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Velocity Measurements by Laser Resonance Fluorescence

C. Y. She aud W, M. Fairbaunk, Jr.
Physics Department, Colorado State University
Fort Collins, Colorado 80523

1. Introduction

This is the final report for NASA grant NSG-2287 entitled "Velocity
Measurcements by Laser Resonance Fluorescence of Individual Atoms". The
research was supported from December 1, 1977 to August 31, 1980 by NASA
Ames Research Center with grants totaling $65,000. The experimental
research has continued after the terminatfon date of the grant and is
stfill continuing without government support. We have delayed our final
report in order to include some of the recent experimental results,

The goals of this research project were: (1) to use the photbn-
burst correlation method to detect single atoms in a buffer gas, (2) fo
demonstrate real-time flow velocity measurements with laser induced
resonance fluorescence froh single or multiple atoms, and (3) to evaluate
this method as a tool for wind tunnel flow measurement. These types of
experiments have never been attempted before. 1t 1Is thus not surprising
that our research progress has been somewhat slower than we had originally
anticipated. Nevertheless, all these goals have now been accomplisbed.
As a side benefit, the demonstration of the ability to probe a single
atonm has generated considerable interest in the physics community and has
opened up new passibilties in basfc research. One example is the diffu-
sion coefficient measurements we have made. Other possibilities include
a variety of fundamental physics experiments which require single atom
sensitivity including the solar neutrino problem, geophysical abundance

measurenents, and detection of nuclear explosious-and radicactive leaks.
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The main portion of this report (Section II) is a brief summary of
our research progress where the major achievements will be stated in
chronological order. We have recently prepared a detailed summary
(Appendix I) of our research findings on this project. It is the text
of a talk we will present at the SPIE Meeting in Washington, D.C.,
April, 1981. It will be published by SPIE in a book form, entitled
"Laser Spectroscopy for Sensitive Detection”. In Section III, we list
our publications and presentations related to this projecg, as well as
the Ph.D. theses partially supported by this research project. Reprints

of two of the technical publications are included in Appendices'II and III.

II. Summary of Research Progress (1978-1981)

During the first six months we set up our experimental apparatus
and measured the collection and detection efficiencles. We tried to
detect single atoms in one vacuum cell and one flow cell, but were unsuc-
cessful because of the presence of a high level of stray light. During
the second half of 1978, we made a detachable flow cell consisting of a
center section made of pyrex glass where sodium atoms are seedéd into
flowing buffer gases and two end secticns made of brass mounted with
Brewster windows. Baffles and a light trap were used and the interior
was blackened to reduce the stray light reaching the detector. The
results with this cell were much better. The stray light was reduced to
a level comparable to the Rayleigh scattering from the buffer gas used.
With the measured total detection efficiency of 0.47, single sodium
atoms in 200 Torr of helium gas were detected and their transit times
across a laser beam were measured. The detection of a single sodium
atom in a 200 Torr buffer heliun gas typically represents a detection

18 .
sensitivity of one part in 2 x 10 under our experimental conditions.
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Continued experimentation on the measurement of single atom
transit-time had led to the conclusion that the apparent single atom
motion we measured aétually represented single atoms diffusing across
the laser beam rather than atoms moving with the average flow speed of
the buffer gas. In order to measure the flow speed, a new flow system
had to be built to produce an average flow fast enough to make diffu-
slonal motion negligible. We also concluded that a higher detection
efficiency was needed. While we were designing a fast flow nozzle and
ordering an ellipsoid light collector, we decided to use our setup in
which diffusion dominates flow to measure diffusion coefficients of Na-He,
Na-Ne and Na-Ar under different gas pressures. We also examined the con-
tribution of sodium atoms in excited states to the measured diffusion
coefficients. This represents an exciting new area of research which has
not yet been fully explored by us. We ended up spending more than a
year of time ituvestigating diffusion coefficients. A few experimental
problems still remain to be overcome. The detalls of our diffusion coef-
ficient experiments are given in our SPIE paper (Appendix I of this
report).

A faster flowing system was finally put together and an ellipsoidal
collector was obtained near the end of July 1980 (one month from the end
of the grant period). After testing the system parameters and measuring
the laser beam profiles and the detection efficiency, the first unambig-
uvous flow speed measurements of sodium atoms in helium flow were made
near the end of 1980. The signal-to-noise for these experiments 1is
borderline for single atom detection. We found that when two laser beams
were used in order to make a velocity measurement, correlation functions
with good signal-to-noise (S/N > 5) can be obtained only with multiple

atoms. This 1s because of high background light levels and low total



detection efficiency (about 1.5%) even with our ellipsoidal collector.
Figure la shows a flow velocity measurement taken in 0.5 sec with a flow
speed of 88 m/s. About 60,000 sodium atoms contributed to the observed
correlacion function.‘ If an average 1s taken over 10 secouds (Fig. 1b),
excellent signal-to-noise can be obtained. We have not tested higher
flow speeds duc to the limited capacity of our vacuum system. We expect
that speeds faster than 88 m/s can be measured with this technique, but
the measurement time may need to be increased. Further testing and align-
ment of our light collection system should'improve the total detection .
efficiency by up to a factor of 10. Then the detection tiﬁe could be
made conslderably smaller (at least 10 times faster). We have also been
trying to measure velocities using one laser beam. Since the stray light
is less in this case, it is possible to measure the flow velocity of a
single atom. The velocity determination is not as clear cut in this
case. We are currently investigating the accuracy which can be obtained
with this method.

In short, after considerable efforts, we have demonstrated that
single atoms and their real-time diffusional motion in a buffer gas can
be measured by the fluorescence photon-burst method. By averaging over
many atoms, we have measured flow velocities up to 83 m/s in a time of
0.5 sec. We expect that higher flow speeds can be measured by this
method and that the measurement time can be reduced by a factor of 10
or mor§ by careful experimental design. At the present time, this
method is clearly not ready for incorporation in high speed wind tumnels.
For one thing, we do not know if the stray light level will be higher or
loﬁer'in a wind tunnel. It may be lower because the walls of the ob§er-
vation region are farther from the detector than in our experimental

apparatus. We also do not know what detection efficiency can be obtained
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N » 5 x 10° Samples (0.5 sec)
Sample Time 1 usec
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Figure la. A two-beam correlation function for a velocity
measurement in 0.5 sec. Measured speed = 88 m/s.
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Figure 1b. A two-beam correlation function for a velocity
measurement in 10 sec. Measured speed = 88 m/s.
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in a wind tunnel situation. Our research indicates that the total
detection efficiency must be at least 1% for practical flow speed measure-
ments. Any reduction in stray light would reduce the measurement time

from those we have achieved.

III. Publications, Presentations and Thesis Work

Three technical publications, six presentations (three invited) and
two Ph.D. theses resulted from this research project. We list them in
chronological order as follows:

1. W. M. Fairbank, Jr., C. L. Pan and C. Y. She, "Measuring the Velocity
of Single Atoms in Real-Time," presented at the 1978 International
Quantum Electronics Conference, May, 1978.

2. C. Y. She, C. L. Pan, J. V. Prodan and W. M. Fairbank, Jr.,
"“Measuring the Velocity of Individual Atoms by Laser Resonauce
Fluorescence,” presented at the 1979 Conference of Laser Engineering
aud Applications (CLEA), May 1979.

* This presentation was selected for a “lay-language" write-up
aud for discussion at a press conference.

* As the result of this presentation, this research project was
featured in both Laser Focus (August 1979) and Science News
(June 16, 1979).

-3. W. M. Fairbank, Jr. and C. Y. She, "Single-Atom Detection with
Lasers," Optics News, Spring 1979 (see Appendix III).

