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ABSTRACT OF THESIS 

DETECTION AND TRANSIT TIME MEASUREMENTS OF 
INDIVIDUAL SODIUM A TOMS DIFFUSING IN A HELIUM 

FLOW BY THE LASER RESONANCE FLUORESCENCE 
CORRELATION TECHNIQUE 

This thesis describes the laser resonance fluorescence corre-

lation technique for single-atom velocity measurement. Using this 

technique, we have detected individual sodium atoms diffusing 

through a laser beam in a slow helium flow. From the width of the 

fluorescence bursts detected, the transit time for the diffusing atom 

is determined. This is the first measurement of the motion of a 

single atom in a buffer gas. A probability analysis was developed 

which allowed us to estimate the average burst size of emitted 

fluorescence photons by an atom traversing the laser beam. All 

these results were in general agreement with the theoretical predic -

tions. With improvements, we will be able to measure the velocity • 

of a single-atom either in a flow or in a vacuum. 

By averaging over many sodium atoms, the diffusion coeffi-

cients of sodium atoms in helium and argon buffer gases were in-

vestigated using this technique. The measured diffusion coefficients 

were found to be in reasonable agreement with theoretical predictions 

and previous experimental results. To our knowledge, this is the 
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first application of resonance fluorescence correlation technique to 

the measurement of diffusion coefficient of fast moving atoms in 

gases. 
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I. INTRODUCTION 

The realization of single-atom detection l -4 is perhaps one of 

the more important and fascinating applications of laser spectroscopy 

in recent years. 5 Either the method of laser resonance fluorescence 

or resonance·ionization6 has been used in these experiments. In 

both methods, the atom is first excited from ground state 1 to a low 

lying excited state 2 by tuning the frequency of a laser to the resonant 

transition of the atom. This is indicated by the broad arrows in 

Fig. I-1. F\rst, consider a simple two-level atom as shown in 

Fig, J ... l(a). After absorption of a laser photon, the excited atom 

-7 -8 would decay to the ground state 1 after a delay of 10 to 10 sec, 

the lifetime of the excited state 2. During this decay it emits a 

fluorescence photon of approximately the same frequency, as shown 

by the wavy arrow. During the passage through the laser beam, the 

atom would continue to absorb and re ,..emit photons many times, 

resulting in 10 7 to 108 spontaneously emitted photons /sec. With a 

detection efficiency of 1%, of the order of 105 counts/sec are mea-

surable due to the presence of a single fluorescent atom. Provided 

background stray light, which in this case occurs at the same £re-

quency as fluorescence signal, is kept to a minimum, individual 

atoms can be detected, in the resonance fluorescence scheme, by 



2 

(a) (b) 

-- - 3 __ 't._ 4 

d. c, 
--~i----- Electric 

Field 

(c) (d) 

Fig. 1-1. Different schemes for detecting a single atom with lasers. 
It may be detected by observing the emitted fluorescence 
photons as in (a) and (b), or by photoionization or field 
ionization as in (c) and (d). 
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registering these counts. It is possible to circumvent the stray 

light problem with level schemes shown in Fig. I-l{b), · for atoms 

such as cesium. In these cases, the fluorescence frequency, repre-

sented by the wavy arrow, is different from the laser frequency. 

Hence, one can eliminate background stray light at the laser fre-

quency by optical filtering when detection only at the fluorescence 

frequency is made. Unfortunately, the oscillator strengths of the 

-1 resonant transitions of these multilevel atoms are typically 10 - to 

-2 10 as compared to the order of unity for a two .. level atom such as 

sodium. Hence, fewer fluorescence photons are available for 

detection. 

In the resonance ionization scheme, the atom is further ex-

cited from the 1ow lying excited state 2 into the ionization continuum 

either directly by another laser as shown in Fig. I-l{c), or first 

excited to a high-lying excited state near the ionization limit and 

subsequently ionized by a d. c. electric field as shown in Fig. I-l(d). 

Upon ionization, an electron and an ion are thus created, and the 

presence of a single neutral atom can then be inferred by detecting 

these changes ·using devices such as a gas proportional counter or 

an electron multiplier operated in vacuum. 

Given the capability of single-atom detection, it is of interest 

to measure the velocity of a single atom in real-time. The resonance 

ionization scheme would not be suitable for this application, because 
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the atom is destroyed by ionization during the detection process. 

She !!,_ al. 7 first proposed the laser resonance fluorescence time -of-

flight correlation technique for this type of measurement. Briefly, 

a dye laser which is tuned to the atomic transition is split to form 

two parallel beams in the region of interest. As an atom moves 

across the two beams, the fluorescence photons emitted by the atom 

would come in two sequential bursts. The digital autocorrelation 

function of the two detected bursts of photoe lectron counts should 

exhibit a two-humped structure with the second hump lagging the 

first one by the time -of-flight of the atom from one beam to the other. 

li the beam separation is known, the transverse velocity of the atom 

can be determined. Of course, it is also possible to use just one 

beam for the measurement of atom's motion, in which case the 

width of the autocorrelation function would yield information on the 

transit-time of the atom across the single beam. 

In this thesis, we shall present experimental evidence that, 

for the first time, individual sodium atoms in a helium buffer gas 

have been detected and their motions measured in real-time by the 

resonance fluorescence correlation technique. We have not yet been 

able to measure the flow velocity of such a sodium atom because 

diffusion is faster than the mean flow in our present experimental 

set-up. As a result, instead of measuring single -atom flow 

velocities, we actually measured the transit-time of a sodium atom 
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diffusing across the laser beam. By averaging over the fluorescence 

emission of many sodium atoms, we were able to measure the binary 

diffusion coefficients of Na in He and Na in Ar. The pressure 

dependence of these coefficients was also investigated. To our 

knowledge, this is the first time that diffusion coefficients of gaseous 

systems have been measured in this manner. 

The organization of this thesis is as follows: The basic theory 

behind laser resonance fluorescence and digital correlation tech-

niques is described in Chapter II. In Chapter ill, the experimental 

aspects are discussed in detail. Results and analysis of our single -

atom detection with transit-time measurements and diffusion co-

efficient measurements are presented in Chapter lV and Chapter V, 

respectively. Finally, conclusions and suggestions for future work 

are presented in Chapter Vlf 



II. THEORY 

In this chapter, the theory of the laser resonance fluorescence 

correlation technique employed in this study is presented. The first 

section describes the general principles of laser resonance fluores -

cence for a two-level system; these principles are applied to sodium 

atoms in a helium flow. In the second section, the principles of 

single - and double -burst correlation techniques for velocity and 

transit-time measurements are reviewed. Finally, the ensemble -

averaged autocorrelation function for diffusing sodium atoms in a 

helium buffer gas is derived in section 3; it is shown to be a means 

for measuring the diffusion coefficient of sodium atoms in helium. 

2.1 Resonance Fluorescence of Sodium Atoms 
in a Helium Flow 

Consider the interaction of monochromatic radiation of intensity 

I and frequency v with a two-level atom as shown in Fig. 1-1 (a). 

The population and degeneracies of the two levels are N 1, g1 and 

N 2, g2 respectively, If we assume the total population of the two 

levels, i.e., N = N 1 + N 2, remains constant in time, the rate of 

change of N2 is equal to the difference between the rate of absorp-

tion upwards to leve L 2, N 1B 121, and the rate of downward transition 

to Level 1 (both spontaneous, N 2A21 , and stimulated, N 2B 21 I), i.e. 
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(2. 1) 

where B 12 and B 21 are Einstein coefficients for absorption and 

stimulated emission respectively, and A21 is the Einstein coeffi-

cient for spontaneous emission. Under steady state conditions, 
dN2 
dt = O. We find from Eq, (2.1), 

(2. 2) 

N.oting that g1 B 12 = g2B 21 , and defining the saturation in-

tensity Is as the intensity required to make N2/N equal to 1/2 of 

its maximum value, i.e., 

I s 
(2. 3) 

then Eq. (2. 2) becomes, 

(2, 4) 

The rate at which spontaneously emitted fluorescence photons 

per atom is given by 

= R s 

1/1 s 
1 + 1/1 s 

(2. 5) 
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The quantity 

(2. 6) 

is the saturated fluorescence rate. This is the maximum rate 

possible and occurs when I >> I . The saturation intensity, I , can s s 

be WJ,"itten as, 

I 
s = 

8,rhc 
(2. 7} 

2 
where the relation B 21 = C g(v} 7 

3 A21 has been used. g(v-) is the 
8,rhv 

normalized line shape function for the transition. 

For a TEM laser beam, the laser intensity has a Gaussian 
00 

2 2 spatial profile, l = I exp( -2r /w } . The beam radius, w, is the 
0 

radius where the intensity falls to l/e2 of its maximum value 1
0

; 

P
O 

= ½ ,r w2 1
0 

is the laser power. An atom with a velocity 

component v normal to the beam, making a transit through the 

center of the beam, i.e., r = v t, will emit a total number of 

photons, 

F = Jc,:, R d t 
_c,:, 
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U1ting Eq. (2. 5), this becomes 

00 (I /I ) dt 
F R 

~00 

0 S = 2 2 s 
e 2r /w + I /I 

0 S 

(2. 8) 

If we let I /I and 2 2 2 Eq. (2. 8) becomes, = x, u = Zr /w , 
0 8 

Rw 
F s 8 f (I / I ) = 0 S 

(2. 9) 

1 1 
where w = w (I /I )2 = (2P /trl )2 is the beam spot size which, s os o · s' 

for a given power, P , produces I at the beam center. The 
0 8 

dimensionless function, f, is defined by 

00 

£ (x) = A../x. I 
-00 

.;du 
2 u e + X 

(2. 10) 

A plot of this function is shown in Fig. II-1. It ranges from .16 to 

1. 12 for a wide range of experimental conditions (I /I = 0.01 to 
0 S 

1000) and assumes a maximum value of 1.12 at I /I = 1.91. 
0 S 

Typical atoms cross the laser beam at some impact parameter 

. 2 2 2 2 . b from the beam center. This means r = b + v t instead of 

2 2 2 r = v t as was assumed above. The total number of fluorescence 

photons emitted then be comes 



f(x) 

1.0 

o.s 

0.1 I 10 1 0 
X 
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Fig. ll-1. The function f(x) =~ f d: vs x, 0.01 ~x ~l,000. 
-00 U e +x 

1,000 

.... 
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R e 
z z z 

-Zv t /w 
s dt I 2 2) 

l+ -1: e -2b /w e -Zv t /w 2 2 Z) 

-Zb2/w2 2 2 Z 2 If we let y = (I /I ) e and u = Zv t /w , 
0 S 

Eq. (2. 12) 

becomes, 

R w -bz/wz 
s s e f (y) 

,._Ji V 

where f (y) is the same function as given in Eq. (2.10). 

(Z. 11) 

(Z. I Z) 

In Fig. 11-2, the normalized function F b/F versus b/w for 

1
0

/1
8 

= 1 .· 91 is shown. F b/F, hereafter referred to as f 2 (b/w), 

will be used later in Chapter III for the determination of the sodium 

level and for probability analysis of the detected fluore.scence counts 

in Chapter IV. For trace atoms seeded in a carrier gas with mean 

flow velocity v, normal to the laser beam, all values of impact 

parameters are possible when enough atoms are considered. 

Fig. 11-3 plots F b/F as a function of the percentage of the emitted 

fluorescence photons with bursts larger than or equal to F b under 

the optimum condition, I /I = I. 91. From Fig. 11-3, we conclude 
0 S 
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.s 1 1.5 2 
b/w 

Fig. II-2. • The function £2(b/w) = Fb/F vs b/w, 0 b/w 2 . 
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Fig. II-3. Fb/F as a function of the percentage of emitted .fluorescence 
pfiotons with bursts larger than or equal to F b. 
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that 50% of the emitted fluorescence photons would occur in bursts 

with F b O. 6 F when they cross the beam. 

So far, we have only considered the case for which the flow 

velocity is sufficiently high so that the transit-time for an atom with 

b = 0 due to the mean flow, Tf = 2w/v, is much shorter than the 

diffusion ti me, 2 TD = w /4D, the time a diffusing atom stays in 

the beam, where D is the diffusion coefficient. The trajectory of 

the atom in this case is approximately linear. In the other limit, 

i.e., for TD<< Tf, the motion of the atom across the beam takes a 

random zigzag path dominated by atomic collisions. In that case, 

there is no well-defined velocity for use in Eq. (2. 9). 

As a rough approximation, we can use an effective velocity 

veff' veff = w/T D' with which Eq. (2. 9) becomes 

R 
F = s 

,..Ji. 
(2. 13) 

It should be pointed out that because of the haphazard motion of 

diffusion, t'he emitted fluorescence rate as the atom diffuses in and 

out of the beam is not necessarily a Gaussian function in time as has 

been assumed in deriving Eqs. (2. 9) and (2.11). Furthermore, the 

concept of an impact parameter, b, is meaningless in this case. 

Nevertheless, Eq. (2.13) is useful in providing a rough estimate for 

fluorescence photons emitted during a transit. 
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In our experiments, we typically study the motion of sodium 

atoms in 200 Torr of helium. At this pressure, the sodium n2 
• 

line at 5890A is much broader than its hyperfine structure and can 

be considered as a two-level atom. In this case, g2 /g1 = 2, 

8 7 -1 T = l/A21 = 16.035 ±_.2 n sec, and R
8 

= 4.16 x 10 sec from 

Eq. (2. 6). When the laser is tuned to the peak of the absorption 

line, V = V , 
0 

becomes 9 

the normalized line-shape function in Eq. (2. 7) 

(2. 14) 

where Av D and Av L are Doppler - and pressure -broadened line -

width respectively, 

Fig. II-4 shows an experimental pressure-broadened profile of 

the sodium n2 line at 200 Torr of He. Normalizing by integrating 

-10 the area under the curve, we find g (v =v ) = 1. 51 x 10 sec. At 
0 

300 K, the Doppler linewidth of sodium D2 line is Av D = 1. 31 GHz. 

Using Eq. (2. 14), Av L = 3. 93 GHz. Substituting into Eq. (2. 7, we 

2 
find Is = 5. 4 W/cm . Actually, both AvD and AvL are tempera-

ture dependent. In our experiments, it was necessary to heat up the 

sodium side pocket on the flow cell to a different extent in different 

runs in order to drive sodium atoms into the helium flow. As a 
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Fig. II-4. Pressure-broadened sodium D2 line at 200 Torr of helium, 
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result, the temperature in our flow cell varied slightly in different 

experimental runs. Nevertheless, the number given above for I 
s 

can be used as a reasonable estimate in calculating the optimum 

beam radius, laser power, and the expected number of fluorescence 

photons per transit. 

