency of Ehe "gavity. Thelr result
is shown in Fig. 39. Az they adjusted the [Crequency, they found an
inoreass in the depopulstion rate of the atem that ococourred when the
29d-30p transition waa tuned aecroas the pulde suteff fregquensy (left
curve), When tha 284-20p transition was tunad over tha =ame Stark field
rangai it did not cross the cutoff frequency, and no jump was ssen (right
L
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Fig. 39. Evidence Cor modification of the blackbody Field
apectral distribution by a resonant structure (from Ref. U3).

It should be emphasized that under their conditions (T=180 ¥}, esach
mode oontained many photons, and hence their results are due to
blackbody radiation rather than to wvirtual radiation. Monetheless, the
idea of modifying lifetimes by changing the mode astructurs of the aspeos
surrounding the atom has been succesafully demonstrated; and it will be
interasting to =es whether 1t workas alse for virtueal radiation.
Preaumably, accompanying the shutefl of aspontanecus decay will be a
modification of the level ahift which eeaults from the coupling to the
radiation fleld.
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%. SPECTROBECOPIC SQURCES AND IMSTRUMENTS

The final major teopic to be disoussed ia the limita to precision of
apectroaoople Ught =ocurces and inatruments.

A. The electromagnetic apectrum of spectroscopy

Figure 40 {ndicates the range of devioes needed to cover the portion
of the electromagnetic spectrum that {8 of greatest intersst for
apectroscopy of Fanaltiﬂ-n frequencies in atoms and moleculas, 1 ng
between roughly 10 and 10'° Hz. Between 107 and about 10'7 opr 10'7 Hz
are Pound Cine and hyperfine structure bLranalticna in atoma, many Eydbarg
state tranaitions, and; in the upper part of the rangs, rotational
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Fig. b0. Electromagneties aspectrum of Interest 1in
gapeatrogoopy, with fregquensy ranges of ceptaln interesting
categories of transitions and Eypea of soharent soupces
indicated. Notation: Hin) denotes the transition between
principal states n+1 and n in atomic hydrogen; H.* denotes
the fundamental rotatiomal Crequency of a molecular fon
containing n hydrogen atoms.

transitions in most molecules. In the range From about 107! to 10"F ke
e rotational Eransitions in light molecules; such as diEtﬂTaﬁ mnluﬂrlus
in which one atom fa hydrogen. In the range of roughly 10'° to 10
1ie wibrational tranaitiona in moleoules, the hydrogen=hbearing onea belng
near the upper end of the range. Low-=1y¥ing electronic trarﬁitima H
ordinary atoms and molecules lie in the reglon of roughly 107 ta 10
Ha. Lu-u-liyg.ng tranaitiona in multiply lonized atoma lie inm tha region
b to 10 Hz; of f the 4i m. Fipally,; nuclear X=ray tranaitlona lie
i,n, the ap?g::l::iual:a range 10 to 10 Hz. I will not dimecusa the region
above Hz; however, because up to the present, although some
bggmninga have been made, there has been comparatively 1itbtla prograss
in the development of ccharent sources thare.
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It ecan be seen From Fig. 40 that many different types of devioes,
based on many different technologies; are required ko cover the
freguency ranga of interest in high resolution spectrosacapy. The
underlying resson, of ocourse, 18 that eadistion-source technoleogy draws
from the s=same manifold of widely wvaried physical phenomena a= da the
samples of intereat, and =o naturally the teshnological detaila of the
devices vary widely as wall.