4, W. M. Fairbank, Jr., C. L. Pan, J. V. Prodan and C. Y. She,
"Direct Measurement of Atomic Diffusion Coefficients by Pesonance
Fluorescence Correlation Techniques,'" presented at the Syaposium on
Atomic Spectroscopy, Tucson, September 1979.

5. C. L. Pan, "Detection and Transit-Time Measurements of Individual
Sodium Atoms Diffusing in a Helium Flow by the Laser Resonance
Fluorescence Correlation Technique,” Ph.D. Thesis, Physics Department,
Colorado State University, Winter 1979.

6. W. M. Fairbank, Jr., "Laser Fluorescence Detection of Atomic Motion
and Rare Events," Invited talk presented at the American Physical
Society Meeting, Chicago, January 1980; Bull. Am. Phys. Soc. 25,

44 (1980).
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Iv.

C. Y. She, J. V. Prodan, C. L. Pan and W. M. Fairbank, Jr.,
"Physiochemical Measurements of Single Atoms in Gases via Fluores-
cence Correlation," Invited talk presented at the American Chemical
Society Meeting, Houston, March 1980.

* This paper was selected for a "lay-language" write-up.

C. L. Pan, J. V. Prodan, W, M, Fairbank, Jr. and C. Y. She,
"Detection of Individual Atoms in Helium Buffer Gas and Observation
of their Real-Time Motion," Opt. Letters 5, 459 Nov. 1980 (see
Appendix II).

W. M. Fairbank, Jr., C. Y. She and J. V. Prodan, "Detection of
Single Atoms and Measurements of their Motion by the Photon Burst
Method," to be presented at the Society of Photo-Optical -Instrumen-

tation Engineers (SPIE) Meeting, April 1981 and published as a
book chapter (see Appendix I).

J. V. Prodan, a Ph.D. thesis to be written soon.

Appendices

Three technical publications resulted from this research project

and are attached as appendices. Appendix I is a technical summary of

the research progress to date.

1.

W. M. Fairbauk, Jr., C. Y. She and J. V. Prodan, "Detection of
Single Atoms aund Measurements of their Motion by the Photon Burst
Method," to be presented at the Society of Photo-Optical Instrumen-
tatfon Engineers (SPIE) Meeting, April 1981 and published as a

book chapter (see Appendix I).

C. L. Pan, J. V. Prodan, W. M. Fairbank, Jr. and C. Y. She,
"Detection of Individual Atoms in Helium Buffer Gas and Observation
of their Real-Time Motion," Opt. Letters 5, 459 Nov. 1980 (see
Appendix II).

W. M. Fairbank, Jr. and C. Y. She, "Single-Atom Detection with
Lasers," Optics News, Spring 1979 (see Appendix III).
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Appendix T

Dutection of s{ugle atoms aud measuremeut of their motion by the p doton burst method
¥. M. Fafrbank, Jr., C. Y. She, aud J. V. Prodan

Physics Department, Colorado State University, Fort Collius, Colorado 80523

Abstract

Using a digltal correlator, wve record the burst of photons emitted by a single aton as
it passes through a resonant laser beam. A high effictiency light collection systen allows
us to reglster many counts from each atom. The transit time of the atom across the laser
beam is computed from the displayed autocorrelation fvaction. By averaging over many
atoms, ve determine diffusion coefficlents for ground state sodium {n helifum, neon aud
argon. We have also used this technique to messure rapid flow speeds of gases.

Introducttion

Regounance fluorescence has long been recoguized as a sensitive technique for detectinu
of small nunmbers of atoms. With flame or electrical excitation, abcut one uanogram (1013
atoms) of an element is detectable.l With modern dye laser excitation, single atonas and
tons can nov be detected.2-7 Iu thi, paper we will first review briefly the condtiticrns
required for detectlon of single atoms by the photon burst method. Then we will describe
our most recent experiments in which the temporsl characteristics of the photen burst from
a single atom are recorded ty a real-tinme digital correlator. 1In this way we record
information about the motion of a single atom., We will also report measurements of the
average motlon of many atoms by this method, from wvhich diffusion coefficients of ground
state and excited state atoms are determined, and gas flov velocities are measured.

Theory

A two-level atom (Fig. la) can be excited many times per second {f a dye laser is tuned
to its resonaut frequency, vi2. Au atom excited at time t = 0 will decay by spontaneous
enission of a photon at t % t, the excited state lifetime. It fs then ready to absord and
enit a second photon. Thus, approximately 1/t = Aa) photons per second can be absorbed
and emitted by a single atom in 8 resonaut laser beam. Taking stinmulated emission into
account, the exact expression for the maximum spontaneous emission rate is

R, = Ay 8,/(3, +8;) ()
vhero gy _and g2 are the degeneracies of the two states. For most atcms, this number is
about 107-108 sec~l. Therefore, a large number of photons can be obtained fron a single
atom, so long as the atom spends a modest amount of time (>1 usec) fiun the laser bean.

The laser intensity required to saturate the atomic transition {s given by
1. = anlnc av/LQ1 + g,/8000) . 2
s 2" %1 =

For atoms in vacuum, the linewidth, 8v, of the resonant velocity group is small (about 10
MHz), and saturation intcusities are low, on the order of 10 a¥/cm?. Thus low power Cu
dye lasers can be used with beaa aress as large as 1 cmé. For atoms in buffer gases at
atmospheric pressure, Av & 10 GCHz, and 14 3 10 W/cm2, Bean areas of 1 mn? or smaller are
usually used in this case.

The total uumber of photoun cmlitted by au ato= in a saturated resonant laser beam is
givean by

F=a R’T . 3)

where .T is the time the atom spends in the becans., The constant a is on the order of unity.
1t takes into account the path of the atom through the beam and the Gaussiau variation of
the laser intensity across the beam. For example, cousider atoms which rove tn approxi-
mately strafght line motfou with velocity v (e.g., atons in vacuum or atoms {n a rapidly
flowing bufier gas). For these atoms, T » 2uw/v, where v is the laser beam radius. 1If the



laser intensity iu the ceuter of the bLeam is equal to 21g, then a = 0.56 for those atonms
which pass through the ceuter of the laser bean.? Atoms in a stationary buffer gas will
diffusc randomly through the laser beam. Their trausi. times will vary greatly. A tyvpical
trausit time will be T » w2/D, where D is thc diffusion coefficlent of the atoms in the

buffer gas.

2
v,
i Q2 @ Table 1. Conparisou of Parameters for Single-Atom Detec:zion
in Vacuum and {n a Buffer Gas at 300 X
]
200 Torr
Parameter Vacuunm of He
Beam diameter, delv 1 mn 0.3 mn
3 Saturation iuntensity, I, 16 oW/em? 5.4 Wien?
A;l Laser power (1,5/15=1.9) 0.12 aw 6.5 mt
Ay vs (b} Rms velocity 460 m/sec -
Diffusion coefficlent - 1.9 ca2/sec
Transit time, T 2.2 usec 2.2 usec
i Saturated fluorescence rate, R, 3.62107 sec™! 4.1x137 sec-!
Photons emitted, F(1,/1,~1.9) ) 43 4360
Detection effictency, ¢ - 5% 0.52
2 Background count, B(time T)
YNNI PP due to stray light 410-2 ) 21
y—t—11,. &) (8=3x10-11)
<Y 2 due to Rayleigh scattering 0 10
. One-atom signal count, S 2.2 24
Sigual-to-noise ratio, SAE 11 4.3

Figure 1. Atosle level
scheaes: (a) two-level
atom, e.g., sodium; (b)
nwultilevel atex, e.g.,
cesium; (c) atom with
intermediate zetastadle
level, e.g., barium.