As a numerical example, let us consider a hypothetical case 

with experimental parameters similar to .our measurements to be 

described in Chapter IV. A sodium atom with normal velocity 

v = 100 cm/sec in 200 l'orr of helium pass through two laser beams 

separated by 800 µ.m ,with beam radius w = 50 µ,m. Since the function 

f (I /I ) assumes a maximum value of 1. 12 for I /I = 1. 9:1), 
0 S O S 

naturally one should try to make I = 1. 91 I , 
0 S 

2 or 10.3 w/cm . 

This corresponds to using 0. 4 mW of laser power per beam. Eq. 

(2. 9) then predicts 2275 photons would be emitted by the sodium atom 

traversing the center of one laser beam or 4550 photons if it passes 

through the centers of both beams. At a detection efficiency of 1 %, 

we should then obtain 46 signal counts above background due to the 

presence of the sodium atom. As a comparison, typically we ob -

served 20-50 signal counts in the recorded cor:relation functions. 

These are dis cussed in Chapter IV. 

2. 2 Single -Atom Burst Correlation Technique 

In any type of optical spectroscopy in which quantum photo-

detectors are employed, signal processing involves extracting 
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information contained in a train of pulses in time, each pulse repre -

senting one photo-detection event. For a constant light level, the 

number of theae pulses in a fixed time interval will assume a Poisson 

distribution due to the random nature of the photo-electric effect. 

An atom crossing the laser beam tuned to the atomic transition, 

however, would produce a burst of fluorescence photons. The corre-

sponding photoelectron pulses or counts would be "bunched together" 

and correlated in time• Hence, a computation of the autocorrelation 

function of the digital pulse train would extract information about the 

bunched fluorescence photons, from which the motion of the atom 

could be deduced. 

The autocorrelation function of the detected photocount rate, 

i (t), is defined as 

R (T) = 1. I 
1m -T T ..... oo 

T/2 

f i (t) i (t-T) dt 
-T/2 

(2.15) 

that is, i (t) is multiplied by a delayed version of itseli i (t-T), 

and the product is averaged over T seconds. The parameter T is 

the delay time. The bracket$ indicate a time -average. In a digital 

correlator, the time -axis is divided into uniform sampling intervals 

of duration .6.T, the sample time. The time-average in Eq. (2.15) 
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is then approximated by summing a finite number, NT, of sampled 

products of the number of detected photocounts, C (t), in time AT, 

where 

C (t) - AT ( i (t)] • (2. 16) 

A digital representation of the correlation function for delay time 

'T = mAT, m being an integer, can then be obtained. In terms of 

C (t), the autocorrelation function Eq. (2.15) is now approximated 

as, 

R {mAT) = 
NT 

1 I; C(qAT) C((q-m)AT) AT 
NTAT AT AT 

q=l 

For sufficiently small AT and sufficiently large NT, R (mAT) 

approaches the integral form given in Eq. (2.15). 

(2.17) 

In order to speed up the digital multiplication and calculate 

correlation in real-time, R (mAT) is usually evaluated by using a 

one -bit quantization scheme called single-clipping. We employed 

such a single -clipped digital correlator in our experiments. Its 

operating principles will be described in Sec. III-5. In this 
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instrument, C (q T-mAT) is replaced by the clipped version, 

Ck (q.6T-mAT) which is defined by, 

Ck ( q.6T -mAT) = 1 

0 

if C (q.AT-mAT) > k 

if C ( q.6T -mAT) < k (2. 18) 

where k is a preset integer called the clipping level. In an actual 

experiment, the mth store channel of the single -clipped digital 

1 t d • 1 he 1· d 1 • f • IO corre a or 1sp ays t c 1ppe corre ation unction, 

NT 
Rk (mAT) = :2:: 

q=l 

(2. 19) 

This is, besides a multiplicative constant, often a reasonably good 

approximation to Eqs. (2.15) and(l.17). 

P . k 10, 11 b . 1 revious wor ers, y comparing actua measurements 

with computer simulation of an ideal digital correlator, found that 

the error in determining characteristic relaxation time (e.g., 

diffusion time), T , of the system under study using single -clipping r 

is typically less than 1 % if' the clipping level k is set less than or 

equal to C, the average photocounts per sample. They treated the 

case of Gaussian statistics and deals with long-time averaged corre -

lation functions. In general, it was found to be good practice to 

make .6T/TD < 0.1 and the number of photocounts per relaxation 

time > 10. In our diffusion coefficient measurements, which deals 
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with long-time averaged correlation functions, we generally have 

t:::.T/'TD < 0.2 and the number of photocounts per diffusion time= I. 

No detailed experimental study concerning the effect of clipping on 

velocity measurements has appeared to our knowledge. Remote 

wind speed measurements with large dust particles using single -

particle correlation technique 12• 13 with two laser beams yielded 

velocities in excellent agreement with the average wind speed mea-

sured with a conventional anemometer. In these cases, burst corre-

lation due to dust particles were measured and the clipping level was 

set below signal counts but above the average noise counts. 

Now let us consider the case in which an atom with mean flow 

velocity v in the x-direction, x (t) = vt, is making a transit across 

a single laser beam with Gaussian profile, i.e., 

2 2 2 
1 = 1 e -2(x (t)+b )/w 

0 

2 2 2 2 
= 1 e -Z(v t +b )/w 

0 
(2. 20) 

where b is the impact parameter. Substituting Eq. (2.20) into Eq. 

(2. 5), we find that for the unsaturated case, I << I , the temporal 
0 S 

evolution of the rate of fluorescence photocounts by the atom along its 

path would also have a Gaussian profile, 

2 2 2 
. (t) . -Zv t /w 
1 = 1 e 

0 
(2. 21) 
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where i = R (
10

) e -2b 
2 

/w 
2 

E 11 . E and n are optical collection o s I 
s 

and photon counting efficiencies, respectively. The count rate i (t} 

has the interesting property that its halfwidth in time is independent 

of the path the atom took, as long as it is a linear trajectory. Using 

Eq. (2. 21} in Eq. (2.15}, the photocount autocorrelation function 

can be evaluated, 

i 2 T/2 22 2 2 2 2 
R ('T} 0 J e -2v t /w e -2v (t- 'T) /w dt = T 

-T/2 

2 2 2 

[ 

T/2 
2 2 2 ] . 2 -v 'T /w J e -v (2t-'T) /w dt = 1 e 

0 

-T/2 

= constant • e 
2 2 2 

-v 'T /w (2. 22} 

Thus R ('T} has a Gaussian profile that peaks at 'T = 0 and with a 

width in time times larger than the width of the corresponding 

fluorescence burst. If the signal is treated digitally, for small .6T 

we have, 

C (t) 
2 2 2 = C e -2v t /w 

0 
(2.23) 
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· Io -2b 2 / w z • 
where C = (R .6T) - e e: 11 • Substituting in Eq. (Z.17), o s I 

R {m.6T) 

s 

q=l 

2 Z 2 2 2 2 2 1 -Zv (q.6T) /w -2v (q-m) .6T /w -e e N . 
T 

i z Z Z 2 = ....2_e -v (m.6T) /w 2 Z 2 2 -v (Zq -m) .6T /w e 
NT 

(2. 24) 

For sufficiently large NT, the sum in Eq. (2. 24) is essentially a 

constant. Hence, R (m.6T) is also a Gaussian function with the same 

width in time as R (T). The transit time of the atom across the 

beam, Tf = Zw/v, and its velocity v can thus be determined simply 

by measuring the width of R (T) or R (m.6T). 

A typical single -beam correlation function we measured due to 

a dust particle is shown in Fig. 11-S(a). For dust particles, the 

diffusion time is much longer than a typical transit time because the 

particles are so large. Also, no saturation phenomenon is involved 

in dust particle scattering. Thus, the above equations are valid with 

the constants i 2 now proportional to the square of the scattering 
0 

cross -section of the particle. In Fig. 11-S(a), the time when the 

correlation function drops to l/e2 is 1. 7 msec. The beam radius 

w is equal to 144 µm. Hence, its velocity is lZ cm/sec. Comparing 



Fig. II-5(a). A typical single-beam correlation function due to a dust 
particle. The beam width is w = 144 µm. Flow velocity 
determined from 1/e.2 point of the correlation function is 
12 cm/sec. • 

(b). A correlation function obtained with two laser beams 
due to a dust particle. The two beams of radii w = 
125 µmare separated by 500 µm. The velocity as 
determined from the separation of the two humps and 
the l / e 2 points of each hump are 18 cm/sec and 12 cm/ 
sec, respectively. 
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the counts in channel 0 to the background, one can see that the total 

signal of the burst is about 550 counts. 

The reasoning behind the above estimate of signal counts due 

to a particle from an experimentally observed single -clipped corre -

lation function is as follows. Let us consider the case in which the 

clipping level k is set such that Ck (qAT) = 1 during the transit of 

the particle across the laser beam and Ck (qAT) = 0 in most of the 

other samples during the measurement time, NTAT. In Fig. II-6 

we show the C (qAT) pulse train with clipping level k and the 

corresponding single -clipped correlation function Rk (mAT). From 

Eq. (2.19), we find that the content of the zeroth channel, Rk (0) is 

NT 
Cburst (qAT) (1) + 2: Cbkg (qAT) (1) 

= total signal counts 
in the burst due to the 
transit of the atom 

q=l 

+ >total background 
counts exceeding 
clipping, 

(2. 25) 

where 4i and 4f are initial and final samples for the burst. The 

. burst quantity C (qAT) is the number of signal counts in the qth 

sample of the burst, whereas Cbkg (qAT) is the background count 

in the qth sample above clipping. Since background counts are 

uncorrelated, they appear in all the channels. Hence, a comparison 
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(a) 

--K = 1 

q (samples) 

(b) 

BKG 

m (channels) 

Fig. II-6(a}. The detected pulse train C(q.t:.T} showing a 
burst of 31 counts above clipping level k = 1 with initial 
and final samples_ 4i and qf" 

(b}. The single -clipped correlation function Rk(m~T) obtained 
with the pulse train Ck(q.t:.T). The average background 
level is indicated by the line marked BKG. 



28 

of Rk (0) with the latter channels gives the total signal counts due 

to the burst. Rk (0) is not displayed in our correlator. Area-

sonable estimate of Rk (0) can be obtained, however, by examining 

the first few channels of the correlator and knowledge about the shape 

of the correlation functions, e.g., Gaussian, bell-shaped, etc. 

H two Gaussian laser beams with separation l are used, the 

laser intensity distribution experienced by an atom crossing both 

beams at impact parameter b and with transverse velocity v would 

be, 

I (t) = I
0 
f xp [-z (xz:rz)] + exp [-z (<x(t) ~t+b

2)J} , 
(2. 26) 

Following Eq. (2. 23), the total fluorescence photocount rate is 

written as, 

(2. 27) 

with 
2 2 2 

. -2v t /w = 1 e 
0 

(2. 2 8) 

and (2. 29) 

where Tf = l. /v is the time -of-flight of the atom between the two 

beams. The correlation function R (T) be comes 
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R ('T) = < i(t) i(t-'T)> 

= <(i1 (t) + i 2 (t)) (i 1 (t-'T) + i 2(t-'T))> 

(2. 30) 

The first two terms are just autocorrelation signals arising from 

the atom traversing each beam, i.e., Rll ('T) and R 22 ('T). The 

last two terms are cross -correlation between signals from both 

beams, i.e. R 12 ('T) and R 21 ('T) respectively. Eq. (2.30) can 

now be rewritten as, 

Using Eq. (2.30), 

(2.32) 

where t' = t-'Tf . Similarly, 
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(2. 33) 

and 

(2.34) 

Substituting into Eq. (2. 31), we have 

(2.35) 

Our earlier discussion on single -beam correlation functions indicates 

R 11 ('T) peaks at t::: O. In the two-beam case, then, Eq. (2.35) 

tells us that we would have one central peak at t = 0 and two sym~ 

metrically displaced peaks at t = +'Tf respectively. All digital 

correlators we know of display only the portion of the correlation 

function with t > O. Hence, the correlation function due to an atom 

traversing both laser beams should exhibit a two-hump structure. 

lithe two bursts of fluorescence photons are of equal magnitude, 

the peak centered at t = 0 should be twice as high as the one at 

t='Tf, asindicatedinEq. (2.35). 
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We have also recorded correlation functions for which the first 

peak is only slightly higher than the second peak. This corresponds 

to the case in which the first burst of photons is much smaller than 

the second burst, while both bursts exceed the clipping level. The 

particular way with which the single -clipped correlator computes the 

correlation function is primarily responsible for this artifact. An 

example of this type of correlation functions due to a dust particle 

is shown in Fig. II-S(b}. The two beams of radius w = lZS µ.mare 

separated by 700 µ.m. From the position of the second peak, we can 

see that 1"f = 4 ms. Hence, v = 1/'Tf = 18 cm/sec. The total signal 

counts are about 3500. From the width of each peak, we find v = 12 

cm/ sec. This was one of the earliest correlation functions we ob-

tained. The agreement with theory was much be~ter for the two-

beam type correlation functions for dust particles we obtained later 

on. Several examples are shown in Fig. IV-3. 

When we are looking for single · atoms, we usually set the 

incident laser power P such that I /I = l. 91, in order to obtain 
0 0 S 

the maximum signal. At this saturation level, the profile of the 

resonantly scattered fluorescence photons would not be exactly 

Gaussian. It would be flattened on the top due to saturation. If, in 

addition, there are only a few counts per burst above noise, addi-

tional errors would arise in a velocity determination using the widths 

of the humps due to the uncertainty in determining the width of the 
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correlation function. On the other hand, the separation of the two 

humps in two-beam type correlation functions can be determined 

with higher accuracy. It is not dependent on the shape of the humps. 

Therefore, the two-beam configuration is generally favored for 

velocity measurement. 

When diffusion is dominant, the expressions for correlation 

functions derived above are no longer valid. Still, a burst of photons 

is detected when a sodium atom diffuses in and out of a laser beam. 

The corresponding correlation function should have a one-hump 

structure. In general, it is not a Gaussian function. As a rough 

estimate, though, the transit time can still be defined to be the time 

when the peak of the correlation function drops to l/e2 
of its value. 

We shall see below that by averaging diffusion transit times, we can 

measure the diffusion coefficient for the atom-gas system. 

z. 3 EnsemhJe -Averaged Correlation Function 

The ensemble -averaged or long-time averaged correlation 

functions can be used to investigate the statistics of the dynamical 

properties of the system under study, such as diffusion or the turbu-

lence level in a flow. Our interest arises from the need to determine 

whether diffusion or flow is dominant in our apparatus. When flow 

is dominant, information on the mean flow velocity is obtained from 

the averaged correlation function which is of the same form as those 

described in Sec. z. z. When diffusion is dominant, an average time 
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for the atom diffusing in and out of the laser beam is obtained, from 

which the diffusion coefficient of the system can be deduced. The 

theoretical expression of the averaged correlation function for dif -

fusion is derived in this section. 