Generally speaking, the tuning band of an individual device
ingreases leas rapidly than does the center fCrequency of the band.
Genarally, al=o, the coat of individual devices increasss as the
frequency increases, sinoce the dimensicns of the active element shrink;
and the technolegy becomea progresaively mere exctle. Accordingly, the
ceat of high resolution apuctm:aupg is $uitu high. In the centimeter
and millimater microwawse banda (107-10 Hz); the cost of a complete
high resclution source may be in the range U5 23,000-10,000 per GHz of
Frequency coverage. In the wvisible reglon, the coat of 2 state-of-the-
art ow dye lasar system may be in the range of only U3 $1-3 per GH=z
eoverags. Nonetheless, even the minimum US 41 flgure implies a F ﬂliig
goat of US $10 millisn for relatively complate coverage of the 10°-10
Hz range, and it i{s likely that the actual cost would be substantially
more. At present there ia no labeoratory in the world which san claim to
cover even a substantial Ffraction of this range with state-of-the-art
equipment. The lack of such a facllity i=a a major Impediment Eo progreas
in high resclution spectroscopy.

B. Frequency mezsurement

The problem of calibrating the frequency is about as expenaive to
soclve a3 ias the problem of generating the Crequency. Thare are Lwo
waya Lo determine the frequency of an osclllastory wave. dne 18 to
measure kthe [requency direotly, and the other iz to meazure the
wavelength and convert using the relation vwizec. It might =appear that
theae are equivalent. In fact; however; they are not only inequivalent
bt are sufficiently different as to have czused significant confusion in
past years. The essential difficulty lies in the limited accuracy of
the speed of Ilight, which itsalf must be caleoulated From wavelength and
frequency, or length and time interval, measurements.

Figure 41 summarizes measurements of the speed of light from 1675,
the first auccesaful measurement in recorded history, to the present.
The scale changes several times, an indication of the remarkable inorease
in precision over the centurles. The acouracy at present is 1 part in
109, &n interesting hiztorical polnt, and & lesson for experlmenters, ocan
be learned by following the record backward in time from the present.
Recent walues agree reasonably well with each other within their
aocuracy eatimates; the earlier onea being progressively leass accurate,
as would be expected. Suddenly, howewer, we come upon & sepies of
resulta obtained from roughly 1930 to 1950 which are consistent with
each other but inconsistent with the modern value, yet whose precision
increased steadily as time wenk on. Most of theas measursmenta wers
made in effect by measuring the propagation time of a 1ight pulse along
a reflecting cireuit and back. They differ from the modern value by at
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least two to five or more times their error bandas. If the error banda
are assumed to represent 1 standard deviation, or &2% probable; errors;
Ehe probabllity that a two-standard-deviastion error arcse by chance is
gbout 5%, If the error bandas represent a higher confidence level, Ehe
probability of a chanece error is smaller =still. The probability that the
deviations of all of the experimenta in this sequence arose by chanoe i=
quite elsarly negligibla.
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Fig. ¥1. Values of the apeed of light (from Ref. H8).

The origin of this phenomencn =seema to be the 1928 Kareclus and
Mittelatasdt experiment, rapldly reinforced by Ehe experimenta by
Michaelscn, Pease, and Pearaon in 1931-32. Tha latter work was aotually
done largely by the two co-guthoras, aince Michel=zon's heslth was failing,
and ha disd before most of the data were taken. The Mighel=zon apparatus
aonaisted of a tube a mile in length, evacuated by many vaocuum pumpa. A
light pulse was sent along it, reflected from a3 mirror at the far and,
and the peturn pulse was detected. The speed of 1ight was defined aa
twice the tube length divided by the round=-trip propagation time. Thae
technigue was basieally a scaling up of asimilar experimenta that had
heen done for the previous 100 years. The work waa the culmination of &
long series of apeed-of-light experiments by Michelson begun in 1880,
whose result was that Michelson became famous and a figure of great
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authority on the subject. It smesems clear in retrospect that subsaguent
workers did not expect to Find a serious disagresment with bthe value
bearing his imprimatur. This appears to explain the fact Ehat one alfter
another got esrronecus resulta conforming to Michelson, Peaze, and
Pearson’s value, with progressively shrinking error bars.