As au axample, we have calculated the parazcters for detection of single sodfiuz atons
by the photon burst method {n vacuum aud in 200 Torr of helium. The results are glven in
Table 1. 1In vacuum, 4) photous are enmttted 88 a typlical sodium atom passes through the
center of the laser beam. A total detection efficlency (light collection efff{clency times
detector quantum efficiency) of 5% is therefore required in order to get multiple counts
from single atoems. <The fraction of laser Yhutons reaching the detector by scattering off
windows, walls, etc., is typlcally 3 = 10~ 1 {4 our experiments. Thus the average nuz=ber
of stray light photocounts expected during a transit time is only 0.04. Greenless, ez al.
have shown that Lf one looks for bursts fronm single atoms, some discrizmination against
backgrouud stray light can be achleved in spectroscopy experiments.

For sodium atoms 1in helifum buffer gas, higher powers and smaller laser beam rajii{ are
usually used. The loag transtt time characteristic of Jiffusion motion makes detection
requirements loss severe than in vacuum. an the exasple of Tadble 1, 4360 photons are
emitted. A total detection efficlency of only 0.5% still ylelds 24 signal counts from a
single atom. Due to the longer sample time, higher laser power, and contridbution of
Rayletglh scattering, background lighe ts sipuificaut tn this case. One can sce tram Table
1 that slugle atom Jetecttion iw utlll ponsible, but the expccted signal-to-uoise ts oulv

4.3,

Many atuns do not have the simple two-level system that sodfum and other alkalis have.
For example, in some cases {(e.g., ccsium) 1t may be desirable to excite a higher rescunant
state, 8s shown {n Ftg. lb. For these transitions, Ry &8s typically au order of magnitude
less than for the first resonance, and 1; {s sn order of magnitude greater. Thus it will
be difficult to use these tranasitions for sinpgle atonm deteccion in vacuum. It mar setill
be possible to detect single atoms {n buffer Rases usiag these higher resonauces, but
stray light will be a difficult problem due to the higher laser powers required.

o many atoms, metastable states or ground state (ine structure or hyperfine s:iructure
states oxist between the ground state aud resonant excited state (e.g.. state 3 ia Figz.
1c). 1f excited atoas emit a photoun at frequency v3 and drop into state 3, they decome
trausparent td the laser beam at vya. Thus the laser tnduced fluorescence process may be



prematurely terminated. For the alkaline earth atoms Ba, Ca, and Sr, this occurs after
about 25-100 photons.9 Ve may expect that single alkaline earth a®oms can only be detected
by the photon burst method if a detection cfficiency of at least 5% i{s used. One alter-
native, however, is to use tvo rcsounaant lasers, one at vy; and onc at vjz. Keuhauser et al.
have shown that this solves the bottlenecking prodlem in level 3, and allows a continuing
fluorescence cycle.6

Expefimental apparatus

Two types of light collection systems which we have used in our experiments are shown
in Fig. 2. The light collection efficlency o7 the f/1 lens and mirror system of Fig. 2
was mcasured to be 4. This could have been fmproved by a factor of 2 {f antireflection

LIGHT COLLECTION SCHEMES
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Figure 2. Light collection systems
used in our experiments.

coatings were used on the lcunes and the walls of the sample cell., The quautum efficiency
of our €31034A photomultiplier tube vas measured to be 30%. Thus the total detection
efficiency of this system was about 12. This is more than adequate for detection of single
atoms in slowly moving buffer gases (e.g., column 2, Tadle 1), but it is not sufficient

for detection of single atoxs Iin vacuun or supevsonic flows (e.g., column 1, Tadle 1).

The ellipsoidal collector iu Fig. 2 is s polished ellipsoid available from *elles Criot
Corporation. The atoms and the laser bdeam cross at one focus of the ellipsoid. The
detector is placed at the other focus. We measured a light collection efficlency of 507
with the ellipsoid and a total detection cfficiency of 15%. This systea was used in our
experiments with fagt heliua flows.

The complete experimental apparatus is shown in Fig. 3. The laser beam passes dowu the

center of a long cell with three baffles at
is scattered from the cell windows. Sodium
heating with resistance wire a small pellet
inlet tube. In our diffusion experiments a
sodium atons into the vicinity of the laser

cach end designed to block stray light which
atons are seeded into the buffer gas flow by
of metallic sodfium which {s hanging in the
very slow flow of buffer gas carries the
bean, where they diffuse in and out of the

bean. In our gas flow mcasurements, ve substituted a glass nozzle for the inlet tube, so
that high flov speeds could bde obtained. Bursts of photocounts from single atoms are
processed by an 3smplifier-discriminator and fed futo a Malvern single-clipped digital
correlator (Model 7023). Correlation funuctious vere displayed in real time on au oscillo-
scope and recorded on a3 tcletype when a permancnt record vas desired.

Single atom correlation funetions

Unually the nodtum sceding level was adjunted an that there wan auch lean than ocue

sodium actom {n the lasvr beam at a time, aa
cence count rate. The measurement tize was

deteralued from the total resonance tluores-
set for 100 digital samples, correspounding to

a fev milliseconds in a typical experimental run. For most of our runs no photon
correlatious other than noise fluctuatious we:e observed. For as many as 202 of the



reasurements (depending on the sodium concentration used), the correlation funct!ous
displayed discernablc photon bursts. One such corrclatfou function s shown fn Fig. 4.
This burst extends over about 12.5 chaxzucla or 250 usec. The actual atomic tranrsit time
15\/2 tizes larger than this, or T = 350 usec. The totai number of photons in the burst
can be read from the ordinate 1utetcepz.1° 1f the average noise level {s subtracted. For
this burst we read about 16 counts above notse. The conditions of this experimeunt were
fairly close to those tabulated fin columu 2 of Table 1. The actual prediction for tanis
case Ls 21 counts. Thus the observatious agree well with theory. We believe this to be a
bucst from a sfugle atom moving through the laser beaa. When the laser was tuned off
resonance we saw no correlations apprecaching this quality, just small randoz uoise fluctua-
tious.
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Figure 4. Correlaticu function of the Figure 5. Correlation tunction obtainec
fluorescewnce photon burst emirted by one wvhen tvo laser beams are used.

scdium aton crossing one laser bean., The
experiuental parameters are: lascr powver
3.8 mW, beam radfus w = 212 um, measutre-
ment time, 100 samples, or 2 msec, meas-
ured detection efficiency 0.37%.

One of the original goals of our research was to use the photon burst method as a oeans
of nonfuvasive measurement of gas flow velocities., Current Laser Doppler Velocimetry
(LDV) techniques used in wind tunuels, for example, rely on scatteriug frex dust parti les,
vhich are so large that they probably lag behind the actual flow at sonfic speeds. We
proposed to use seeded atoms as scatterers and detect the resonance fluorescence photons
emttted by the atoms.? Rather than LDV, we chose to use the s{mpler Laser Time-of-Flight
Velocimetry (LTV) method developed by Bartlett and she.ll n the LTV method, two pacallet
laser beans are used, and two photon bursts are seen as the particle passes througin the
twvo laser beams. The correlation function for the two beam case has a secoud hump duc to
the cross correlation between the two photon bursts. The transit time between the hcans,
t., 18 read from the location of the ‘second hump on the correlation functica. The particte
velocity s computed from v = d/t, where d {s the measured distance between the two laser
beams. )

When we Jdirected two parallel laser beaus i{unto the cell, we sav scme single hump ccrre-
lations simi{lar to Fig. 4 aud some two-humped correlations such as Fig. 5. Untortunately,
the apparcut flow velocities recorded Iin this manner vere quite variadle. This was puz-
tling to us. When we finally estimated the rate of diffuston for these cexperinental
cond{tions, we discovered that diffusifon motion was in fact much faster than the flow of
the gas. Thus the correlation function fn Fig. 5 may b2 due to two separaze atoms Jiffusing
tn aud out of the lascr beane, or 8 variety of other possibilitiesn.