To obtain time -averaged correlation functions, it is not neces -

sary to keep the sodium concentration at single -atom level. The 

correlation in the fluctuation of the number of sodium atoms in the 

observation volume gives the same average correlation function as 

an average over individual sodium atoms for a long period of time. 

A similar technique was used by D. Madge et al. 14• 15 to study the 

diffusion rate of Rhodamin 6G molecules in water solution and the 

chemical reaction rate for forming EtBr -DNA complex. A general 

review on the statistical properties of scattered light can be found 

in ref. 16. 

We will consider the case in which diffusion is dominant and 

flow is negligible. Experimentally, the correlation function is 

averaged for a time much longer than the average diffusion time for 

an atom. T n• Theoretically, this is obtained by taking the ensemble 

average over all possible motions of the atoms. Using a modified 

version of Eq. (2. 21) in Eq. (2.15), the correlation function for 

diffusing atoms can be written as 

R (T) 
2 2 2 2 

• 12< -2r (t)/w ~2r (t-T)/w > = 1 e e . 
0 

(2. 36) 
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where i
0

' • Rs ( :: )• and the brackets indicate ensemble average, 

Let us consider an atom at position !,l (t) at time t. At time t-T 

it was at position !.2 (t-T), i.e. 

! 2 (t -T) = !,l (t) - A!, (T) . (2. 3 7) 

Taking the ensemble average over all possible r 1 (t) and r 2 (t-T) 's 

of the diffusing atoms, Eq. (2.37) becomes 16 

(2. 38) 

where P (£1, t) is the probability density that an atom is at (!,1 , t) 

and P (A_E~ T I ,r,1, t) is the probability density that an atom at 

(_~ 1, t) in unit volume d<6rJT)) was at (£1 - A_!:(T)) at time t-T. 

Assuming uniform flux density for sodium atoms, we may write 

P (,!:
1
,t) = N, N is .the number density of sodium atoms. For 

isotropic diffusion, P (As, T !i, t) i's just the random walk 

b b • 1· d • 16 pro a 1 1ty ens1ty, 

P (Ar, T ,.., 
1 

411'DT 

2 2 
-(Ax +A y)/4DT 

e (2. 39) 

Here we have restricted ourselves to two-dimensional motion. This 

is because the length of the photocathode is much longer than the 
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laser beam radius in our experimental set up. The characteristic 

time for diffusion, 'TD' in the z-direction is much longer than that 

in the x-y plane. When proper sample times are chosen, the z-

dimension is effectively infinite and the motion of the atoms in the 

z -direction can be ignored. 

To evaluate Eq. (2. 38), we note that the integration over 

.6.z ('T) gives a normalized value of l; the integration over z 1 (t) 

gives the length L' of the detection region due to the detector aper -

ture function f 
1 

(z/ 1) to be defined in Sec. 3. 3. We can now 

separate R ('T) into two independent averages over x- and 

y-motion, because these do not correlate for random motion, i.e., 

where 

R ('T) = i ,z R ('T) R ('T) LI 
0 X y 

1 R ('T) = 
X rJwn 

00 

f 

The integration limits in R ('T) and R ('T) have been set to 
X y 

(Z. 40) 

(Z. 41) 

infinity because the dimension of the cell is much longer than the 
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Gaussian beam radius which defines the observation volume. In the 

time domain, this is equivalent to saying that the duration 0£ the 

burst is much shorter than the total measurement time. Integrating 

Eq. (Z. 41) we get 

R ('T) 
X 

and 

R ('T) 

1 = z w 

1 

1 4D'T +-z 
w 

= (i ,z /4) (NV) l 
o l+'T/'T D 

•• ... ' • 

(Z. 42) 

(Z. 43) 

where V = ww
2

L 1 is the observation volume, and 'TD = w2 /4D . 

'TD is just the average time for an atom to diffuse a distance w in 

two-dimensions. NV is the total number of sodium atoms in the 

observation volume. In general, there is also stray light background 

present. Thus, the observed correlatio:,;1 function is fitted to 

(Z. 44) 

where A is a constant resulting from stray light contribution and 

B = 
i' z 

0 

4 (NV) . 
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The profile of the focussed dye laser beam we used was usually 

not exactly Gaussian. It was actually elliptically shaped. For an 

elliptical Gaussian beam, the intensity profile is given by 

The two beam radii are not equal. The observed correlation function 

is then of the form, 

1 1 
R ( T) = A + B / (1 + T / T Dx) 2 (1 + T / T Dy) 2 (2. 45) 

2 2 
instead of Eq. (2.44), where TD = w /4D, TD = w /4D, 

X X y y 
• 2 

B =Go~~ N1rwxwyL', and A is again a constant due to stray light. 

If w and w are known, a simple three -parameter fit (to A, B, D) 
X y 

allows us to determin~ the diffusion coefficient, D. We believe this 

is perhaps the most convenient and potentially most accurate tech-

nique for the evaluation of gaseous diffusion coefficients to date. 



III. EXPERIMENTAL METHODS 

3. 1 General Description 

A block diagram Gf the experimental set-up is shown in 

Fig. Ill-I. 'l'he light source was a Coherent Radiation CR 599 fre -

quency-stabilized~ single -mode dye laser, pumped by a CR-12 Argon 

ion laser. Typically, up to 40 mW of usable single -mode dye laser 

power were generated. Part of the dye laser beam was fed to a 

spectrum analyzer for monitoring the laser mode and frequency 

stability. For wavelength calibration a Kowalski type digital wave 

meter 17 was used which gives wavelength readings accurate to 

• • ±. 0.0IA. Typically, we first tuned the dye laser to within O. 3A of 

the sodium D2 line using the wavemeter. Then we scanned the 

laser to the peak of the resonance by observing the visible fluores -

cence from a heated sodium reference cell. 

With the help of two alignment mirrors, the dye laser beam was 

sent through the center of the flow cell located inside a blackened 

box. Various lens combinations were used to achieve the desirable 

beam diameters, ranging from 100 µm to 600 µmin the observation 

volume. These diameters were measured by recording the trans -

mitted radiation through a 30 µm pinhole mounted on a micrometer -

controlled x-y-z translation stage. In this manner, the beam 
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intensity profile in the x-y plane was traced out for several posi-

tions along the z-axis for each geometry used. 

The fluorescence photons were collected at right angles to the 

beam by a pair of Klinger f/0. 8 crown glass aspheric condenser 

lenses and a matching spherical mirror. The collected photons 

were then detected by a thermoelectrically cooled RCA 31034A 

photomultiplier. The output of the photomultiplier was amplified, 

discriminated, pulse shaped and then fed into a Malvern single -

clipped digital correlator. A frequency counter was used for moni -

toring the average count rate going into the correlator. Experi-

mentally obtained correlation functions were displayed on the 

oscilloscope screen and printed out when a permanent record was 

desired. 

3. 2 Flow Cell Design 

• 
At 5890A, the resonant wavelength for sodium, one milliwatt 

of laser power contains 3 x 1015 photons/sec. When saturated, a 

sodium atom would emit~ IO 7 photons/sec. It is necessary to 

suppress the stray light photons to less than 10-9 of the incident 

photons in order that the fluorescence signal will be larger than the 

stray light level. This is generally done by observation at right 

angles to the beam and by the use of a well designed scattering cell. 

In our experiments, two types of background scattering were present: 

(1) the "usual" stray light contribution due primarily to reflections 
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of the divergent part of the laser beam from cell walls and scattering 

from entrance and exit windows of the cell, and (2) Rayleigh scatter -

ing by the carrier gas atoms or molecules after the cell was filled 

with the flowing gas. 

The first kind of background scattering can be overcome by 

proper design of the scattering cell. Several cells have been con-

structed and tested during the course of this research. With our 

first flow cell we found sodium oxide deposits on the cell wall and 

windows after some usage. As a result, stray light increased con-

siderably. In order to be able to clean the cell wall, our final design 

was a detachable cell with three sections and removable windows. 
# 

The general layout of this cell is shown in Fig. III-2. The two end 

sections, made of copper, were mounted with good quality quartz 

windows at Brewster's angle. A light trap was used to absorb the 

reflected laser light. There were three baffles in each end section 

made of brass. These baffles had sharp edges and were set at an 

angle of 30° with respect to the laser beam so that the spurious light 

scattered from the windows and any divergent light from the laser 

beam was prevented from reaching the observation region. The 

interiors of the end sections were first blackened with a coat of 

carbon film by using an acetylene torch. The two end windows were 

then epoxied on. We note here that ordinary flat black paint does not 

work for the interior of the cell, because sodium atoms would 
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chemically react with most oxides. The central section was made of 

a pyrex glass tube section with ports connected to the flowing gas 

tank and vacuum system. Our initial experiments were performed 

with tube section no. 1 as shown in Fig. III-Z. Its inlet and exit 

tubes were at an angle of 37• with the tube section. Later on we used 

tube section no. Z, in which the inlet and exit tubes were perpendicu-

lar to the main tube section. The interior of the glass sections 

except for the observation windows were also blackened as described 

above. The observation windows were then cleaned carefully. The 

three sections were joined together by ultra-torr type fittings so that 

the whole cell was vacuum tight. The exterior of the entire cell 

except for the windows was also blackened by using ordinary flat 

black paint. With this cell, the stray light of this type was reduced 

-11 so that only about Z x 10 per steradian of the incident photons 

reached the photocathode. 

By heating up a side pocket containing metallic sodium on the 

inlet tube of the central section, sodium atoms were seeded into the 

flowing gas. The pressure of the gas maintained in the cell and the 

pressure drop across the observation region were monitored by a 

mercury manometer incorporated in the gas handling system with 

measurement stations located near both the inlet and exit tubes of 

the glass section. 



44 

We have chosen helium as the buffer gas because helium atoms 

have the smallest Rayleigh scattering cross -section in the visible 

region of all atoms and molecules. 18 Rayleigh scattering by helium 

-11 atoms at 200 Torr of pressure, yields 3 x 10 scattered photon per 

steradian per incident photon. In principle, to reduce Rayleigh 

scattering, one only need rotate the polarization of the laser parallel 

to the direction of observation. Electromagnetic theory then predicts 

that no Rayleigh scattering would be observed because electromag-

netic radiation must have a transverse component to the direction of 

propagation. However, since we are collecting light over a cone of 

angles, some Rayleigh scattering will be detected. We found that 

Rayleigh scattering decreased by a factor of two only as we changed 

the laser polarization from perpendicular to parallel to the observa -

tion direction. We also found that the sodium-fluorescence intensity 

dropped by a factor of two when the incident laser was polarized 

parallel instead of perpendicular to the direction of observation. As 

a result, there is a net loss in signal to noise when parallel polariza-

tion is used. Another approach we tried involves inserting a polarizer 

with polarization perpendicular to that of the laser between the cell 

and the collecting lenses. Again, there is no net gain in signal to 

noise. 
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3. 3 Total Detection Efficiency 

The total detection efficiency is defined as the product of the 

optical collection efficiency, €, and the photon counting efficiency 

r, • The meaning of these efficiencies and our experimental mea-

surements of these quantities are dis cussed in this section. 

The optical collection efficiency is the fraction of light emitted 

from the focal volume that is collected by the optical system used. 

It is determined as follows. From solid angle calculations, a lens 

with a focal length of f = 4 cm, and clear aperture diameter of 

<I> = 4. 7 cm, should collect 6. 4% of the light. The matching 

spherical mirror should collect an equal amount of light emitted in 

the opposite direction. Unfortunately, some of the light is lost due 

to lens aberrations and reflection losses. These factors are difficult 

to calculate reliably, so we measured them directly. A schematic of 

the experimental set up for this measurement is shown in Fig. III-3. 

The two lenses were set up in their position for single atom experi -

ments. A helium discharge of diameter O. 2 cm covered with black 

tape except for a volume O. 5 cm in length was used to simulate a line 

source. The discharge was placed at the focus of the first lens. The 

second lens then focussed the light on the rectangular shaped photo-

cathode. The transmitted power was first measured at the center of 

the front face of the first lens through a 4 mm diameter aperture. 

This allows us to determine the intensity IL O at that joint. The 
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Fig. III-3. Set up for measurement of the transmission of the lens 
system. F ' s indicate foci of the two lenses. 
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intensity, IL (r), • at a point r from the center of front face of the 

first lens is 

(3.1) 

where S is the distance from the line source to the flat face of the 
0 

lens. Note that for aspheric lenses, S is not equal to the focal 
0 . 

length f . Integrating (3 .1) over the lens surface, we find that the 

power incident on the first lens is 

Next, the transmitted power at the focus of the second lens, Pf, 

was measured. The transmission of the lens system is just P/Pi . 

Using this technique, we found that the transmission of the lens pair 

is 35 + 2%, When hali of a pyrex glass tube section identical to the 

glass section used in the cell was inserted between the aperture and 

the first lens, the transmission was reduced to 30 i 2%. Because 

the light collected by the mirror needs to go through both sides of 

the glass tube, the transmission of light collected by the mirror was 

estimated to be 22 + 2%. The optical collection efficiency of the lens -

mirror system, €, is then (O. 3 + O. 22) x 6. 4%, or 3. 3%. This 

number represents a reasonable estimate for use in the calculation 
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of total detection efficiency. In retrospect, however, we should have 

simulated a point light source instead of the line source used here. 

Later in the measurement of the effective length of the photocathode, 

a simulated point light source was indeed used to eliminate possible 

errors due to less than perfect focussing along the length of the ob-

servation region. 

The photon counting efficiency of the detector is defined as the 

ratio of detected photoelectron count rate to the rate of incident 

photons , i. e . 

TJ (photon counting efficiency) 

= (count rate detected) = 
(# of incident photons/sec) 

R 
(P/hv ) 

0 

(3. 3) 

where P is the light power or incident on the photomultiplier and 

v its frequency. 
0 

The photon counting technique has been widely used. In some 

applications, it is desirable to maximize the ratio of signal counts 

to dark counts. For single -atom velocity measurements, however, 

it is desirable to have the highest possible photon counting efficiency, 

i.e. signal level. Dark counts are insignificant with the background 

level we have. In the following, the procedure used to set up photon 

counting electronics is described. For more details on the theory 
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and practice of photon counting, the work of Poultney19 and 

references therein should be consulted. 