Several reviewera have tried to ascertaln the ressona for the
series of mistakes. The review by Bergatrand®’® brings out two common
elemanta in the later work through about 195%0: (a) the aguthors, in
Bergstrand’s opinion, tended to underestimate systematic errors resulting
from peouliarities of their apparatus or technique; and (b)) the final
reault was the average of a very large number - typleally 400 to 3000 -
[ndividual measurements. Random errors are those which wvary In an
unecarralated way from run to run; aystematie eprors are the same over
the entire data set, or lapge blocka of it. Averaging n readings reduces
the random error in the reault by a factor about equal to vn, or 20 to
55 in these experimentz. A aystematie error considerably amaller than
the random error in & aingle measurement could mnonethelesa be
oongiderably larger than the random error in the mean, and thus could
bias the finmal anawer. Unmasking the bias, however, would require sithep
a subzldiary expariment of accuracy much higher than the individual
measurement error, an unlikely posaibility sincee the axperimenters wera
pregumably already working at the limit of their technical =kill and
apparatus quality; or else careful searching through the data for
oorralations with experimentel conditions, which was apparently not done,
and even if done ia not always succesaful.

An explapnation of the "locking" of each suocessive result to its

predeceassor has been given by f. T. Birge,”" who attributed the thought
te E 0. LawWwrenoca:

"In any highly precise axperimental arrengement there
are initially ®any Instrumental difficulties that lead to
numerical results far from the accepted wvwaluse of the
quantity being measured ... . Accordingly, tha investigator
searches for the aocurce or socurcea of such errors; and
continuea searohing until he gets a pesult olose Eo the
accapted wvalue. Then he atopa! ... In this way ona can
aeoount Tor Lhe olose agresment of seweral different resulta
and also Cor bthe possibility that all of them are in errop
by an unexpectedly large amounk.”

The locking presumably continued until an experimenter came along

With suoh improved technique, or independence of mind; or both, that tha
pequencs was broken {and perhaps & new one was initiated).

Regarding the source of the errors in the Michel=cn, Peasze, and
Pearson result, Cohen and Dumond®® have pointed out the following
defects of technique: that the co-workers made 2885 propagetion time
measurments, but enly 2 or 5 distance measurements, presumably because
the latter waa much more tedious and difficult; that the former
measurements were made at night, the latter durdng the day, leading to
bhe possibility of; for example, a syatematic unaceounted-for temperature
shift; and that the resultz showed a correlation with the ocean kidea
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[the =ite was near Loz Angeles, California]l which wez never
satisfactorily sxplained.

Evidently an independent frame of mind and confidence in one’s own
akill= are of crucial Importance to an eaxparimenter who followsa in the
foot=ateps of the past: In fact, the wiseat thing =uch an experimenter
can do 18 to resist caleculating the final answer upntil the day after the
experiment is over. 1If he or she is honest about not "peeking,” this
prevents him or her from knowing where he or she Fwante® to go, and
hence from drifting in that direction, whether unconsciously or by
cholce.

The advanoces in technology after the aeocond world war made the
error bara ahrink s eepidly that the disorepanaoy in the Michelson
reault ne longer ocould be overlooked. The most accurate measurements
all are done now by measuring the frequency and the wavelength of the
game osaclllation and multiplying, rather than by pulsze timing. The
results of the two methods are not the same quantity in prineiple; the
pulse timing method measures group veloeity whereas the wavelengbh=
frequency mebthod measures phase wvelocity. However, the npumerioal
difference wanishes im the abaence of dizperaicn, and experlmenta at
widely different freguencles have indicated that the physical vaouum has
no detectable diaspersion.