Diffusion coefffclivnt mocasdurcments

Since the correlstfon function In Fig. & does represent a measurement of the diffustion
tize ()50 .sec) for a particular atoz in 4 single laser beam, 1t 1s possidle to detormin.
the dfftusion coefftclent for sodium fn heltum by averaging correlation functious tor
=any atoas. To do this, we let the corrclator accunulaze a correlation function for adout
17 sanples, in which time many atoms pass through the laser beam. The resulting correla-
ticn functiou Ls showu in Fig. 6. Theory predicts that the average correlstion functicn
" for Jtffusing atoms is glven dylO .
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R(t) = A + L] . ) (&)

* vu + ADr/uxz)(l + am/uyz)

In Eq. (4) any ellipettcity in the laser beam cross section 1s taken into account by incor-
porating scmi-major and semi-minor axes, wy and w,, iuto the theory. The constant A in
£q. (4) represcuts the uncorrelated background no%se in the experiment. The solid line in
Fig. 6 1s a three-parameter (A,B,D) fit to the expcrimental correlation function. The
measured laser beam radii were used for the parameters w, and vy.
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Using this method, we have made diffusion coefficient nessurements for sodium in helium,
neon and srgon buffer gases at pressures from 100 Torr to 400 Torr. For all three gases,
the product Dp, diffusion coefficient times pressure, is a constant, as {t should be. For
exanple, the results of one set of runs in heli{um 1s shown in Fig. 7. The error estimates
for each point are atandard deviations generated by the computer fit to the avaraged
correlation functions. The average diffusion coefficient shown, Dp = 360 * 16 Torr cnl/sec
represents a weighted average with a three standard deviation of the mean statistical
error limit. The results for several sets of runs in the various inert gases are given in
Table 2. The error limits listed in parentheses are purely statistical.

We had originally expected that this method should give diffusion coefficients accurate
to better than 102, We have discovered, however, that our method of radius measurement
(finding the 1/e2 points of the laser intensity) in these runs introduced siguificant
systematic errors. This was checked by comparing radii measured by the 1/e2 zethod with
radil determined by computer ficting measurements of the complete Caussian profile. The
results of these two methods differed by up to 6 1 (up to 122). Since the radii w, and
w, appear in Eq. (4) as v‘z and wyé, the resulting uncertainties in our diffusfon coef- . .
fictents are 20-25%. The final error limits listed in Table 2 take these possible radidl
errors into account. We are now in the procesas of repeating all our diffusion coefficlent
measurcments. In our latest runs, ve mcasure the complete laser beam profile in twvo
dimennions., This Rivea us a ruch better determination of the paramcters wy and wy. We
expect that our uew diffuelon coelficlont measurements will have lews than 102 uncertatuty.

It should be noted that Eq. (4) is correct only {f the intensity fu the center of the
laser beam, [y, 1s well below the saturatioun {ntensity, Ig. For all the diffusion coeffic-
fent ruus described above, the laser power was attenuated until I << 0.1 I4. 1t is also
a property of the single-clipped correclation function that the average nunber of counts
should be less than 0.1 per sample time in order for this function to accurately reproduce
the actual correlation function. This condition was also satisfied {n our diffusion

experiments. s
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time withk lnger {ntene{ty., The numhers
on the theoretical curves reprenvut the
ratio of the excited atate diffusion
coeffictent to the ground state Jiffuston
coelficliont.

Yhen the laser iIntenstty (s increared above 1, two factore affect the apparent Jdiffu-
wion time calculated from the computer flts to observed gorrelation funuctions. One s the
fact that the atom spends a significant portfon of the time ftn the excited state. In the
excited state the astom will experience a Jifforent vate of collistonas with buffer gas
atoms, and tc should have a Jdifferent diffunion coefflclent. The observed dtftusion
should represent a weighted average of excited and ground state Jdiffusion cocfficients,
The second factor 1s that the portion of the laser beam over which the atom s saturated
grows larger as the laser pover is {ncreased. This leads to longer appatent diffusicn
times. Wo have made diffusion ruus at a coustant pressure (200 Torr) of heliunm using
laser {ntensities from [o/l, = 0.05 to 7. The diffusion times calculated from the observed
correlation fuuctions are plotted fn Flg. 8. An exact solutfon for the correlation
function {9 difficult to derive in this cave. Ve have made approximate solutions which
are good for futensities I/I, < 1. Theoretical curves are displayed tn Fig. 8 for various
excited state d4ffusion coeffictents., The error bars Jisplayed in Fig. 8 roeptesent ono
standatd deviation, as determined by the computer fit to the correlation functions. Stunce
the date displayed vas taken on two different days, addfitional systematic errors of about
102 should be sdded to these srror bars to take into account possidble variations in the
laser beam size and shape. Because of the large experimental uncertaiuties at low [/1,
aud the lack of theorettcal calculations for I/1, ~ 1.0, 1t {s difficult to draw a con-
clusion about the excited state diffusion coefficient from Fig. 8. tMHowever, it Joes apprar
that the excited state d{ffusion coefficient 1s larger thaun the groucd state diffusion
coefflclient. From a simple hard sphare model oue might expect just the opposite, becausc
the orbit radiue of the cuter electron In the excited atom s larger than {n the ground
state atom. On the other hand, salculltlous using recent Na-He potential curves®'~ yleld
300 Torr-cm’/sec and 380 Torvr-cmé/sac for the ground- and excited-state Jiffumfcon coef-
flctents. This ratlo of 1.27 ta consist.ut with the results in Fig. 8. It 1s clear that
more accurate sxperimental dacta and theoretical curves tor I/1, > 1 are needad tn order to
get & good Jeteraination of the excited state Jdiffuston coefficient. Work ts in progress

in these arecas.

Very recently, Cil'mukhanov aud Shalagin in the USSR, have propomed that the difference
betwoen ground state aud excited state diffunion cocf{ficients could be explottad to sepa-
tate llocopcl.x3 They report observation of high sodtum concentrations at one end of a
sodlum cell due to this effect.}® Mesgsurements of the diffuston coetfictent of excited
etate atoms by methodse such as ours msay prove fmportant fn the future (n evaluating tsotope

separation schemes of this type.

Cas flov velocity wrasurements

Recently ve have installad the glass nozzle fn the ellipsotdal tight collector and have
sttempted to measure the speed of aodiun atoms in a fast helfum flow. We have been unsuc-
cesnful tn observing good single atom cotrelation functtons because the total detectton
etfictency has been lov, ‘about 1.4%, HWe were recording ouly about oue count per atom in
this case. One problem {8 that when two beams straddle the ellipavtd fecun, the
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12, indicating & transit time of 12 usec function averaged over 107 samples, or
betveen beams. 10 sec. A movre accurate determination

of the second peak position can dbe made
in this case than {u Fig., 9.

collection efficlency from each beam {3 less than optiosum. We have, however, observed
averaged two-humped gorrela:ton functions from multiple ltou;. Figures 9 aud 10 show
averages over 5 % 10° samples (0.5 sec, 60,000 atoms) aud 10’ gamples (10 sec, 1.2 ~ 196
atoms)., One can sees that moderately accurate velocity measurementa can be made {n 0.5
sec, and quite accurate messuremente in 10 sec. From the measured beam separation, d =
1.056 mm, the flov velocity is determined to be v = A8 m/sec. W{th {mprovements fan detec-
tion officiency of a factor of 10, the measuremeut time could de 10 times smaller. So far
ve have not yet measured speeds as high as the speed of sound in room afir, 340 m/sec. But
our results do show that fairly fast flows can be measured 4in a reasonably short time (<1
sec) by the photon burst method.