First, the proper voltage applied to the photocathode and dis -

• 
criminator level was set. The dye laser was tuned to 5890A and sent 

directly onto the photocathode. The laser power was attenuated by a 

stack of calibrated N. D. filters to about 10-13 w. Thi~ was done to 

avoid saturating the photocathode. With the discriminator set at a 

fixed level, the detected count rate was measured for various high 

voltages applied to the photocathode. This is shown in Fig. m-4 for 

discriminator set at 90 mv. The optimum voltage should be set on 

the so-called photon counting plateau, where changes in high voltage 

produce little or no changes in the detected count rate. In the single -

atom experiments, we set high voltages at either 1500 volts or 1800 

volts. Next, the photomultiplier was set at the appropriate voltage 

(either 1500 v or 1800 v} and the count rate was measured as a func-

tion of discriminator level or pulse height. This produced the so-

called integral pulse height spectrum. Calculating the number of 

pulses within a certain pulse height band by subtracting, we then 

obtained the differ~ntial pulse height spectrum. 

Figs. ill-5 and 111-6 show the integral and differential pulse 

height spectrum of our RCA 31034A photomultiplier tube operating 

at 1500 and 1800 volts respectively. They both exhibit single -

photoelectron peaks. The optimum discriminator level should be 
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Fig. Ill-4. Count rate detected is plotte_d as a function of high voltages 
applied to the photocathode of our RCA 31034A photomulti-
plier. 
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Fig. lll-5. Integral and differential pulse height spectrum 
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Fig. III-6. Integral and differential pulse height spectrum of our 
RCA 31034A photomultiplier taken at 1800 V. 
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set at a pulse height on the ascending edge of the peak to admit the 

single photoelectrons while rejecting the small pulses that consist 

of most of the dark counts of the photomultiplier and amplifier noise. 

This level was set at 90 mV for both voltages used. Examining 

Fig. III-6, however, one finds that the single -photoelectron peak is 

very narrow. In retrospect, we should have set the discriminator 

level much higher, around 350 mV. Still, all the single-

photoelectrons are counted with the lower discriminator level we 

used. 

To obtain the photon counting efficiency at a given voltage and 

discriminator level, we first measured the laser power, P, 
0 

before attenuation by a power meter. The incident laser power at 

the photocathode, P, is just this number multiplied by the attenua -

tion factors of the calibrated neutral density filters. Substituting this 

number and the observed count rate, R, into Eq. (3. 3), Tl can now 

be evaluated. For our RCA 31034A photomultiplier, these measure -

ments yielded the photon counting efficiency, n, equal to 15% at an 

applied voltage of 1500 volts, and 29% at 1800 volts. For both 

applied voltages, the discriminator level was set at 90 mv. 

Combining the results of optical collection efficiency and 

photon counting efficiency measurements, we found the total detec-

tion efficiency, € n , of our system to be 0. 5% at an applied voltage 

of 1500 volts and 0.96% at 1800 volts. Two other methods can be 
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used to check the total detection efficiency independently; they are 

the measurements of fluorescence in an evacuated sodium cell and 

Rayleigh scattering from the flow cell. 

In the fluorescence method, the power absorbed by the fluores -

cent atoms, PA' is related to the incident power, 

transmitted power, PT, as: 

_ 0-NL 

P , and 
0 

(3. 4) 

.. 12 2 S 
where 0- = 8 x 10 cm is the absorption cross .-section for the 

sodium n2 line, and N is the number density of sodium. At room 

5 3 5 
temperature N = 9 x 10 / cm . L is the effective length of the 

focal volume as seen by the photomultiplier. It was determined by a 

method similar to that described earlier for lens transmission mea-

surement. The light source was a pinhole placed before the He 

discharge with a ground glass plate in between to ensure light coming 

out of the pinhole in all directions. This assembly was translated 

horizontally by a distance z with respect to the lens axis, and the 

output current was recorded as a function of the position of z, the 

effective point source. In this manner, we obtained the detector 

aperture function f 1 (L:) • as shown in Fig. III-7. The variable z 

is the distance of the pinhole from the center of the observation 
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Fig. III-7. The detector aperture function fl (z/L ) as a function of the distance of the pinhole from 
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region, and L is the photocathode length. Integrating the area of p 

the curve and dividing by the peak current, we found that the effective 

length of the observation region was L = 1. lZ cm, as compared to 

the length of the photocathode, L = 1 cm. p 

Since resonance fluorescence is isotropic, the fluorescence 

count rate, RF, should just be the scattered power (equal to the 

absorbed power, PA ) multiplied by the detection efficiency, € rJ , 

and divided by the photon energy hv : 
0 

= ( P O"NL) ( € rJ ) / hv 
0 0 

(3. 5) 

RF was obtained by taking the difference in the total count rate for 

laser wavelength on and off-resonance with corrections for power 

variations. Because stray light is roughly independent of the wave -

length, its contribution cancels when the subtraction was done. 

Since I = 16 mw/ cm2 for sodium atoms in vacuum, care must be s 

taken to prevent saturating the transition. Typically, a couple of 

µw was used for mm size laser beam. 

This can be written as, 

ErJ = (3. 6) 

This expresi,ion also holds for Rayleigh scattering if RF in Eq. 

(3. 6) is replaced by RR, the count rate due to Rayleigh scattering, 
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which is just the difference in count rates with and without helium 

gas in the cell with correction for power variations. -29 
(T = 3. 72 X 10 

2 19 cm , the total Rayleigh scattering cross -section for He, and N, 

the number density of He at a given pressure and temperature, are 

used. At 200 Torr and 300 K, 18 3 N = 6.44 x 10 atoms/cm . 

Measurements by both techniques yield total detection effi-

ciencies ranging from . 4% to . 6% when the photomultiplier was at 

1500 V, in good agreement with our previous estimation. There 

seemed to be some variation from day to day in the numbers we 

obtained. Presumably, this was due to minor misalignment of the 

collection optics with respect to the laser beam. 

3. 4 The Iodine Vapor Cell as an Optical Filter 

In an effort to further reduce stray light, an iodine vapor cell 

was inserted between the two condensor lenses in some of the 

single -atom detection and velocity measurements to be dis cussed in 

Chapter IV. A similar technique was used by previous workers to 

suppress background scattering at the laser frequency while passing 

the frequency shifted Raman and Brillouin scattered light. 
20 

This 
0 
0 

was done for the 5145A line of an Argon ion laser. The iodine vapor 

cell may be used as an optical filter for our experiment because I2 

also has an absorption line which nearly coincides with the sodium 

D 2 line, as shown in Fig. III-8. If the dye laser is tuned to this 

line, the stray light at laser frequency should be strongly absorbed 
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by iodine molecules; the pressure -broadened Na resonance line 

which is broader than the 12 absorption line, is attenuated to a much 

lesser extent. Unfortunately, the spectrum of Rayleigh scattering 

(by helium atoms) which is Doppler broadened is also quite broad. 

At 200 Torr of helium and 300•K, the Doppler width of Rayleigh 

scattered light and the pressure broadened width of sodium emission 

are respectively, 2. 22 and 4. 2 GHz. As a result, background light 

due to Rayleigh scattering cannot be blocked effectively. Only the 

stray light scattered off cell walk and windows can be effectively 

attenuated by the iodine cell. 

The iodine cell we used was made of a 1-inch long pyrex tubing 

of 3-inch diameter. The ends of the section were sealed off with 

pyrex windows. Several hundred milligrams of solid iodine were 

placed in the cell. The cell was evacuated for about 10 minutes 

through a nitrogen cold trap by using a roughing pump and then 

sealed off •. A layer of blackened aluminum sheet about l½-inches 

wide was wrapped around the cell side wall. The edges of the cell 

face were also blacked with flat black paint to prevent leakage of 

light around and through the glass sidewalls. Heater tape was 

wrapped around the sides of the cell to heat it. The cell tempera-

ture was measured with a thermocouple installed at the tip of the cell 

where the remaining solid 12 is concentrated. 
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The attenuation factor for stray light at the laser frequency 

was measured by recording the transmitted stray light power with 

and without the iodine filter. From Eq. (3. 4}, which applies to this 

case also, we can see that the ratio of transmitted to incident power 

should be equal to exp (-0" NL }, where O" is the peak absorption 
0 C 0 

cross -section of 12, N is number density of 12, and L the 
C 

length of the iodine cell. Since N = p/kT, and O" is proportional 
o , 

1 
to T -2 to the first order, due to its dependence on the Doppler 

linewidth, one expects that the natural logarithm of the attenuation 

factor would be proportional to p/T312 . The above argum~nts are 

valid for background scattering due to stray light alone. Because 

Rayleigh scattering due to 200 Torr of helium and sodium D2 line 

fluorescence are Doppler -broadened and pressure -broadened respec-

tively, the attenuation of scattered light of these two types should be 

the convolution of the scattered light with exp ( -O"(v }NL ) • Thus, 
C 

we do not necessarily expect a p/T312 dependence. The attenuation 

for stray light alone, for stray light plus Rayleigh scattering due to 

200 Torr of helium buffer gas, and for sodium resonance signal are 

3/2 all plotted versus p/T for comparison in Fig. Ill-9. The vapor 

pressure of 12 was calculated from the empirical formula given in 

ref. 21, 

log p = 10.167 - 3178.0/T mm (3. 7) 



" 

Fig. III-9. The attenuation factor for stray light, for stray plus 

, ....... 

R_ayleigh scat-t;ering due to 200 Torr of helium buffer gas, 
and for sodium resonance fluorescence by the iodine 
filter are plotted as a function of p/T 3 / 2 . 
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where p is the vapor pressure of 12 in mm Hg, and T is the mm 

temperature in K. Eq. (3. 7) was obtained for temperatures ranging 

from 39 -166° C. It was assumed to be valid for data taken between 

room temperature and 39° C. The curve for stray light attenuation 

obtained deviates from the straight line expected. Similar behavior 

was found by Devlin tl al. 20 in their studies. They surmised that 

this could be due to collisional broadening of 12 . For the results we 

presented in Fig. III-8, the use of Eq. (3. 7) for the vapor pressure 

of 12 at temperature below 37° C could contribute significantly to 

the error. 

In our single -atom velocity and transit time measurements, 

the iodine cell was operated at a temperature such that the total 

background attenuation factol" (stray light plus Rayleigh scattering) 

was about 100. The corresponding signal attenuation as read from 

Fig. 111-9 was about 18. Although the iodine cell permits the use of 

higher laser power, the gain in signal-to-noise is not enough to off-

set the loss in signal counts from a single atom, which was already 

marginal. Hence, this technique did not help very much for the 

single -shot type experiments we performed. For experiments in 

which a time -average is done, this could still be a useful technique. 

3. 5 Signal Processing 

When taking correlation functions, we used the Malvern single -

clipped digital correlator. Its principles, applications, and 
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limitations have been given in Refs. 10 and 11. One of the major 

merits of this instrument is that it processes the detected photo-

pulses digitally and directly in real time. Fig. III-10 illustrates how 

a two-humped correlation function is obtained for a two-beam time -

of -flight velocity measurement on this instrument. The input pulse 

train is first fed into a shift register through a set-reset flip-flop, 

which places a "1" in the shift register only when more than k counts 

arrive in a sample time AT. The clipping level, k, may be set at 

will. This clipped signal is moved sequentially down the shift 

register by the sample time clock. Thus, at time qAT, q being an 

integer, the contents of the mth shift register contains 

Ck (qAT -mAT), the clipped delayed version of the unclipped input 

counts per sample, C (qAT). Both C (qAT) and Ck (qt:i.T-Ill..6T) are 

defined in Sec. 2. 2. The quantity ~T is the delay time. The input 

C (qt:i.T) is applied to each "and'' gate, and the resulting product 

C (qt:i.T) Ck (qt:i.T -mAT) is added to the mth memory channels. 

Repeating this process for NT samples, we obtain the single -

clipped correlation coefficient Rk (mAT) for delays from L:i.T to 

MAT, M being the total number of channels available. Mathe -

matically, this can be written as: 

NT 
Rk (mAT) = C(qt:i.T) Ck(qAT-mAT), 1 < m < M (3. 8) 

q=l 
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illustrating the manner in which a two-humped correlation function 
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where NT is the total number of samples. This is the same func-

tion as was discussed in section 2. 2. Fig. ill-10 clearly shows that 

the time -of -flight between the two input pulses is retrieved from the 

corresponding correlation function, even though the shapes of the 

pulses are somewhat distorted primarily because there are only four 

counts per burst to start with. 

Utilizing the clipping feature, one can in principle clip out 

most of the background noise if the signal level is high enough. This 

was done in remote wind speed measurements performed at Colorado 

State University. 12• 13 The clipping level was set as high as six 

times the noise level. Very little or no noise counts were registered 

under those conditions .. Whenever a large enough dust particle with 

signal counts per sample higher than the clipping level passed through 

the laser beams, a good quality correlation function was obtained. 

It was found that as few as 10 signal counts above clipping was suffi-

cient for detecting a reasonable correlation function. In the present 

experiment, 'however, the maximum number of signal counts per atom 

per transit is fixed, i.e. there are no "larger" atoms. Our signal 

level, limited by the detection efficiency, only allows us to clip at 

most 1. 5 to 2 times above the average background counts per sample 

level. Because of the statistical nature of the detection process, the 

background counts will fairly often exceed clipping level and 

deteriorate the quality of the observed correlation function. Thus, 
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the clipping feature may provide some signal-to-noise improvement 

if properly set, but it cannot eliminate the background noise 

completely. 

Another feature of the Malvern correlator worth noting is the 

probability density mode of operation. In this mode, the number of 

samples containing C counts is stored in the (C + l)th memory 

channel. If NT samples have been taken, the (C + l)th channel in 

the probability density mode will display 

(3. 9) 

where P (C, AT) is the probability density of detecting C counts 

in a sample time, AT. This feature allowed previous workers to 

successfully determine the dust particle size distribution in the at-

mosphere and to evaluate the performance of the laser velocimeter 

for wind speed measurements. 22 We used this technique to estimate 

the average number of counts in a fluorescence burst emitted by a 

single atom. Measurements of this type are dis cussed in Chapter IV. 

3. 6 Experimental Procedures 

The first step is alignment of the optical system. With the 

flow cell removed from the box, the laser beam was sent through the 

focus of the first condenser lens. The flow cell was then put back in 

place and adjusted vertically and horizontally until the transmitted 
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laser power at the exit window of the cell was at its maximum. This 

usually assured that the laser beam went through the center of the 

cell. Sometimes additional minor adjustments of the position of the 

cell were necessary to minimize stray light. Next, the Rayleigh 

scattering level was measured, and the detection efficiency was 

determined from Eq. (3. 6). li this turned out to be lower than ex-

pected, the evacuated sodium cell was used to recheck and optimize 

the position of the condenser lens and mirror. Finally, we started 

heating the sodium side pocket on the flow cell until the proper sodium 

level was reached as determined by monitoring the fluorescence count 

rate, RF . 