The moat recent experiments in Fig. U1 measured the wavelengkh and
frequency of an infrared methane-stabilized helium-neon lazer transition.
The wavelength measurement was made by interferometric comparison with
the krypten lengbh standared; the frequency waz measured by hetarodyns
oomparisons with a local frequency standard. The 1 part in 109 preasant
accuracy {8 pear the technieal 1imit of precision of ocomparing lengths,
and so It is impozsible to make the speed of light very much more
aseurate. However, an alternative i3 to define the speed of light at the
baat presant value and eliminate the length standard as a primary
standard; time would then be primary, and length would be derived Crom
it via e. It appears likely that this redefinition will ba made at the
Detober 1983 Conference General des Poids &t Mesures, with the meter
being defined as "the lengkth of the path treveled by light in 2 vaouum
during a time interval of 1/299,792,458 of = second.”

The technology to measurse the frequencies of oscillations in tha
higher portions of the band of Fig. B0 is just becoming available. Thus,
in practice, one often uses wavelength technology In the wisible and
near-infrared reglons even though it is not quite asz preclse as freguency
teachnology. Flgure 82 shows schematicelly the sort of devics which ia
used to measure wavelengtha.*® In essence it 1a s =canning
interferometer. As the length of the resonant section between tha two
corner oubes varles, a sariea of standing wave fringes are seen in the
diode detector oukputs for eacsh of the two laser wavelangtha braveling
in the device., The ratio of the number of Fringes for sach laaer line is
equal ko the patis of the line wave numbers (the reciprocals of the
wavelengths). Thus an unknown wavelength (of the dye lsser) can be
measured in terms of a known one (ef the helium-neon laser). Stray
phase shifta from wavefront irregularities, diffraction; uneven mirror
displacement; and other causes, limit the comparison scouracy to about 1
part im 107,
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Fig. 42. High-precision evacuated opticsal wavemeter (from
Ref. B,

The direct frequency measurement technique in the wisible end near-
infrared conaista of developing a beat =aignal between the unknown
Frequency and a high harmonie of a known frequenay, which ia peferpred
ultimately to a basie time standard such as @n atomie oleok. HBeecause of
the high frequency ratie (ef order 10" gzs107 Hz = 1I1I?1, gaveral stages
are needed. Figure 43 shows such a referencing soheme Tar the
miorowave-to-infrared atep."® Several phase-locked klystron ocasecillators
produce harmenics in the reglon of 10'0 to 10! Hz. Then a series of
lasers, a formaldehyde laser, a methanol laser, a carbon dioxide laser,
anckbher carbon dioxide laser, and so on, extend the range the rest of the
way. All beat frequencies are either messured or servo=locked to known
values, a0 that the final optical frequency is absolutely lmown. Aa can
ba imagined, these comparison chains require a room full of apparatus.
There are several such chains in existence:"® at the National Physical
Laboratory in England, at the National Research Council of Canada, at the
National Bureau of Standards in Boulder, Colorade, USA, and in France,
Germany, Japan, and the USSR. Figure M8 shows ratiolng details of the
NBS, NRC, and MPL chains. TIn addition, there are at least three infrarsd-
to-visible chaina in existence: at NBS, MRC, and the Tnakitute for
3emiconductor Physics In Novosibirsk, USSR. Figure 45 shows ratioing
detaila of the {nfrared-to-visible chains.

. Harmonic generation and frequency mixing

The heart of any frequency ratioing acheme must be a nonlinear
mixing device, since if wavea of two or more freguencies are combined in
a linear device, no new Fourler components are generated, Various
appreaches, involving plasmas, electron tubes, nonlinear gases, vapors,
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surfapes and interfacesa, and peint-contaot diodea, have been used for
nonlinear mixing in the radio=-freguency and microwave regimes. The one
that has bean translazted meat suoccesafully into the optical region is
the tungaten-niockel point-contect dlode, which 1a readily capable of
mixing microwave and 1infrared f{regquenoies, and two or more Infrared
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Fig. 45. Three infared=to=viaible frequency ratiolng schemes
{from Ref. 46).

frequenciss that are widely spaced. Flgure 46 1s & photograph of one of
those devices."® Tt iz made by etching & tungsten wire to a fine point
of a few miorona redius, and touching it deliecately to 2 polished or
vacuum-avaporated niokel saurfeoe. The nonlinearity ecomea from the
alectrical propertiess of the interface between the tungsten, the nickel,
and whatever impurity film iz on the surfece; the detalla are nobt well
understood.