Couclusione

In summary, we have shown that the temporal nature of the photon burst from a single
atom can be racorded in rveal time with moderate signal-to-noise. This can be used to
characterize the motion of that aton. By averaging over many atoms, quite accurate values
for d4ffusion coefficients or fast gas flow velocities can be determined in a short pertod
of timae,
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Detection of individual atoms in helium buffer gas and
observation of their real-time motion

C.L.Pan,]. V. Prodan, W. M. Fairbank, Jr., and C. Y. She

Department of Physics, Coloradu State University, Fort Collins, Colorudo 803523

Receivexd July 14, 1980

Single atoms are detected and their motion measured for the first time to our knowledge by the fluorescence pho-
ton-burst method in the presence of large quantities of buffer gas. A single-clipped digital correlator records the
phuton burst in real time and displays the atom’s transit time across the laser beam. A comparison is made of the
special requirements for single-atom detection in vacuum and in a buffer gas.  Finally, the probability distribution
of the bursts from many atoms is measured, [t further proves that the bursts observed on resonance are due tosin.

gle atoms and not simply to noise Nuctuations.

Chiefly because of the availability of broadly tunable
lasers, it has become possible in the last few years to
detect a single atom and to measure its motion. In
fluorescence techniques,' the atom is detected through
the photons it emits when it is excited by a resonant
laser beam. In ionization techniques,”? the atom is
jonized by the resonant lasers, and the resulting electron
and/or ion is detected. Only two of the previous ex-
periments have been able to record the presence of one
atom at the time it was in the laser beam. Hurst et
al.® * detected single atoms created by photodissocia-
tion or radivactive decay in coincidence with the cre-
ation event with nearly 100% efficiency. Greenlees et
al.? recorded bursts of six or more fluorescence photons
in about a microsecond when a single sodium or barium
atom in vacuum passed through their cw laser beam.
\We present in this Letter a third demonstration? of true
single-atom detection in wkich we record the temporal
characteristics of the photon burst from a single atom
using a real-time digital correlator. In this way, we not
only detect single atoms but we also measure their
motion,

An atom that moves in a straight line through the
center of a saturated resonant laser beam of Gaussian
spatial profile will emit a total number of protons'

F=aR,.T, (1

where R, is the saturated fluorescence rate and T is the
atomic transit time across the laser beam of diameter
d = 2. For the optimum case,! the intensity in the
beam center is 1.91 times the saturation intensity. and
the constant a = 0.55. Typical experimental parame-
ters for detecting single sodium atoms at room tem-
perature in vacuum and in 200 Torr of helium are pre-
sented in Table 1. For detection in vacuum, it is im-
portant that the total detection efficiency (the product
of optical collection efficiency and detector quantum
efliciency) be high, on the order of 10%. This efticiency
is not achievable with simple lenses, mirrors, and
available photomultipliers. Greenlees et al. used an
ellipsoidal light collector to get 5% total detection effi-
ciency. Incolumn 1 of Table 1 we predict that about

two photocounts per atom will be detected for typical
experimental conditions. This is consistent with the
observations of Greenlees et al. Because of the short
transit time of an atom in vacuum, background count
can be made negligible. A larger laser beam is useful
in this case because it increases the transit time, T, and
hence the fluorescence yield, F, according to Eq. (1). In
a buffer gas, the atomic transit time is much longer, so
smaller laser beams and lower collection efficiencies can
be tolerated. A simple lens detection system is suffi-
cient. Because of pressure broadening, higher powers
are needed to saturate the atomic transition. In this
case, competition from stray light and Rayleigh scat-
tering is quite important. Single-atom detection in
helium is still relatively easy. In gases with high Ray-
leigh-scattering cross sections, single-atom detection
may be difficult, although the burst method has the

Table 1. Comparison of Parameters for Single-Atom
Detection in Vacuum and in a Buffer Gas at 300 K

200 Torr

Parameter Vacuum of He
Beam diameter, d = 2u I mm 0.4 mm
Saturation intensity 16 mW/cm? 5.4 W/em?
Optimum laser power 0.12mW 6.5mW
Rms velocity 460 m/sec -
Ditfusion coefficient - 1.9 cm?/sec
Transit time, T 2.2 uysec 212 usec

Saturated fluorescence 3.6 X 107 sec™t 4.1 X 107 sec™!

rate, R,
Photons emitted, F (opti- 43 4860
mum)
Detection efficiency, ¢ 5% 0.5%
Background count,
B(time T .
due to stray light 4x10°? 21
B=3x1w01h
due to Rayleigh 0 10
scattering
One-atom signal count, 8§ 2.2 24
Signal-to-noise ratio, 11 43
SIN'B

) Reprinted from Opties Letters, Vol 5 pagze 439, November, 1930
Copyrisht © 1950 by the Optical Society of America and reprinted by permission of the copyright owner.
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Fip. 1. The experimental apparatus,

advantage that only the fluctuations of the constant
stray-light signal compete with the single-atom
bursts,

Technically, Eq. (1) is not applicable to a sodium
atom in 200 Torr of helium because the diffusion motion
does not follow asteaight line.  Nevertheless, we can use
Eq. (D to obtain a rough estimate for the photon yield
if we set T equal to a typical diffusion time across the
laser beam, d*/40, where 1) is the diffusion coefficient
of sodium in 200 Torr of helium, 1.9 em?/sec.  With this
approximation, we expect to obtain 24 counts in the -
photon burst from a typieal sodium atom.  During this
time, the constant background signal will be 31 counts,
with a typical fluctuation of /31 = 5.6 counts. Thus
the expected signal-to-noise ratio in single-atom pho.
ton-burst detection is about 5:1. This is consistent with
what we observed in our experiments,

The apparatus we used for single-atom detection is
shown in Fig. 1. It consists of a cell in which buffer gas
at a given pressure (typically 200 Torr) is flowing slowly
(typically 1 emi/sec) across one beam from a Coherent
599 single-frequency dye laser.  Three baftles are used
on each side. and a light trap at the end reduces the
stray light reaching the detector to about 3 X 10-1 of
the incident laser light. The fluorescence photons
emitted by asodivm atom crossing the laser beams are
collected at right angles to both the laser beam and the
helium flow by a pair of £/1 condenser lenses with a
matching spherical mirror.  ‘The detector is an RCA
J034A photomultiplier cooled to =30°C. The pho-
tocounts are processed by a Malvern ~in;,lo-\lippod
digital correlator (Model 7023) operating either in the
.mtm‘urrul.ntmn or the probability density mode, A few

“sodium atoms are seeded into the helium flow by heat-

ing a small piece of sodium metal in the inlet tube. The
average number of sodium atoms in the viewing volume,
N. is monitored by measuring the total fluorescence
count rate, Cp. at low laser powers, P. It is given
bt

- N = zuwiCehe/Pea. @

The peak-absarption cross section, a, of the pressure.