We measured the fluorescence count rate, RF, by taking the 

difference in count rate on and off resonance with corrections for 

power variations. Theoretically, RF is calculated by integrating 

the contributions due to the atoms from each element of the area 

L.b.6z in the plane defined by the laser beam and axis of the collection 

optics. li the average velocity of the atoms is v, there would be 

Nv (L.b)(6z) atoms crossing the area element 6'b.6z per second, 

counts. That is, 

00 00 

(3.10) 

b/w=O z=-OO 
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where N is the number density of sodium atoms, f 2 (b/w) and 

f 1 (z/Lp) are dimensionless functions plotted in Fig. II-2 and 

Fig. ill-7 respectively. lithe limits of b/w are taken from O to 2, 

and z/ L from -1. 2 to 1. 2, then essentially all the contributions of p 

f 1 (z/Lp) and £2 (b/w) are included. Eq. (3.10) can now be re -

written as, 

2 1.2 

b/w=O z/L = -1. 2 p 

{b.z/L ) (b.b/w) p 

With L = 1 cm, numerical integration yielded, p 

z 
f 2 (b/w) (b.b/w) = O. 77 

b/w=O 

and 

1. z 
f 1 (z/1) (b.z/1) = 1. 12 . 

z/L =-1.2 p 

(3.11) 

Hence, the incident flux of sodium atoms, 2 Nv, in atoms per cm 

per sec, is equal to, 
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Nv = (1. 12) (0. 77) (n1F) w (1 cm) • (3. 12) 

The number of sodium atoms per sec entering the rectangular ob-

servation area defined by the Full-Width-at-Half -Maximum of the 

detector aperture function f 1 (z/Lp), L' = I. 2 cm, and the laser 

beam diameter, 2w, is 

Nv (2w) (L ') = 
RF 

2. 78 F • 
EYJ 

(3. 13) 

Two other quantities are of interest: the sodium atom concentration, 

N, and the number of sodium atoms in the focal volume defined by 

z 11w L', N'. They are 

N 
RF (!) = 0.86 e:nF (3.14} 

and 

2 
N' = N (11w L') 

(4.37) (w/v) 
RF = -e:nF 

(3.15) 

To ensure that we indeed detected individual sodium atoms, 

the following procedure was adopted. The correlator was activated 

for a measurement period of length, NTAT, where AT is the 

sample time, and NT is the number of samples taken in an 
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experiment. Typically, NT = 100 samples were taken. The sodium 

density was set so that on the average, only a fraction of a sodium 

atom enters the laser beam during the measurement time, NTAT. 

This sodium level for the experiment was obtained by multiplying 

Eq. (3.13) by NTAT, the measurement time, i.e. 

( 

# of sodium atoms ) 
entering the laser = 

h 2. 78 beam during t e 
measurement time 

(3.16) 

Once the proper level of sodium atoms was reached, we re -

peated starting and resetting the correlator while monitoring the 

oscilloscope screen for correlation functions. For many tries, no 

correlation functions were observed. This is because either no 

sodium atoms. were present or perhaps because the diffusing atoms 

did not stay long enough in the beam to give a burst visibly above the 

noise or else they went through the side of the beam. Whenever a 

sodium atom produced a burst of fluorescence photons sufficiently 

above the background during its tranf!!it, a visible correlation func-

tion was obtained. Typically, sample times ranging from 10 to 40 µ.s 

were used. For NT = 100 samples, the total measurement time 

was from 1 to 4 ms. For this few samples taken, care had to be 

taken to reset the contents in the shift register to zero before each 

run. Otherwise, the digits left over from the preceeding run would 

significantly affect the results of the new run. This was achieved 
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by doing several runs while blocking the laser. This clears out the 

shift register. For experiments in which a time -average is involved, 

6 
such as the diffusion coefficient measurements, a large NT (e.g. 10 ) 

is used, and this is not a problem. 

The procedure for diffusion coefficient measurements is as 

follows. A constant sodium level was maintained, usually of the 

order of a few sodium atoms in the observation volume. The sample 

time 6T was chosen such that the ratio of 6T to the diffusion time 

TD was equal or less than 0. 2. This assures that TD can be 

deduced with accuracy from the shape of the measured correlation 

function. Since only a rough estimate of TD was known before 

hand, several runs with different ~T's were performed. While the 

laser was tuned to sodium resonance, the correlator was left on for 

6 7 10 to 10 samples until a correlation function with high signal-to-

noise was obtained. This corresponded to a measurement time on 

the order of minutes. To check the self-consistency of our measure -

ments, the above procedure was repeated for different gas pressures 

and laser beam radii. Since the diffusion coefficient is temperature 

dependent, the temperature in the cell during the run needs to be 

measured. This was done later on by inserting a thermocouple in 

the observation volume. Calibration curves were made for the cell 

temperature for a given pressure and flow versus the temperature 

of the sodium pocket, which was recorded for each run. For the last 
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diffusion measurement run, the thermocouple was in place in the 

cell during the runs. The gas temperature was measured just after 

the correlation functions were taken, and the sodium atoms were 

heated directly by using the resistance wire wrapped on the chunk of 

sodium metal. 



IV. SINGLE-ATOM DETECTION AND TRANSIT TIME 
MEASUREMENTS: PROGRESS TO DATE 

Using the apparatus described in Chapter III. we have obtained 

single -atom correlation functions with regularity since fall of 1978. 

These correlation functions yielded apparent velocities on the order 

of 80 cm/sec. At that point, we thought that we had measured the 

velocities of individual sodium atoms in the helium flow. The fre-

quency of occurrence of two-hump correlation functions when two 

laser beams were used, however, was lower than we estimated for 

the sodium level maintained during the experiments. This made us 

suspicious. Later on, when we calculated the effects of diffusion, 

we found that it played a much larger role than we had previously 

anticipated in the flow cell employed, In fact, for the typical experi-

ments we performed, i.e., laser beams with w = 65 µm separated 

by about 800 µm and sodium atoms in 200 Torr of helium, the 

diffusion time calculated from our measurements in Chapter V was 

2 
TD = w /4D = 6. 6 µsec, while the apparent transit-time of the atom 

across a laser beam, Tf = 2w/v, was about 160 µ.s. In Fig. IV-I 

we plotted TD at 200 Torr of helium and 40° C, a typical experi-

mental condition, and Tf for flow velocities v = 100 cm/sec, 

500 cm/sec, and 1000 cm/sec as a function of beam radius, w. 
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This figure helps to illustrate the beam radius and flow velocity 

necessary for the flow to overcome diffusion. Flow velocity 

measurements with large particles to be described in Sec. 4. 1 indi -

cated that the average flow velocity in these experiments was actually 

of the order of 1 cm/sec. Clearly, the correlation functions we ob-

served did not represent flow velocity measurements due to the 

dominance of diffusion. Nevertheless, these were single-atom 

events registered in real-time. Furthermore, a rough estimate of 

an atom's transit time across a single laser beam could be extracted 

from the width of the single bursts. In Sec. 4. 3, we present a proba-

bility analysis for the estimation of the burst size of the fluorescence 

counts due to a single sodium atom traversing one laser beam. This 

turned out to be in excellent agreement with our experimental results. 

4. 1 Estimate of Flow Velocity 

In 200 Torr of helium buffer gas, the mean free path between 

collisions of sodium atoms and helium atoms is approximately 

0. 07 µm. This is at least a thousand times smaller than the charac-

teristic dimension for diffusion in our experiments, i.e., the laser 

beam radius. As a result, the flow condition in our experimental 

set-up should be viscous as opposed to the free molecular flow or 

Kundsen flow. If, in addition, the flow is also laminar, the 

Poiseuille flow formula should apply. The velocity profile would 

h b b 1. 23 t en e para o 1c, i.e., 
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V = V 
0 

with the Reynolds number of the flow R defined by e 

R 
p (2R)v 

0 
= e 

(4. lb) 

where .ti.p and J. are the pressure drop and total length of the tube 

between pressure measurement stations respectively. These 

stations are located on both the inlet and pumping side of the central 

glass section. n
0 

is the viscosity of the flowing gas and p its mass 

density. R is the radius of the tube, and r is the distance of a 

point in the flow from the center of the tube. v is then the velocity 
0 

at the center of the tube. In our apparatus, polyflow tubes with 

R = • 2 cm were used to join the flow cell to the flowing gas tank and 

the vacuum system. The length J., • assuming only polyflow tube 

connect the two measurement stations, is equal to 275 cm. For 

helium, -4 -5 3 
rJ = I. 82 x 10 poise and p = 4. 28 x 10 gm/ cm at 

0 

200 Torr and 300 K. With ~p = 1 Torr, typical for our single -atom 

correlation measurements, Eq. (4.1) predicts v = 260 cm/sec and 
0 

R = 24 in the polyflow tube. Since the onset of turbulent flow e 

occurs for R > 2300, this flow is obviously not turbulent before e 
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entering the flow cell. For cell center section no. Z, the flow was 

first expanded into . 4 cm radius glass tubing before entering the ob-

servation region. The flow velocity, according to Eq. (4.1) should 

reduce by a factor of 4, or v = 65 cm/sec. When the effect of the 
0 

observation chamber is ignored, this is in reasonable agreement 

with the measured apparent velocity. Measurements of single-atom 

correlation functions yielded apparent velocities from 40 to 130 

cm/sec. The big spread in velocities was then thought to be the 

result of turbulence in the flow inside the cell. It turned out that the 

actual flow velocity slowed down considerably in the big observation 

chamber. 

The flow velocity in our apparatus for various pressure drops, 

Ap's, can be determined accurately by recording the single -particle 

correlation functions due to large particles in the flow using the very 

same methods as for single atoms. These particles were probably 

bits of sodium oxide inevitably formed each time fresh sodium metal 

was put in the cell, which broke off when the sodium pocket was 

heated up for the first time. Fortunately, they disappeared after 

the sodium pocket had been heated for several hours and did not 

interfere with single -atom measurements. In Fig. IV -Z(a), (b) and 

(c) three single -particle correlation functions obtained for Ap::::: 1 

Torr, 4 Torr and 8 Torr, using one laser beam of diameter 288 µm, 

are shown. The velocities determined from the width of these 
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Fig, IV -2, Single-particle correlation functions obtained with one laser 
beam of radius w = 144µm for (a) 6p = I Torr, (b) 6p = 
4 Torr, and (c) 6p = 8 Torr, respectively, 
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correlation functions were 0. 7 cm/sec, 1.4 cm/sec and J 1 cm/sec 

for Fig. IV-2(a), (b) and (c) respectively. The error in all cases is 

less than 10%. In Fig. IV-3 we show three single-particle correla-

tion functions obtained for Ap = 20 Torr with two laser beams of 

radii 210 !lm and 165 !lm and separated by 670 !lm. They were taken 

in sequence and the flow velocities were all about 80 cm/ sec as deter -

mined from the separation of the two peaks. The velocities deter-

. 2 nuned from 1/e of the peaks were between 75 cm/sec to 95 cm/sec. 

This indicates that the flow as determined by particles was actually 

rather uniform. Other experiments with a single laser beam also 

confirmed the uniformity of the flow. 

The measured flow velocities, however, were not linearly 

proportional to Ap as predicted by Eq. (4. la). This is because the 

flow slowed down considerably as it went from the polyflow tube into 

the much larger flow cell. Together with the actual measurements, 

however, Eq. (4. la) provides a guide for rough estimate of flow 

velocities under different conditions. 

4. 2 Single -Atom Burst Correlation Functions 

The significant experimental parameters of the single -atom 

correlation functions observed are listed in Table IV-1. These data 

are arranged in chronological order and should be examined together 

with the associated figures, Fig. IV -4 .- IV-8. 
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Fig. IV .3. Three consecutive single ~particle correlation functions 
obtained with two laser beams of radii w = 210 µ.m and 
w = 165 µ.m and separated by 670 µ.m,6p = 20 Torr. 



Table IV-I, Experimental parameters for measured single-atom correlation functions. 

# of atoms 
Laser Fluores - Estim, # of atoms entering Transit 
power/ cence fluores - Observed in the laser beam time/ 
beam in count rate Apparent cence signal observ. during mea- atom/ 
the cell ·(counts/ velocity counts counts volume on surcment bean1 

Fig, No. (mw) sec) (cm/sec) (counts) (counts) the avg. time (msec) Co,nmcnts 

IV -4(a) 2 ~ l, 000 38 32 32 0.05 0.6 l 2 -beams 

IV- 5(a) 58 ~22, 000 41 16 18 0.16 l. 2 I. 7 I -bean , 
12 -ce IL used 

00 

IV-5(b) 18 -13,000 40 8 22 0.03 0.5 2-beams 
N 

12 -cell used 

IV -6(a) 52 ~39, 000 50 l 1 40 0.3 2. 5 1. 4 I -beam 
12 -cell used 

IV -6(b) 21 ..-42, 000 45 7 55 0.4 8.5 I. 4 2 -beams 
12 -cell u sed 

IV-7(a) 0.45 ~13, 000 97 58 42 0.2 • t, 2 -b<'a n1s 

IV- 7(b) 0.5 - 3,200 81 85 26 0,03 0. 17 • t, 2 -LCi!l1lS 
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When we were first able to record single -atom correlation 

functions, our detection efficiency was only about o. 13%. This was 

primarily due to misalignment of the collection optics. The inlet of 

the central tube section then used (tube section no. 1 in Fig. III-2) 

was at a position such that it was not possible for us to move the first 

condenser lens to the desirable position, i.e. the laser beam being 

at the focus of that lens. The quantum efficiency of the photomulti -

plier used then, RCA 31034, was also lower, about 11%. In these 

earlier experiments, two laser beams of power 2 mw per beam, with 

radius w = 75 µm, separated by 500 µm were employed. One of the 

two-beam burst correlation function is shown in Fig. IV-3(a). Al-

though it is rather noisy, a definite two -humped structure is seen. 

The velocity calculated from the separation of the two peaks is 38 cm/ 

sec. Eq. (2.9) predicts 16 counts per transit per beam under these 

conditions, or 32 counts for an atom making a transit through the 

center of both beams, in good agreement with the observed signal. 

From the measured fluorescence rate, 1000 counts/ sec, we esti-

mated using Eq. (3.15) that there were 0.05 atoms on the average in 

the focal volume as defined earlier, and O. 6 average atoms entering 

-3 the beams during the measurement time, 7 x 10 sec, using Eq. 