The tungsten wire functiona as a long-wire antenna to collect light
energy for driving the diode and alsoc for radlating ocombination
frequencias Ehe diode pgenerates. Recently, about 107 W pf padiated
power at G500 GHz has been generated by one of thess diodes when
{1luminated by two C0s laser lines whose freguencies w230,000 OH=z
differed by that amount. 52 Efficient coupling requires that each input
radiation fisld impinges upom the diode atk an angle which is near Ethe
peak of a =tronmg lobe of the antenna pattern For the Frequency aof that
radiation field; and the efficient extrection of power has & similar
requirement.

B. HMolse in frequency multiplier chaina

A diffioulty with harmonie generation te relate high freguency
signals to low frequency ones can be seen from the following argument.

Conalder a2 dlode harmonic generator having an nth-order nonlinearity, so
that

n
vl::u.'l: = !:'[Iiﬂfl . (27)
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Flg. 6. Tungaten-nioksl
optical mixing diode
(from Refl. BG).

—

Then if the ilnput cutrent 1B

{ankE
i = l.’ID-"E".IB""" £ (28)

the oukput wvoltage 1s

v = Kl1_/2)" ','Emut + oross terms + c.0.] , (297
aut 0

and conteins a strong component at frequency nw. If the input includes
aideband nodse of relative amplitude ¢ and freguency offsst 4, than

it 183t
4+ Dn

I, = I:II_IJ"E} [:] PO [ {301

in
and Ehe sukput wvoltage is

fnut i (ke S hE . s
+ nee ¥ ==+ Oross terms + 0.0.)] « (31}

v o= K1 /2)" [e
ok o
And the harmonic generation process has increased the sideband nolss
intensity {= the aquare of the amplitude) by a Facktor of n® relative Lo
the main frequenoy intensity. In practice the =sddeband rolss im a high
harmonic generated in this way from a low-frequency time standard may
be much greater than that in the optleal-frequency osacillatlon signal we
wish to stabilize or ecalibrate. Thus in arder ta prezsprve the benafits
of the latter’s narrow bandwidth, we muat filter the beat Frequency
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batween the two, or limit the bandwidth of the stabilizing servoloop.
Then it becomea necessary that each oscillator in the chain have
independent high ahort-term frequency atability, aipee a narrow-bandwidth

servoloop can only affeoct the long=term-averaged Frequency of the
paoillator it scontrols.

E. Ulitimate source linewidth

There are many possible sources of noise in a physical laser; the
main contributions are depicted schematioally in Fig. H7. The theoretical
minimum neoise bandwidth 18 obtained when all noise aources exoept
spontaneous emisaion are removed (assuming, as is the case at present,
that no praoctical way of suppressing aspontanecus emission has been
found). Then, if the atimulated emission electric field in the active
laser cavity mode 1s represented by & long phasor (vector rotating at
the mean output frequency m) of length A*>1, where § 13 the mean number
of photonz in the mode; the aspontanecousz emission into the same mode i=
rapresented by a short random phasor which causes phase fluctuationa of

Fump Noise I

Active Spenlanecus Emission

Atoms
.._1-—1 Phonons or Momic Collisions

Interaction —— Blockbody Rodiotion |

Cavity Structure Vibrations
Acoustic ond Thermal

Radiation

Field Active Medium [ndex
Fluctuations

Fig. 47. MNolse sources in a phyaleal laser.

the reaultant and hence broadens the laser aspesotrum. Wall gabave
threshold, the laser linewldth can be expressed ag"’