broadened transition is determined by measuring the
line profile and using the standard formulas for inte-
grated cross section. At 200 "Torr of He, the measured
linewidth is 3.8 GHz and o = 2.6 X 10~ em?. The

i

detection efl"clencv ¢ is determmed intwoways: (1)
by measuring the unsaturated resonance fluorescence
from a sealed-off sodium cell in vacuum and using the
known equilibrium denstty and absorption cross section
at room temperature in Eq (2) and (2) by measuring the
Ravlelgh scattering that is due to 200 Torr of He and
using the known Rayleigh cross section'? in Eq. (2).
Both methods give the same answer, which ranged from
0.3% to 1.3% in our experiments,

After the sodium-seeding level was adjusted so that
there was much less than one atom in the beam, the
correlator was turned on and off repetitively. The
measurement time was set for 100 digital channels,
corresponding to a few milliseconds in a typical exper-
imental run.  For many runs, no photon correlations
other than small noise fluctuations were observed.
When the laser was tuned on resonance with the ), line,
as many as 20% of the observations (depending on so-
dium concentration used) yielded correlation functions
displaying discernable photon bursts. These were the
bursts produced by single atoms traversing the luser
beam. One such correlation function is shown in Fig.
2, Asingle photon burst extending over 12.5 channels
can be clearly seen. The atomic transit time can bhe
determined by /2 times the number of channels times
the sample timo. or T = 350 psee. ‘The total number
of photons in the burst can be read from the ordinate
intercept!! if the average background noise level is
suhtmctcd We read about 16 counts in this burst.
The measured laser power, £, beam-waist radius. w, and
detection efficiency, ¢, for this experiment were 3.8 m\V,
212 g, and 0.37%, respectively. These conditions are

not far from those tabulated in column 2 of Table 1.

The exact prediction for this experiment using the
measured transit time, 7° = 350 psec, is 21 counts.  Thus
the experiment and theory agree quite well, considering
the approximations made.

The average number of sidium atoms in the detection
volume was determined from Eq. (2) to be 0.002 in this
experiment. Thus it is unlikely that a second sodium
atom was present during the recording of the correlation
function in Fig. 2. When the sodium-atom flux was

“increased by turning up the heat to the sodium pellet.

we began to see two or more humps in the correlation
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Fig. 2. Single-clipped correlation function of the fluorescence
photon burst emitted by one sodium atom crossing the reso-
nant dye-laser beam in 200 Torr of helium.  The experimental
parametersare: laser power P = 38 m\V; beam-waist radius
1 = 212 ym: measurement time, 100 samples or 2 msec:
measured deleclmn efficiency, . L .
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Fig.3. Probability distributions of detected photon counts
on and off resonance compared with a Poisson distribution
(solid line). The sample time was set at 250 ysec. Eachrun
represents 10° total samples,

functions, representing photon bursts from more than
one sodium atom. When the laser was tuned off reso-
nance, we did not see any correlation functions of the
quality of those in Fig. 2. We saw only occasional cor-
relations of poor quality, which presumably were due
to statistical background fluctuations.

In order to make sure that the observed photon hursts

were due to single atoms rather than to noise fluctua- -

tions, we did a probability analysis of fluorescence
photocounts. The probability density mode of the
correlator was used for this study.” The sample time was
set several times longer than typical atomic transit times
so that a fluorescence burst would fall completely within
one sample period. Runs were made with the laser
tuned on and off the sodium D.line. The laser power
was adjusted such that the total average counts per
sample was approximately the same for both runs.  The
results are shown in Fig. 3. The fluorescence count rate
on resonance was 3800 counts/sec, or 0.95 count per
sample. This corresponded to about 0.05 atom on the
average in the observation volume. The background
scattering that was due to stray light and Rayleigh
scattering contributed 14.2 and 15.8 counts per sample

on the average for the on-resonance and off-resonance

runs, respectively.

If the detected photons were all due to random noise
and contained no fluorescence bursts, a Poisson distri-
bution would be expected. This is indeed what we
observed when the laser was tuned off the sodium res-
onance. The solid line in Fig. 3 is a Poisson distribu-
tion: it fits the off-resonance data quite well. This
confirms that the marginal correlations seen off reso-
nance are just small noise fluctuations. In the on-res-
onange case, the tail of the distribution extends about
5-10 counts bevond the off-resonance distribution,
Since the total count rates were adjusted to be about
equal. this cannot be explained by any random process.
"The tluorescence photons must be arriving in burstson
the order of 5-10 counts.  Note that in this case we used
a smaller beam diameter than in the experiment of Fig.
2: the burst size predicted from Eq. (1), with correction
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for less than optimum power, is four counts. Thus this
experiment is also in agreement with theory.

In our previous paper,}® we had proposed to measure

flow speeds in gases using the photon-burst correlation
technique on single atoms as an alternative to laser
Doppler velocimetry and laser time-of-flight velocim-
etry.}? In ourinitial flow cell, shown in Fig. 1, we could
perform experiments only at low flow speeds!! (<1
m/sec) with small laser beams (diameter < 1 mm).
Under these conditions, the time for a sodium atom to
diffuse across the laser beam is in fact shorter than the
transit time that is due to the mean flow. Thus it is
impossible to measure flow speeds with this appa-
ratus, .
On the other hand, the observed transit time in Fig.
2 does represent a direct measurement of the diffusion
time of that atom in the laser beam. In that sense, we
have actually made a real-time determination of the
atom's motion. By averaging the diffusion times of
many atoms, we are able to make accurate determina-
tions of the diffusion ceefficient of sodium in helium and
other buffer gases.!! A

In summary, we have presented experimental data
indicating the real-time detection of single sodium
atoms in a slow helium flow at 200 Torr. From the
width of the correlation function of the detected sin-
gle-atom fluorescence burst, the transit time for the

- diffusing atom can be estimated. -In this sense, the -

motion of a single atom has been observed directly. In
order to verify that we are indeed detecting single-atom
events, we measured the distribution of fluoresence
bursts resulting from individual atoms’ crossing a laser
beam.. As expected, the on-resonance photon-burst
probability distribution differs considerably from the.
corresponding Poisson distribution for random noise.
All measurements of the burst photon counts agree with
the rough predictions of theory. :

This research was supported in part by a grant from
NASA/Ames Research Center.
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Appendix III
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Primarily because of the development
of broadly tunable dye lasers, it has
become possible to detect a single
atom and also to measure its velocity.
In the last five years, a number of dif-
ferent single-atom detection schemes
have been proposed and demonstrated.
In some cases, the detected atoms
were in a vacuum; in other experi-
ments, detection was pussible even in
the midst of 10'? atomsjcm? of a dif-
ferent atomic or molecular species.

In this article we will review the dif-
ferent methods.of single-atom de-
tection. As an example, we will con-
centrate on our own single-atom
velocity measurements by the method
of laser-resonance fluorescence. Our
emphasis on the resonance-fluorescence

The authors are with the Department of
Physics, Colorado State University, Fort
Collins, Colorado 80523

method should not be construed asan
endorsement of this technique as the
best of the different schemes. In fact,
the exact conditions of each experi-
ment and the types of dye lasers
available to the experimenter will
dictate which single-atom detection
method is the best choice.