(3.16). Hence, it seemed likely to us then that Fig. IV-4(a) corre -

sponded to a single sodium atom crossing both laser beams. We 

later realized that since diffusion was dominant, this probably 
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Fig. IV-4(a). Single-atom correlation function obtained with two 75 µm 
radii laser beams separated by 500 µm, with 2 mw per 
beam. (b) Correlation function due to noise counts obtained 
when no sodium atom was present. 
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represented two different atoms diffusing across the laser beams, 

with transit time approximately 1 ms per beam as estimated from 

z 1/e points of each hump. Thus, the calculated velocity of 38 cm/ 

sec is probably meaningless, but the agreement of counts with theory 

is not. When no atom was present or the laser was tuned off the 

sodium resonance line, the detected counts would not correlate. 

Fig. IV -4(b} shows such a correlation function. 

To improve the quality of the observed coi:relation functions, 

more signal counts per atom per transit would be desirable. Using 

central tube section no. 2, which allows us to optimize the collection 

optics, and RCA 31034A high quantum efficiency photomultiplier 

operated at 1500 volts, the detection efficiency was increased to 

0.4-0.5%. We also employed higher laser power in the cell. This 

requires the use of the iodine filter as described in Sec. 3.4 to pre -

vent saturating the photomultiplier. Both single - and two-beam 

set-ups were used. In the former case, a laser beam of radius 

w = 350 p.m was used. For the latter, the two laser beams with radii 

w = 62. 5 µ.m separated by 725 µ.m were used. The I2 cell tem-

perature was set such that it attenuated the background scattering 

by a factor of 100. We later found out that at this temperature it also, 

unfortunately, attenuated the signal by a factor of 18 as discussed in 

Chapter III. As a result there is no net gain in signal-to-noise 

employing the 12 filter. Fig. IV -5. illustrates single -atom burst 
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correlation functions obtained using one- and two-beam techniques 

with the 12 filter. Experimental parameters are given in Table 

IV-I. Note here the fluorescence rates were measured with 12 cell 

removed and at reduced laser power. 

Due to the statistical nature of the detection process, it is 

possible to detect more than the average expected counts. In fact, 

most of the correlation functions we observed had higher signal 

counts than we predicted for single atoms using Eq. (2. 9), such as 

the one shown in Fig. IV-S(b). This, in part, may be the result of 

our particular experimental procedure, which requires the judgement 

of the experimentalist on whether a particular correlation function 

represented good data and was recorded or whether it was erased. 

This subjective criterion could mean accepting only those correlation 

functions which have higher signal-to -noise ratio than that for an 

average single -atom measurement. This can be partially remedied 

by monitoring the total clipped counts during the measurement time. 

Since the counts due to background could be clipped out to some extent, 

the total clipped counts is a measure of whether a burst was present 

or not. 

The frequency of occurrence of measurable events as a func-

tion of sodium concentration was also checked and found to be in 

qualitative agreement with our expectation. When there was only a 

fraction of sodium atom on the average during the measurement time, 
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the occurrence of "distinctive" correlation functions was rather 

sporadic. The term "distinctive" means the quality of the correla-

tion functions were at least as good as that shown in Fig. IV -4(a) 

and thus could be distinguished from the uncorrelated ones due to 

noise as that shown in Fig. IV-4(b). As the sodium concentration 

approached one atom per measurement time, the measurable two-

humped events became appreciable, perhaps 10 in 200 tries. In 

addition, we also observed a comparable number of single -hump 

correlation functions. When the sodium density was further increased 

to about 5 atoms per measurement time, the number of measurable 

events increased to about 40 in 200 tries• These measurable events 

included single -hump, double hump, and even multi -hump correla-

tion functions. The occurrence of multi -hump events became more 

frequent as the sodium density increased. As an example, a two -

hump correlation function obtained using a single laser beam and a 

three -hump one obtained with two beams are shown in Fig. IV -6(a) 

and IV -6(b). Our calculation of the sodium level above was based on 

the assumption that sodium atoms traversed the laser beams at a 

constant velocity. In reality, diffusion was dominant. This is the 

primary reason for the discrepancy in frequency count and led us to 

suspect that diffusion was a problem. 

To ascertain that these observed correlations functions are 

indeed due to sodium atoms, we also did a frequency count with the 
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Fig. IV -6. Two multi -humped correlation functions obtained at higher 
sodium level with (a) one laser beam of radius w = 350 pm 
and (b) two laser beams of radii w = 625 pm and separation 
I. = 725 f'-m. The iodine filter was used in these experiments. 
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dye laser tuned off -resonance. The number of discernible correla-

tion functions dropped drastically to a couple in 200 tries. These 

off -resonance events typically have poorer signal-to -noise than 

those observed on resonance. They may be the result of coincidental 

bunching of noise counts. Of course, it is also possible that there 

may still be small particulates present which could give signal off -

resonance. When we further increased the sodium density to about 

100 atoms during the measurement time, we observed only rare 

occurrence of marginal correlation functions, both on and off reso-

nance. In this case, the focal region was flooded with sodium atoms 

and the bursts from different atoms were smeared together. This 

agreed with our dis cuss ions in Chapter II. 

Assessing these earlier experiments, we concluded that the 12 

cell was not particularly helpful. The quality of the correlation func-

tions observed did improve to some extent. This is probably due to 

the use of a higher quantum efficiency photomultiplier. Unfortunately, 

the task of checking sodium concentration after each correlation func-

tion became rather tedious. The photomultiplier had to be turned 

off and 12 cell pulled out before the fluorescence count rate could 

be measured at a lower power level. As a result, we typically only 

checked sodium concentration at the beginning and end of the day. 

This undoubtedly introduced error in our estimation of sodium con-

centration. In addition, we oversaturated the transition in the 
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experiments using two beams, resulting in an unnecessary increase 

in background scattering. Here we were limited by the size of the 

last diaphragm. Larger beams just would not fit cleanly through 

the cell. We also concluded that it would be desirable to further 

increase the detection efficiency. Then we would attain the same 

level of signal counts using less laser power, and hence eliminate 

the need for the 12 cell. Higher detection efficiency was achieved 

by operating the photomultiplier at 1800 V. This increased the 

photon counting efficiency by a factor of two. Background scattering 

also increased by a factor of two. Using a higher clipping level, 

however, we could clip out part of the background noise. This re-

sulted in improvement in the quality of the correlation functions 

observed. 

Two of the correlation functions obtained in this manner are 

shown in Fig. IV-7. Two laser beams of radius w = 65 µ.m, 

separated by 875 µ.m were used. The detection efficiency as deter-

mined by Rayleigh scattering was 1. 2%. Note that the sodium level 

when Fig. IV-7(b) was taken was very low (about 0.03 atoms in the 

observation volume). As a result, we recorded about four two-hump 

correlation functions during a two-hour period, in addition to several 

single -hump correlation functions. 

Summarizing the experimental data we accumulated up to this 

point, we found that at 200 Torr of helium with L'.p l Torr, the 
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flow velocities as determined from single -atom correlation func -

tions varied from 40 cm/sec to 130 cm/sec. We then thought per-

haps turbulence was responsible for this large velocity variation. In 

order to see whether an average flow velocity could be determined, 

we integrated over many atoms with two beams. Instead of the two 

broad peaks as expected, a decay type of correlation function was 

observed. This suggested that either the degree of turbulence was 

huge or some additional physical processes were present. A rough 

calculation indicated that diffusion would be as important as flow at 

the pressure, flow rate and beam radius employed in these experi-

ments. It is quite possible that an atom diffused sideways after it 

passed through the first beam and missed the second beam completely. 

For example, for the condition of Fig. IV -7(a), the sideways diffusion 

time is about 6. 6 µs, whereas the assumed time -of -flight across the 

two beams was 0. 9 msec. This probably explains the occurrence of 

single -hump correlation functions. A diffusing atom could also 

spend longer or shorter time in the beam that an atom traveling at 

constant velocity, thereby emitting more or less photons. Thus, 

the two -hump correlation functions we observed may represent two 

different atoms, one diffusing through each beam, or one atom 

diffusing out of one beam and back into it, etc. We can be pretty 

sure, however, that each burst observed was due to a single atom 

crossing one beam. 
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Examining the experimental correlation functions obtained up 

to this point, we concluded that we have detected individual sodium 

atoms in helium buffer gas by registering the atom as it diffused 

across the laser beam. Because of the dominance of diffusion in the 

flow cell, we were not able to measure flow velocities. The transit 

time of the atom diffusing across the beam could, however, be deter-

mined. The theory we developed in Chapter II was also shown to 

provide an adequate description of these single -atom measurements. 

4. 3 Probability Analysis 

In order to compare more accurately the observed number of 

counts per transit with theory, we did a probability analysis on the 

photocounts entering the correlator. This was performed using the 

probability density mode of the correlator, which was described 

brieflyinSec. 3.5. 

Briefly, the photoelectron statistics due to a constant back-

ground level are purely random and therefore should yield a Poisson 

distribution. The fluorescence photons emitted by an atom traversing 

the laser beam, on the other hand, are not random, but occur in 

bursts. Thus, a comparison of the probability distribution of the 

detected counts on and off resonance should provide information on 

the size of the bursts of fluorescence photons due to individual 

sodium atoms crossing the laser beam. Such an analysis would not 
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be prejudiced by operator selection of only "good" looking correla~ 

tion functions. 

In the following, we will study only the case of an atom in 

straight line motion. To take diffusion into account, a model for the 

trajectory of the random motion of the diffusing atom must be 

developed. This will not be attempted here. 

Consider an atom traversing a laser beam with constant 

velocity v normal to a plane parallel to the long dimension of the 

rectangular photocathode and. containing the laser beam. The sample 

time .6.T is chosen to be much longer than the transit time of the 

atom across the laser beam so that the whole burst will occur in one 

sample time. The probability of CT total counts, which is a sum 

of o. counts due to an atom entering .the laser beam and CT-a 

counts due to background scattering, in a fixed sample time AT is 

given by the following expression: 

CT 
Prob. of CT total counts = Poisson Prob. of (CT-a) noise 

counts a=O 

x [ (Prob. of a counts due to an atom) x (Prob. of an atom) 
crossing the 
planar area 

+ (Prob. of no atom crossing) 6 ] • 
planar area aO ( 4. 2) 



In Eq. (4, 2), the Poisson prob. of (CT-a.) noise counts is 

- C -a. -n . (n . ) T e noise 
noise (4. 3) 

where ii . is the average noise counts per sample time. The noise 

probability of detecting a. counts due to a sodium atom is also a 

Poisson distribution, 

[ ~(b, z)] a e -ii/b, z) 

a. ! (4. 4) 

which peaks at nf (b, z), the average fluorescence counts due to an 

atom traversing the planar area defined above at an impact 

parameter b and linear distance z from the center of the observa-

tion volume along the laser beam. From the discussion of Sec. 3.6, 

nf (b, z) is given by 

( 4. 5) 

where n-,F is the maximum average number of fluorescence counts 

expected from a sodium atom traversing the laser beam. f 
1 

(z) is 

the detector aperture function plotted in Fig. III-4. £2 (b/w) = 

Fb/F has been plotted in Fig. II-2. max 
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Eq. (3. 12) gives an expression for Nv, the total number of 

sodium atoms per cm2 /sec. Hence, the probability of a sodium 

atom traversing with velocity v a unit area A~z at a point (b, z) 

on the y-z plane in sample time AT can be written as: 

P (b, z) 
a = (0. 77)(1. 12) njF w(l cm) ' (4. 6) 

RF is the fluorescence count rate defined by Eq. (3. 8). The 

denominator factors, 0. 77 and 1. 12, are normalization factors for 

f 1 (z) and f 2 (b/w), respectively, as described in Chapter III. The 

probability of no atom present in (Ab}{Az) is simply 1 - P (b,- z). a 

Now we can rewrite Eq. (4.Z) as: 

CT 
Prob. of CT total counts = I: 

a.=0 

(- ) CT -a. -ii . n . e noise noise { 

z 
I: 

l.Z 

I: 
(Ab/w}(Az) RF AT 

(. 77}(1. lZ)(l}(EYJF) 

[ (b )] a. e-nf(b,z) nf , z 

a. ! 
b/w=O z= -1. Z 

Z 1 

b/w=O z=-1 
(~b) (~z) . ( 4. 7) 
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As we have discussed in Sec. 3. 6, the upper limit for b/w is actually 

infinity and z varies from -oo to +oo. For calculation purposes, 

f1 (z/ 1) and f2 (b/w) are effectively zero beyond the limits set in 

Eq. (4. 7). 

Typically, the sample time ~T is chosen to be several times 

larger than T f' the transit time of the atom traversing the beam. 

Nevertheless, it is possible that in some cases, the burst of fluores -

cence photons could be split between two adjacent samples, which we 

call samples 1 and z. Taking this into account, Eq. (4. 7) should be 

modified as, 

CT 
Pr ob. of CT total counts = 

a=O 

1. Z 

_ ) C -a -n . (n . T e noise noise 

(. 77}(1. 12) 0 (1) Er,F' 
z= -1. Z b/w=O 

{ 

Z. l [- (b ')a -nf 1(b, z, p') _ (b ')a -nf 2 (b, z, p')] nf 1 , z, p e , nf 2 , z, p e , , 
X -r...------------ + • a ! a ! 2·.1 

p'=O 

1. Z 2 

+ [ l - (2) 
z=-1.2 ( 4. 8) 
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The expressions 

(4. 9) 

(4. 10) 

are the average fluorescence counts due to an atom traversing the 

laser beam at (b, z) recorded in sample 1 and sample 2 respectively. 

The function 

du 
2 u e +x 

(4. 11) 

is the fraction of the fluorescence counts in sample 1 and (l -f3 (p 1 , x)) 

r-Jzvt is the fraction of the counts in sample 2. The parameter p' = ------
w 

is a normalized time fraction which ranges from O to p' = max 
.ci.T . -;;- T . Fig, IV-8 plots f

3 
(p 1

, x) vs p' from p' = 0 to 

p 1 = 2 1, a typical experimental condition and x = 1. 91, the max • 

optimum value. The additional factor of 2 in the last term of Eq. 

(4. 8) is needed to account for the fact that each burst of fluores -

cence photons is assumed to occupy two sample periods in this 

analysis. 

Fig. IV -9 illustrates a typical probability distribution of re -

corded counts both on and off resonance. A laser beam of radius 

w = 65 µmat a power of 1. 4 mw was used. The detection efficiency 



1.0 

. 5 

. 25 .so .75 1.0 
p 

1.5 2,0 

versus p', where p' = ,.Ji'vt 
w 

.... 
0 
0 
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was 0. 5%. The sample time AT was set to be 250 µs in both runs. 