2
Enhu{ﬁuwg} HE

= — {32}
lager i .
Pg HE ng.."gT'ﬁH_l

fi

where hv is the photon energy, Avyso 13 the full width of the passive
cavity resonance, P, 1s the emitted power, and Nasga (Hygq) are the
population and the degeneracy factor of the upper (lower) laszer lavel.
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Evidently te obtain & narrow line we must make Avy o small and P
large; thus the cavity @ should be high and the output ooupling weak. 1%
should be noted that P, 1= the net rate of emission of energy by the
lazer medium, and doe= not hecome zero even If no power is cocupled out,
since there are internal loases; e.g.; from the mirror abaarptivity. The
cavity sonance widkh can be further related to the loases: Buyyn =
(2mt.!"', where t, iz the cavity decay time; and ty, ©2n ba expressed as
2k/e [the passive cavity round-trip time] divided by [the Fractional

energy loss per round tripl. Typical numerical valuea are given in Table
v.

TABLE IV. Estimates of ultimate resolution of two common laser
oecillators.
Quantity He-Me, 6328 & £0g5 10 um
) n74x10™ g 103 jz
L 100 em 150 em
round trip loss 2% 10%
Avq o 4.8x10% ga 1.6x10% uz
Pa 1 =W W
Naily > > 1
AVyaser n.5x10-4 gz 1.1%10°T Hz
0,29/ A% g ane lox 1018 2.Bx 1020

It 1= Mkely that Aw,__.. 25 caleulated from Eg. (32) could be

reduced even further by careful optimization of laser parameters. Thus
it can be seen that extremely high spectrozcopic resolution iz available
in prineiple using common laser types. In practice, however, the many
effecta in Fig. 47 other than spontaneous emission will require caraful
attention as well.

F. Ultimate sample linewldth

Figure 88 shows the quality factor Q, for several high-Q
spectroscopio situations.*® Some of these are theoretical limits; for
example, the *'Fe value is for the Moasbauer transition in the nuoleus,
spontansoualy broadenad Others, particularly below the dotted 1line,
are practical wvaluez for mature experimental situations. The eriterion
for high theoretical Q. is a high tranaition frequency combined with a
low spontanecus decay rate. The rapid decrezse of Ethe latter with
decraasing frequency make=s trapped homonuclear diatomie meleosular ions
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attractive candidates in additionm to thoss shown; the ﬂ".r values for
vibrational and Eut.at.mng]. tranaitions im light fons sush as Hz™ are on
the order of 101 ko mED. The exciked vwibrational and rotational states
decay (via elestrle quadpupsle padiation) in times on the order of
minutes to daysj; thus their high Q,'s are in principle experimentally
aceaasible, in contrast to Ehose of hyperfine transitions in ground-atate
atoms: Although the theoretical 0. walues of the latbter may be many
orders of magnitude larger than any others yet mentioned, the
undiaturbed observation time required to utilize them may well exoead
tha lifetime of the apparatus or lbta operator.

1. SOME PROSPECTIVE APPLICATIONS OF ULTRAHIGH-RESOLUTION SPECTROSCOPY

It is mimplest to summarize thess largely speculative possibllities
in 8 table; and leawe the details to the imagination of the reader, zince
that is always Ehe flnal Ingredient in apectroscoplc progress.
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THBLE V.

Phenomanon fesalution nesded
to deteoct

Isomeric shift in an atomico g 10

frequency dus to nuelear excitation fd~ = 10

Weak interaction shifE in 1 15

chiral maleculas 10 =10

Long-ranga interaction 10 14

batwaern molesular noolel 10 - 10

New limit on time wariation of

fine atructure sonstant a via 13

time variation of fine/gross 10 % = 10
atructure or hyperfinesfina

gtructure transition Crequency ratio

Gravitational effacta

1
on trapped iom energy lewals 14 ! - 1!!:|‘|?r
Excitation mass—-energy shift B o
of a2 trapped particle motional 1M = 10
rasonanca
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