Al the single-atom detection meth-
ods that have been demonstrated to
date involve the same first step: exci-
tation of the atom to a low-lying
excited state by a dve-laser beam
tuned to the resonant wavelength of
the atom. This is represented by the
large arrow in Fig. 1. In most cases,
this step can be performed quite
easily. A few milliwatts of dye-laser
power is usually sufficient to saturate
the transition, creating a high probabil-
ity that the atom is in the upper level.
The excited atom then is detected in
one of the six different ways shown in
Fig. 1. :

T 1979, Optical Society of America

FLUORESCENCE METHODS

The first four pathways of Fig. 1 are
variations on a general method called
laser-resonance fluorescence or laser-
induced fluorescence. Detection oc-
curs through the spontaneous emission
that the atom radiates in all directions
when it decays from the excited state
back to the ground state via one of the
four pathways. The delays before
emission are usually short (1077 to
10°® sec), and reexcitation can occur
soon after the atom returns to the
ground state. This means that up to
107 to 10® excitations and decays can
occur in an atom each second, result.
ingin 107 to 10® photons/sec of spon-
taneous emission. In a typical experi-
mental apparatus the light is collected
by lenses and/or mirrors in a direction
at right angles to the laser beam. Dia-
phragms are often carefully placed so
that little laser light bounces off sur-
faces and reaches the detector and
photon-counting apparatus. Even with
amoderate collection efficiency, on
the order of 10° counts/sec of signal
can be recorded each time a single
atom passes into the laser beam. Pro-

199, NIV Y57V 993777, /
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Fig. 1. Different schemes for detecting
single atoms with lascrs. After an atom is
excited by a laser (the large arrow), it may
be detected by observing its resonance
fluorescence (path 2) or fluotescence at a
different frequoncy (paths 1and 3), by
the method of SONRES (path 3), by photo
ionization (path 5), and by ficld ionization
(path 6). The nonradiative thermal energy
for paths 1 and 3 may also be detected by
photoacoustic spectroscopy.
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Before we go on to describe paths 5
and 6 in Fig. 1, in which electrons
rather than photons are detected, two
comments are in order. First, in many
cases, intermediate states, such as in
paths 1,3,and 4in Fig. l,canbe a
hindrance rather than a help to single-
atom detection. If the emission from
these states is slow, the atom gets
stuck in these “metastable”™ states and
cannot be excited again. This problem
does occur in sodium and barium but
is not so severe as to prevent single-
atom detection. In some other atoms,
particularly more-complex ones, the
problems are more severe,and detec-
tion of individual atoms by fluores-
cence methods will be more difficult.
(Of course, if single-atom detection on
the average is all thatis desired, such
atoms can be removed and replaced by
new ground-state atoms.)

Second, it is conceivably possible to
do single atom-detection by using the
energy liberated in the collisions (the
dashed lines in paths 1 and 3). Often
this energy is converted directly into
kinetic energy of the buffer gas, The
local temperature and pressure rise
propagates outward as an acoustic
wave from the atom and is detectable
by sensitive micraphones. This is
called optoacoustic or photoacoustic
spectroscopy. Although detection of
small absorptions has been achicved
with this technique,® to our knowl-
edge it has not been demonstrated yet
on the single-atom scale.

IONIZATION METHODS

Paths $ and 6 in Fig. | represent o
totally different concept in single.
atom detection. In these methods,
laser-induced ionization of the atom
oceurs, creating a free electron and an
ion. These charged particles are then
detecied by clectrodes placed near the
interaction region.

The (irst experiments using reso-
nance-jonization spectroscopy (R1S)
(path 3) for single-atom detection
were done by Hurst ez 2l at Oak Ridge
National Laboratory in 1976.% In their
scheme, cesium atoms were iviized
directly by the same high “tensity
pulsed-laser beam that p ovided the
first step of excitatiop. A buffer-gas

mix of argon and methane was added

to the Jetection chamber so that the

single electron released by photo-
fonization of one atom led to an ava-
lanche of 10* electrons, as in a gas-
proportional counter. These experi-
ments actually were done about a year
before the Minnesota and USSR exper-
iments using resonance fluorescence.
Thus the Oak Ridge group was really
the first to achieve true single-atom de-
tection using a laser.

One of the disadvantages of the RIS
method is that photolonization cross
sections are small compared with cross
sections for transitions between bound
states. Thus a high-power pulsed laser
(on the order of a kilowatt) was re-
quired. Bekov et al. at the Institute of
Specttoscopy in Moscow pointed out
that the laser-power requirements
could be reduced by several orders of
magnitude if the second laser beam ex-
cites the atom instead to a high-lying
state near the jonization limit. After
the two-step excitation by the pulsed
fasets, a pulsed electric field on the
order of 10 kV/cm is applied to the
atom. This is sufficient to cause spon-
tancous ionization of the highly ex-
cited atoms only, as indicated in path
6 of Fig. 1. The ion is then accelerated
and detected by an electron multiplicr
tube. This method is called selective
laser excitation and field fonization by
its proponents. Bekov ef of. detected
single sodium and y tterbium atoms by
this method in 1978.7

COMPARISON OF METHODS

None of the six schemes shown in Fig.
1 is cleady superior to the others, The
two ionization methods have the ad-
vantage that they are applicable to a
wider variety of clements. Usually jon.
ization occurs rapidly, before the atom
has a chance to decay to metastable
intermediate states. At least half the
elements could be detected with
single-atom scusitivity by both joniza-
tion methods. One disadvantage of the
jonization schemes, however, is that
pulsed lasers are required. Unless the
atoms are moving very slowly or the
laser repetition rate is very high, some
atoms will go undetected during the
time between laser pulses. A second
disadvantage is that the atoms are de-
stroyed in the detection process (they

" become ions). Centain applications,

such as the single-atom velocity mea-
surements described below, cannot be
done with these methods. The fluores-
cence schemes all have the advantage
of using low-power continuous dye
lasers. In addition, the detection pro-
cess is nondestructive. The main disad-
vantage of the fluorescence methods,
however, is the limited applicability.
The many cycles of excitation and
emission that are required provide
plenty of opportunities for the atom
to get stuck in 2 metaswable inter-
mediate state. As a result, most atoms
from the middle of the periodic table
are not good candidates because they
have multiple ground states. Only the
alkali and alkaline earth elements ap-
pear favorable for true single-atom
detection by fluorescence methods.

A variety of interesting applications
shouid be possible now that single-
atom detection has been successfully
demonstrated. We have already men.
tioned high-resolution spectroscopy on
rare isotropic species. Two other appli-
cations that we will discuss in this arti-
cle are measurements of the velocity
of single atoms and the possibilities of
applying these methods to look for
quarks. Other exciting applications in-
clude the detection of solar neutrinos
and super-heavy elements, measuting
evaporation from sucfaces directly,
studying slow transport processes and
chemical reactions, and investigating
the statistical fluctuations of atoms in
a small volume.

SINGLE-ATOM VELOCITY
MEASUREMENTS

In 1976, Bartlett and She discovered
that, by modifying conventional laser-
Doppler-velocimetry (LDV) tech-
niques, they could measure the veloe- -
ity of a single dust particle moving
with the wind at a distance of 100 m.*
They used two parallel beams rather
than crossed beams, as in the LDV
method. In theit method (called LTV),
a burst of light is scattered by a dust
partticle when it passes through each
taser beam. A telescope and a photon
caunter located near the laser detect
two bursts of photons for each dust
particle passing through the two laser
beams. A clipped digital correlator
computes the correlation function of
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the detected counts in 12al time, The
time of flight, T, of the particle be.
tween the two beams can be deter-
mined directly from the correlation
function of scattered light on the oscil-
loscope. The transverse velocity of the
particle can then be calculated using ¥
=d/T, whete d is the measured separa.
tion of the two laser beams,

" The impressive sensitivity obtained
with individual dust particles at large
distances led us to expect that the
velocity of individual atoms could be -
measured at short distances.” The suc-
cess of the Minnesota group in detect-
ing bursts ol fluorescence from single
atoms confirmed our expectations, We
built the apparatus shown in Fig. 3 for
the purpose of measuring the velocity
of single sodium atoms. Some care was
taken to reduce the level of stray laser
light reaching the detector with the
use of Brewster windows, light traps.
and baffles. The detectable stray light -
in this cell is sbout 107! of the inci-
dent laser light when the cell is evacu-
ated. When the cell is filled with

helium buffer gas at 200 Torr, lowing

vertically downward, a smeall amount
of additional stray light tnat is due to
Rayleigh scattering results.