For the on resonance run, the fluorescence count rate, RF' was 

3800 counts/sec, or nf = 0.95 counts/sample. This corresponded 

to 0. 06 atoms on the average in the observation volume. The back-

ground scattering contributed n . = 14. 25 counts/ sample. Thus, noise 

the total counts/sample, n = n + ii . , was equal to 1 5 . 20 . total f noise 

The off-resonance run was done at slightly higher laser power so 

that the total count rate would be approximately equal in both runs. 

The probability distribution for the off-resonance run (presumably 

all noise) can be fitted to a Poisson distribution with n . = 15. 79 noise 

very nicely. The on-resonance curve, even with slightly fewer 

average counts/sample, showed that sample periods with 26 counts 

or more occurred more often than the Poisson-distribution off-

resonance run. These samples must then contain correlated bursts 

of fluorescence counts from individual sodium atoms. Using the 

experimental parameters in Eq. (4. 8), we were able to generate 

theoretical probability distribution with different F's. Examining 

these curves, we found that if EriF was increased by three counts, 

say, the corresponding probability distribution in the tail region 

would also be shifted over by approximately the same amount. Thus, 

a rough estimate of EriF could be obtained by comparing the on-

and off -resonance probability distributions in the tail region of the 

two curves. Examining Fig. IV -9, we could estimate EriF to be 
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Fig. IV-9. Probability distribution of detected counts both on and off-
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laser power p = 1.4 mw was used. The sample time is 
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12 counts. Figure IV-10 gives the on-resonance probability distribu-

tion with the theoretical curve using Eq. (4. 8) for E# = 15 counts. 

The agreement is very good. According to Eq. (2.13), this corre -

sponds to a diffusing time of 65 µs. Although 15 counts of signal 

agrees with what is observed in single -atom burst experiments. 

This time is longer than the diffusion time TD = 1 µ.s, estimated 

from our diffusion coefficient measurements. This suggests that a 

better model for Eq. (2.13) is needed to handle the case when diffu-

sion is dominant. In addition, Eq. (4. 8) does not strictly apply 

because diffusion was dominant in these experiments. Nevertheless, 

a sodium atom entering the laser beam, whether it travels with a 

mean flow velocity or just diffusing, would emit a burst of correlated 

fluorescence photons. The above described experiments and analysis 

clearly demonstrated this fact. This is additional proof that the 

correlation functions we described in Sec. 4. 2 were single -atom 

events registering the transit of individual sodium atoms across the 

laser beam. 
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V. DIFFUSION COEFFICIENT MEASUREMENTS 

The phenomenon of diffusion is the transfer of mass from one 

region of space to another that occurs because of a gradient in the 

concentration of that material. This transfer of mass occurs through 

the random thermal motion of the molecules themselves. The 

diffusion coefficient is just the flux of molecules of species i due 

to a unit gradient in the number density of i. For a binary mixture 

of gases, in the absence of temperature and pressure gradients, 

external forces and chemical reactions, the flux equations are 

(5. 1) 

The subscripts 1, 2 denote the species. n
1

, n2 are number density 

of the molecules, and ½ are flux densities (in molecules/ cm2 

sec). Under conditions of uniform total pressure and temperature, 

D12 = n21 . In this chapter, we will first present predictions for the 

diffusion coefficients of the Na ... He and Na-Ar systems based on 

kinetic theory in Sec. 5.1. In Sec, 5. 2, experimental data are shown 

and deduced experimental diffusion coefficients are compared with 

theory and the results of previous experiments. 
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5. 1 Theoretical Predictions 

In the following discussion, we will limit ourselves to the con-

siderations of trace amounts of tagged molecules with mass m 1 and 

diameter d 1 in a stationary gas of molecules with mass IDz and 

diameter d2 . Only a summary of relevant formulae will be given. 

Basic kinetic theory has been discussed in numerous textbooks such 

as ref. 24. For more details, the readers are referred to the works 

25 . 26 of Hirschfelder et al. or Chapman and Cowhng. 

Elementary considerations based on the concept of mean-free -

path and the assumption that molecules are hard spheres of diameters 

d 1 and d2 yield the following expressions for the diffusion coeffi-

cient D 12, 24 

(5. 3) 

For n 1 << n2, this reduces to 

(5. 4) 

The quantities v 1 and v2 are the mean thermal speeds of species 

1 and 2 respectively. They are 

V .. = 
1 

i = 1, 2 (5. 5) 
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X. 1 = 'f 12 v 1, X. 2 = 'f 12 v2 are the mean free paths with 'f 12 = 

2 -1 (nvrwd
12

) , the mean time between collisions of unlike molecules. 

h l d - (- 2 _ 2)½ . h n = n 1 + n 2 is t e tota number ensity, vr = v 1 + v 2 1st e 

mean relative speed and d 12 = ½ (d 1 + a2) is the average collision 

diameter. Substituting Eqs. (5.4) and (5.5) into (5.3), we get 

(5. 6) 

which gives the correct temperature and pressure dependence as 

predicted by the more rigorous theory for hard spheres, i.e., 

n12 p = constant at constant temperature and n12 is proportional 

to T 312 at constant pressure. Unfortunately, Eq. (5. 6) also 

predicts 

(5. 7) 

That is, n 12 has a concentration dependence when the mass of 

molecules of one type is much larger than the other. Experiments 

have proven to the contrary. 

More precise treatments of the transport properties of gases 

such as diffusion coefficients require solving the Boltzman equation. 
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The theory of non-uniform gases first developed by Chapman and 

E k ZS, Z6 . t . f • b . 1 • f h ns og is accura e ins o ar as it o tains a so ution or t e 

Boltzman equation, based on certain molecular models. The basic 

assumptions of this theory are as follows: (1) Only binary collisions 

are considered. This is valid for gases with the ratio of mean free 

path to molecular diameter larger than 100, i.e. for buffer gas 

pressures up to 1 atmosphere at room temperature. (Z) Classical 

mechanics are used. This assumption is valid for most cases, since 

above ZOO K, the quantum effects are less than 1 % even for the light 

elements. (3) The gradients of the physical quantities are small. 

In other words, the experimental conditions deviate only slightly 

from thermal equilibrium such that the transport fluxes are linear 

in the gradient, as in Eqs. (5 .1) and (5. Z). (4) Collisions are 

elastic. We recall that inelastic collisions of ground state molecules 

at thermal velocities occur only between molecules with internal 

degrees of freedom. (5) The characteristic dimensions, i.e. the 

laser beam diameters, are much larger than the molecular mean free 

path. Our experiments involved trace amount of sodium atoms 

diffusing in helium or argon buffer gas at pressures from 10 to 400 

Torr. The cell temperature is always above 300 K. Hence, all the 

above assumptions are valid. 

Th 1 • f th d "ff • ff" • t • ZS e genera expression or e i usion coe icien is 

3 = 16 (~:) 1 .- n.n.O (T) ' 
(5. 8) 



109 

mlmZ 
where µ. = ---- is .the reduced mass of the pair of molecules. 

ml+mz 

The quantity .nD(T) is the collision integral for diffusion which is in 

general temperature dependent through v , the initial relative r 

speed of the two colliding molecules. It is given by 

(5. 9) 

0 

with g = vr = ,~2 - ~l I , the reduced initial rela-

tive speed. The diffusive transport cross section, er D (v r), is 

00 

<TD(vr) = 2w / (1 -cos X(vr,b))bdb, 

0 

(5. I 0) 

in which b is the impact parameter, and X (v , b) is the deflection r 
angle between the initial and final relative velocity vectors of the 

colliding molecules. For ~ny spherically symmetric interaction 

potential cl> (r), X (v , b) can be written as r 

00 

X (v , b) = r ,r - 2b f 
2 

dr/r 

(l -cl> ( r) / ½µ. v ) -b / r rJc 2 2 2 ' 
r r m 

(5. 11) 

where r is the distance of closest approach of the two molecules. m 

It is obtained through 



llO 

2 2 = 1 - <I> (r )/-½µv m r (5.12) 

Thus, given <I> (r), one can in principle use Eq. (5.8) through (5.12) 

to calculate n12 . As an example, we will consider the hard sphere 

model, i.e., 

<I> (r) = oo 

0 

if r < d 2 - 1 

The distance of closest approach of two colliding molecules is 

rm =d12 if b~d12 and rm =b for b>d12 . Substituting in 

Eq. (5 .11), we get 

0 

(5. 13) 

(5. 14) 

2 
Using Eq. (5.14) in Eq. (5.10), we find 0-D = 1rd 12 , independent of 

the relative velocity. Eq. (5. 9) then gives 

Finally, we obtain the following expression for the diffusion 

coefficient, 
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(5.15) 

In contrast with Eq. (5. 6), Eq. (5. 15) predicts that D12 is inde -

pendent of the composition of the mixture of gases, a result in 

approximate agreement with experiments. In practical units, Eq. 

(5.15) can be rewritten as, 

-3 = 2.628x10 (5. 16) 

where M 1, M 2 are mol~cular weights in amu/mole, p is the total 

pressure in atmospheres, d 12 is in A, and n12 is in cm2 /sec. 

To evaluate n12 for the Na-He and Na-Ar systems we studied, 

we first calculated the atomic diameters dNa' dHe and dAr from 

experimental viscosity and self -diffusion data. The formulae for 

2 
self-diffusion coefficients D (cm /sec) and viscosity l'J (gm/ cm 

0 

) . l 26 sec are respective y, 

-3 D = 2.628x10 
pd2 

(5. 17) 

and 

-7 
rJo = 2.6693x10 

dz 
(5.18) 
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where M is the molecular weight in amu/mole, T is the tempera-
0 

ture in K and d is the diameter in A. The average of the 

diameters calculated from self-diffusion and viscosity are used. 

For helium and argon, the experimental values are taken from ta~les 
0 

in reference 26. Using viscosity data, we obtained dHe = 2.19A and 
0 

d Ar = 3. 66A, while experimental self -diffusion coefficients of helium 
0 • 

and argon yield dHe = 2. IA and d Ar = 3. 46A. For sodium, the 
0 

viscosity data of reference 27 is used. We find dHe = 2.15A, 
0 0 

dAr = 3.56A and dNa = 4.98A; hence, 
0 

dN H = 3.57A and a- e . 
• 2 

dN A =4.27A. Eq. (5.15)thenpredicts DN H =0.5 cm /sec a- r a- e 
2 

and DN A = 0.17 cm /sec atS.T.P. a- r 

More realistic models take into account the intermolecular 

forces more accurately by using a potential such as the Lennard -

Jones potential: 

(5. 19) 

where e: 12 is the depth of the potential well and • d 12 • is the 

molecular diameter now defined as the distance for which cj> (r) = 0. 

Tabulated values of '1) as a function of temperature for a Lennard -

Jones potential, useful for the evaluation of D12, exist in the form 

* of .n. 0 (T), the reduced collision integral. This is defined as the 
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ratio of .n.D to its corresponding hard-sphere value 1rd 12 
2 . 

Eq. (5. 8) can now be rewritten as, 

= i_~•kT 1 
16 2 * 

µ n•<1i2 .n.D (T) 

(5. 20) 

To show the temperature dependence of .n.D for the Lennard-Jones 

Potential, Fig. 8. 4-5 of Hirschfeld26 is reproduced as Fig. V-1. 

* Here, .n.D (T) is plotted against the dimensionless reduced tern-

* perature T = kT / € 12 . The Lennard-Jones parameters for the 

28 Na-He and Na-Ar systems were taken from McCartan and Farr . 

• 
They are EN H /k = 0. 72 K and dN' H = 7. 71A, whereas a- e a- e 

0 

EN A /k = 26 K and dN' A = 5. 3A. These parameters were a- r a- r 

experimentally deduced from measurements by McCartan and Farr 

of the broadening and shifts of the sodium D lines by helium and 

* argon. The reduced temperatures are TN H = 379 and a- e 
* TN A = 10.5 respectively at 275 K. From Fig. V-1, we get a- r 

* * * * .n.D (T Na-He)= 0.44 and .n.D (TNa-Ar) = 0.74. Using Eq. (5.20), 

D = 0.17 cm
2 
/sec and DN A = 0.11 cm

2 
/sec are obtained Na-He a- r 

atS.T.P. These correspond to DN H a- e 
2 

DN A P = 83.6 Torr-cm /sec. a- r 

2 P = 137 Torr-c;:m /sec and 



1. 0 

0.5 

10 100 1,000 

Fig. V-1. Reduced collision integral for diffusion .n.n * as a function of reduced temperature T* = 
kT / E 12 • 

I-' 
I-' 



us 

5. 2 Experimental Results 

The diffusion coefficients for the Na-He and Na-Ar systems 

were deduced from measurements of the diffusion time by the 

resonance fluorescence correlation technique described in Sec. 2. 3. 

The experimental procedure used was discussed in Sec. 3.6. We 

comment here that, with this technique, we directly measure the 

decay of the spontaneous fluctuations in the number of sodium atoms 

in the observation volume. These fluctuations are due to the random 

thermal motion that is responsible for the diffusive motion of the 

atoms, while the sodium atom and buffer gas system remains essen-

tially in equilibrium. We did use a slight pressure gradient to drive 

the sodium atoms into the observation volume. It will be shown that 

the effect of the flow was negligible under our experimental 

conditions. 

In Fig. V-2, we show a typical time-averaged correlation 

function obtained for sodium atoms in 200 Torr of helium with .6p:::: 

1 Torr, while the laser was tuned on resonance. The laser beam 

used had an elliptical Gaussian profile with w = 109 µm and 
X 

w = 91 µm, respectively. The sodium concentration maintained y 

during this run corresponded to about 5 atoms on the average in the 

observation volume. The fit of the experimental points to Eq. (2. 47), 

represented by the solid curve in Fig. V-2, with the ratio of the two 

diffusion times TD / TD = w 
2 /w 2 

set at 1. 47 is excellent. From 
X y X y 
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2 
the fit, we deduced TD = w /4D = 20 µs and TD = 13.6 µs. 