A few sodium atoms are seeded into
the helium flow by heating a side pock.
et containing sodium metal. As the
soditm atoms dritt through the two
laser beams, we expect to see a burst
of tluorescence as an atom crosses
cach beam. Although the total effi-
ciency of our lens-mirror and photo-
multiplier svstem is only 1% (one
count detected per 100 photons emit-
ted). theoretical calculations predict
that each detected burst will contain a
number of counts under a variety of
flow conditions. )

TELE Tt

In our initial experiments we have -
been using 130-pm-diameter laser
beams of about 1-mW power, each
with a separation of d = 875 um. The

. flow speed, as determined by experi-

ments using dust particles, is about 80
cm/sec in the focal region. With this
apparatus we have observed correla-
tion functions in real time such as that
shown in Fig. 4. The center of the sec-
ond bump in Fig, 4 gives the apparent
time of flight, T=900 usec, from

which we calculate that v = 97 em/sec. -

The observed number of counts in

cach burst, about 30, is in good agree-

ment with theoreticat predictions.?
Unfortunately, we cannot say for

sure that we have measured the veloe-

ity of a single atom in Fig. 4. At the
pressures and beam sizes of this experi-
ment, 4" ffusion contributes as much to
the ato n’s observed motion as the
mean fiow velovity. In fact, we cannot
be absolutely sute that both bursts of
counts were due to the same atom. It
is pussible that one atom diffused side-
ways after it passed through the first
beam and missed the second beam.
Sometimes we do observe single-bump

Fig. 4. A correlation function obtained

with the apparatus of Fig. 3. The laser
beams were 130 xmoin diameter and sepa-
rated by 870 um. The total measurement
time was 4 msec (100 samples),
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Fig. 5. Probability distsibutions for
photons arriving in 250-usec time arrivals:

" taser off resonance (dashed line) and laser

Fa resonance (solid line) with sodium atoms.

“correlation functions indicating only a

single burst from an atom. Although
we have reduced the sodium density to
prevent the appearance of two atoms
in 2 mezsurement time, we cannot rule
out the possibility that Fig. 4 may rep-
resent two diiferent atoms rather than.

- one atom traversing two laser beams.

We can be sure, however, that each
burst observed is due to a single atom’s
passing through a lases beam.

In order to check the statistics of
burst sizes and occurence frequencies,
we measured probability distributions
for the number of counts in a sample
time (250 psec) larger than a typical
atom’s transit time across one beam
(130 psee). To simplify the analysis,
only one laser beam was used in these
experiments. When the laser was tuned
off resonance, we obtained the distri-
bution represented by the dashed line
in Fig. §. This distribution is exactly
Poisson, corresponding to random
noise and no bursts. When we tuned
the laser back to resonance, we saw a
non-Poisson distribution, as indicated
by the solid line in Fig. §. Note that
on-resonance samples with 30-50
counts occur puch more frequently.

_These sample times must have con.

tained bursts of counts from single
sodium atoms, Computer calculations
that take into account the measured
density of sodium atoms agree well
with these observations.

We are currently working on mea-
eusrements with larger beam diameters
and faster flow speeds, in which dif-
fusion plays a lesser role. Only after
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these experiments are completed will
we be able to say that single-atom
velocity measurements have been
made unambiguously. As further im-
provements are made, we hope that
flow speeds of 10*-10° cm/sec will be
measurable with this type of appara.
tus, setting the stage for wind-tunnel
applications. Another interesting appli-
cation is the measurement of the dif-
fusion coefficients themselves. The
correlation functions obtained with
one laser beam at low tlow speeds.,
where ditfusion dominates, could be
used to determine the diffusion coef-
ficients of atoms in a bufter gas Ji-
rectly.

SPECTROSCOPIC SEARCH FOR
QUARKS

One of the most exciting applications
of single-atom detection is an optical
search fur quarks, the fundamental
subunits of elementary particles. The
theory of quatks, which dates back to
1964, is now well established. Accord-
ing to this model, the quarks will have
noninteger charge: 2 V3or £ 2/3
times the charge of the electron. A
variety of quarks searches, including
cosmic-ray, mass-spectrometer, aceele-
rator, and magnetic-levitation experi-
ments, has been conducted, However,
until two years ago, no experiment
produced any reliable evidence tor the
existence of free quarks. By this time
theorists had developed models that
predicted that quarks can only exist
inside elementary particles and nat
alone by themselves, Then,in 1977,
Larue ezl '® of Stanford University
reported evidence for fractional
charges in units of | 3¢ in supereon-
ducting Millikan-ty pe experiments
they had been working on for over a
decade. Still, two vears later, nosolid
contitming evidenge, except from their
own evperiments,' ! hus been pub-
lished.

Must of the principal researchers in-
volved with single-atom detection with
lasers have expressed interest in look.
ing tor quarks by spectroscopic means.
This idea was mentioned in the orig-
nal paper by Faithank et al.* and has
appeated in subsequent publications
by others. A number of proposals have
been submitted by these reseatchers,

- 4p

-3

- o p
1)
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Na ATOMN  Na-QUARK ATOM

Fig. 6. Fnergy levels of a sodivm atom
aud a sodium atom with a «1/3-¢ quuek
bound to the nucleus.

but not one has yet been funded. The
mood of the physics community still
seems to be one of skepticism, parti-
cularly among high-energy theorists,
whose models are now in conflict with
the Stanford experiment.

The proposed optical quark searches
would look for quark atoms, that is,
atoms that have a fractional nuclear
charge because an extra quaik is
bound to the nucleus. Since we can
now detect single atoms, we should he
able to find the one exotic quark atom
that might be in a sample. The pre-
dicted energy levels of a sodium atom
with a -1, 3-¢ quark bound to the nu-
cleus are shown in Fig. 6, as an ex-
ample. Note that the fractional change
in nuclear charge has a pronounced ef-
tect on the energy levels: it reduces the
spacings by alimost a tactor of 2in this
case. The first excitation step for these
quark atoms would have to be at 9700
or 6023 Alinstead of 3890 A asin
normal sodium. The second step could
involve any of the methods shown in
Fig. 1. In the resenance-uorescence
scheme, for example, when the excita-
tion is at 0023 A, the photons at
¢ither 6025 01 9700 A could be used
tor detection.

Since ne accurate ealeulations from
first princtples have been done ot
quark atems, the energy levels shown
in Fig. 6 are only approzimate. They
were obtained by extrapolation of ex-
perimental data for the sodium isociec-
tronic seguence. The uncestainty in

the wanelengths shown s on the onder

of 100 A. This is typical of estimates
for other -1/3-e quark atoms. For
+1/3-e quark atoms, however, inter-
polation rather than extrapolation is
required, and accuracies of a few
angstroms can be obtained.

One of the advantages of optical
quark searches is that, if resonances
appearing to be quark atoms are
found, they can be tested unambig-
uously by looking for transitions to
higher states.

By using the observed resonance
wavelength, the higher quark-atom
transitions can be predicted very ac-
curately. A successtul optical quark
search should leave no doubt as to
whether or not a free quark has been
found. These types of experiments,
theretore, are ideal as continmation

_tests of the existence of free quarks in-

dicated by the Stanford experiments.

Our work on single-atom veloeity
measurements has been supported by
NASA and muonitored by Ames Re-
search Center. The data displayed in
Figs. 4 and § were taken by graduate
students C. L. Pan and J. V. Prodan.
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