X X y 
2 . Hence, DP = 297 Torr -cm /sec at the experimental temperature 

estimated to be 50° C. Independent flow velocity measurements using 

dust particles as described in Sec. 4.1 gave v 1 cm/sec under the 

experimental conditions of this run. The corresponding time -of -flight 

• of the sodium atom across this laser beam due to flow alone is 

Tf = 2w/v = 20 msec. Clearly, since T D<<Tf, the effect of flow can 

be ignored. We have measured the diffusion time, TD' at helium 

pressures ranging from 50 Torr to 400 Torr. Both molecular models 

discussed in the last section predict that the diffusion coefficient is 

inversely proportional to gas pressure. Or, equivalently, the corre -

sponding diffusion time, would be directly proportional to gas pres -

sure. In Fig. V -3, we plotted TD = w 
2 

/ 4D for w = 109 µm as 
X X X 

a functiop. of He pressure. Each point represents one experimental 

run. There is a definite departure from straight line that the theory 

predicts. Unfortunately, the temperature in the observation volume 

was not monitored directly during the run. In fact, we found out 

later that it was significantly different for different runs, because 

in order to maintain desired sodium level, the sodium pocket needed 

to be heated to different extent at difl'erent pressures. Later, a 

thermocouple was inserted in the cell center to compare the tem-

perature of the observation volume to the temperature of the sodium 

pocket while trying to reproduce the conditions of the different 
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diffusion measurement runs. Using the predicted T 312 dependence, 

the diffusion time data shown in Fig. V -3 were normalized to 273 K 

and replotted in Fig. V-4. Two other sets of experiments were 

performed with laser beam dimension (w = 59 µ.m, w = 45 µ.m) y X 

and (w = 144 µ.m, w = 125 µ.m) respectively. As above, the y X 

diffusion time corresponding to the longer beam dimension was 

determined by a computer fit. These data were corrected to 273 K 

and plotted in Fig. V -5 and Fig. V -6. In general, these curves still 

bend over at helium pressures above 250 Torr, but to a lesser ex-

tent than that shown in Fig. V -3. We also note that the data taken at 

smaller beam diameters appear to curve over more significantly. 

The error in TD estimated from the spread for several runs taken 

at the same pressure was about 5%. The deviations at high pres-

sures from the straight line appear to be bigger than that. As a 

further check on the pressure dependence of the diffusion coefficient, 

we plotted DN H p a- e 
2 . (Torr-cm /sec at 273 K) as a function of 

helium pressure in Fig. V-7. Each point represents the average of 

the runs taken at a particular pressure. The error bars indicate 

our estimate on the possible systematic errors in diffusion coeffi-

cients measurements to be dis cussed in more detail later. A 

straight line was drawn through the average of the experimental 

points. This average corresponds to DN H p = 240 Torr-cm
2 
/sec a- e 

2 
or DN H = 0. 32 ±, cm /sec at S. T. P. This compares with the a- e 
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theoretical estimate of 0.5 and 0.17 cm2 /sec for the hard-sphere 

and Lennard-Jones potential models respectively. There have been 

few previous experiments determining DN H and none on the a- e 

pressure dependence of DN H . a- e 
29,30 Ramsey and Anderson ob-

tained DN H = 0.92 + 0.45 cm
2
/sec at 155°C and 1 amagat (2.69 x a- e -

19 3 2 10 atoms/cm) and I.0 + 0.3 cm /sec at 154°C and 0,92 amagat. 

These corresponded to O. 74 cm
2 
/sec at S. 'l'. P. A. Gozzine et al. 31 

. 2 2 obtained 1. 5 cm /sec at 1 amagat and 170° C, or 1.18 cm /sec at 

S. T. P. These are appreciably higher than the above theoretical 

estimate and our results. 

Preliminary experiments were also performed to measure the 

diffusion coefficient of Na-Ar system. Fig. V-8 shows T Dy for 

Na-Ar system as a function of argon pressure from 10 to 50 Torr, 

normalized to 273 K. The beam radii were w = 56 µ.m and w = y X 

49 µ.m respectively. In Fig. V-9 additional diffusion times for the 

same system and beam radii are shown from runs at higher pres -

sures. Clearly, the curve for TD for Na-Ar also bends over at 

higher pressures. Using the low pressure data of Fig. V -8, we ob-

tained a diffusion coefficient of D = 0.11 ±.. 0.03 cm2 /sec at S. T. P. 

Theoretical predictions are 0.17 cm2 /sec and 0.11 cm2 /sec for hard 

sphere and Lennard-Jones potential models respectively. Ramsey 

and Anders on 31 using the spin relaxation cross -section of the Na-Ar 

system measured in ref. 32 estimated that DN A = 0.2 cm2/sec at a- r 
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2 
1 amagatand 155°C, or DN A =0.16 cm /secatS.T.P. In Table a- r 

V-1, our experimental results on diffusion coefficients are sum-

marized and compared with theoretical predictions using kinetic 

theory and previous experiments. 

Let us consider the possible systematic errors in our diffusion 

coefficient measurements. First of all, we are sure the correlation 

functions we observed were indeed due to the sodium atoms, they 

are not of spurious contributions such as spontaneous temperature or 

volume fluctuations, fluctuations in the number of dust particles 

present and instrument noise. This was checked by doing runs with 

the laser tuned off resonance. No correlation functions were ob -

served. The effect of flow was negligible, as we have discussed 

earlier using arguments on the relative magnitudes of diffusion time 

and time -of -flight of the sodium atoms. Another source of error 

arises from the use of the single -clipped digital correlator instead 

of a "true" correlator. If the error introduced by clipping is appre -

ciable, the observed correlation function can no longer be described 

by Eq. (2. 44) or Eq. (2. 45), Hence, the success of using these 

equations to fit the experimental data is an indication of the errors 

due to clipping and curve fitting. This is estimated to be about 5% 

judging from the spread of TD for different runs taken at the same 

pressure. The presence of trace amount of impurities in the buffer 

gas, which might chemically react with sodium atoms is not a big 
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Table V -1. DNa-He and DNa-Ar obtained in this work compared with theoretical predictions and 
previous experiments. 

This work 

D Na-He 
(cm2 /sec) 0.32 + .08 

D Na-Ar 
(cm2 /sec) 0.11+.03 

Hard Sphere Model 

0.50 

0.17 

Theory 

Lennard-Jones Model 

0.17 

o. 11 

Previous 
experiments 

0.74+0.38 

0.16 i_0.08 

.... 
N 
00 
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concern. The sodium atom spent on the average less than 50 µ.s in 

the laser beam at the highest buffer gas pressure used. Grossman 

33 et!!.• showed the reaction rate of cesium atoms with oxygen im-

purities in the Cs -Ar system, an analagous system, is approximately 

-1 10 sec . This is much too slow to show any effect in the technique 

we employed. Therefore, there should not be any significant syste-

matic error in our measured diffusion times extracted from them. 

The values of DN H and DN A reported above were a- e a- r 

determined from experimental measurements of the diffusion times, 

laser beam radii, and temperature and pressure of the Na-He and 

Na-Ar systems at the time of the measurement. Because of the 

finite size of the pinhole used (30 µm) for laser beam dimension 

measurement, the uncertainty in w for smaller beam radii used is 

about 7. 5% and smaller for larger beams. This is estimated as 

follows. Our measurement of laser beam radius w involves the 

determination of the power meter position where the measured laser 

2 
power P (x, y) drops to 1 / e of its peak value. Let us consider the 

case where the power meter is translated in the x-direction with 

y = O. The error in w arises from both laser power fluctuations 

and error in determining '(x = x ) 
0 

where P (x , 0)/ P (0, 0) 
0 

= e 

P (0, 0) being the laser power measured at beam center. For 

-2 

simplicity in calculation, we assume that we have a square aperture 

2 
of area 1rx . where x is the radius of the pinhole used. The p p 
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integrated power measured by the power meter through the aperture 

at position (x0, 0) is given by 

P (x , 0) 
0 

rJi___ X 
X + - p 

0 2 

= Io f ~x 
X - - p 

0 2 

,.Ji X - p 

f 1-x 
- 2 p 

2 2 2 
-2(x +y )/w d d e X y 

Let x' = rJi.x/w, y' = ,-.Jiy/w Eq. (5. 21) becomes 

(5.21) 

P (x , 0) 
0 

2 
= ~I 

2 0 

(x xp) ff x 

I O -x'2 2 ...E. - ,2 
e dx' f w e y dy' 

(x
0 
-"1 xp) ;Jf i 

and 

x is determined by 
0 

w 

(5. 22) 

(5. 23) 
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-2 ) = e (5.24 

For w = 50 µm and x = 30 µm, Eq. (5. 24) gives x = 52. 5 µm. p 0 

This is an error of 5%. Assuming the laser power fluctuates by 

the apparent radius r is determined by using p 

-2 cl) 
e (1 + 

2 2 
-Zr /w = e p (5. 25) 

Typically, the fluctuation in the output power of the dye laser is less 

than 10%. For 6P / P = 0 . 1 , 
0 

w = 50 µm, Eq. (5. 25) gives r = p 

48. 8 µm, i.e. 2. 5% error. Hence, the overall error in the deter -

mination of w is . about 7. 5%. The uncertainty in the pressure of the 

gases was at most + 2 Torr, and is therefore negligible. More 

importantly, the temperature of the gases in the observation volume 

should be measured during the experiment in order to· eliminate the 

possible errors in the temperature corrections to the data. Errors 

we made by measuring the temperature at a later time are hard to 

estimate, but they could account for the apparent, incorrect depen-

dence of the measured diffusion time. Taking into account all these 

errors, we roughly estimate the precision of diffusion coefficient 

measurements to be about 25%. 
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Fairly recently, with a revised apparatus, we were able to 

study the diffusion coefficients of Na-He system while simultaneously 

monitoring the temperature. This was realized by using a retract-

able thermocouple in the flow cell which remained out of the way 

while a correlation function was being accumulated. It was inserted 

into the observation volume right after an experimental run. Another 

modification was heating only a small amount of Na by resistance 

wire wrapped around it rather than heating the whole inlet tube. 

There was less heating of the gas and hence less possible tempera-

ture error. Data obtained in the latest run is shown in Fig. V -10. 

The laser beam radii used were w = 63 µm and w = 100 µm. As 
X y 

before, the diffusion times were normalized to 273 K. The signal-

to.-noise of some of the correlation functions observed was not very 

good because the sodium level was too low initially and was not 

accumulated for a long time. This resulted in the large spread in 

'TD at lower pressures. Within experimental error, however, we 

did get a straight line. From the slope of the curve, we obtained 

2 2 
DN H p = 270 Torr -cm /sec, or DN H = O. 36 cm /sec at a- e a- e 

S. T. P. With additional experiments, we should be able to resolve 

questions about the pressure dependence of these diffusion coeffi-

cients in the near future. 
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VI. CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK 

In this thesis, the resonance fluorescence correlation tech-

nique for single -atom velocity measurements is presented. With 

this technique, we have successfully detected individual sodium 

atoms in helium buffer gas. This is the first time that single atoms 

have been detected by the resonance fluorescence method in a buffer 

gas. We have also measured for the first time the transit-time of an 

atom diffusing across a laser beam. Among other things, we showed 

that a study of the probability distribution of resonantly scattered 

photons allowed the estimation of the average fluorescence photon 

burst size due to the individual sodium atoms traversing the laser 

beam. A comparison to theory was made and good agreement was 

found. 

By averaging the diffusion times over many sodium atoms, 

we found that this technique also provides a convenient method for 

measuring the diffusion coefficients of sodium atoms in a helium or 

argon buffer gas. The diffusion coefficients obtained in this manner 

were found to be in reasonable agreement with theoretical predic-

tions based on kinetic theory. Within experimental error, they also 

agree with experimental data obtained by other workers using 

different techniques. We believe our technique for diffusion 
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coefficient measurements is the most convenient and most accurate 

one to date. In addition, it can be applied to many other atoms as 

long as the appropriate laser for the resonant transition is available. 

In molecular gases, however, the presence of vibrational-rotational 

level might cause the quenching of fluorescence emission. The 

formulae derived in Chapter II would have to be modified for these 

cases. 

We have also shown that the measurement of the velocity of 

individual sodium atoms in a flow with much higher flow velocity is 

within our reach. The demonstrated agreement with theory gives us 

confidence in predictions for future experiments at other flow condi-

tions. For example, consider a sodium atom in a helium flow at 

ZOO Torr and 40°C with flow velocity of v = 2500 cm/sec. If two 

laser beams of radii w = 500 µm and separated by 1. 2 mm are 

used, the diffusion time is TD = 400 µs, while the time -of -flight 

across the two laser beams is Tf = 48 µs. Under these conditions, 

flow would dominate diffusion, and an average flow velocity could be 

measured. With I /I set at 1.91, the optimum value, we need 
0 S 

40 mw of laser power per beam in the flow cell. Then 18 counts 

can be expected for a sodium atom traversing the center of both 

laser beams, assuming a detection efficiency of 1.0%. For our 

present flow cell, the background level would be of the order of 

6 2 x 10 counts/sec. If one chooses the sample time to be 4 µs, 
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there would be 8 counts per sample time due to background, while the 

correlator in its present form can clip at most 9 counts. Unfor -

tunately, this background level exceeds the maximum current rating 

of the RCA 31034A photomultiplier used in our experiments. A 

reduction of background would therefore be necessary if this tube is 

to be used. Alternately, we can use a good photon counting photo-

multiplier with high quantum efficiency, which can also handle the 

high count rate without saturation. A good candidate which is also 

reasonably priced is the RCA 8852 photomultiplier. Unfortunately, 

• 
the quantum efficiency of this tube is only n = 12% at 5890A. This 

efficiency is only about half as high as the RCA 31034A tube presently 

in use. A factor of two increases in optical collection efficiency € 

would be desirable to compensate for this loss in quantum efficiency. 

For flow velocity of the order of sound velocity or higher, this in-

crease in E would be mandatory because the number of fluores -

cence photons emitted by an atom is inversely proportional to its 

velocity, An ellipsoidal collector such as the one used by Greenless 

et al. 2 should do the job. In principle, as much as 80% of the 

emitted photons can be collected, With the RCA 8852 photomulti -

plier, the total detection efficiency would then be 9. 6%, almost a 

factor of 10 higher than our present efficiency. Unfortunately, this 

also means higher background counts as more stray light photons 

will be collected, The further reduction of background would be 
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difficult but not impossible. More and better diaphragms are 

needed. Another scheme which might help involves using a slit at 

the second focus of the ellipsoidal collector right before the photo-

multiplier. In this manner, one could prevent a good portion of the 

spurious light originating from regions outside the observation 

volume from reaching the photocathode. 

It is also of interest to measure the velocities of the individual 

sodium atoms in vacuum, where thermal velocities are on the order 

4 of 5 x 10 cm/sec. At a laser power level of 50 mw, 90 counts per 

transit can be expected for a sodium atom going through the center 

of a laser beam with w = 1. 02 cm, if a detection efficiency of 9. 6% 

is assumed. Again, care must be taken to reduce stray light to a 

reasonable level. Of course, in this case, there is no Rayleigh 

scattering due to the buffer gas, which helps considerably. Iodine 

cell does not help in this case, because the Doppler -broadened 

sodium D2 line is of about the same width as the 12 absorption 

line. As a result, stray light and sodium resonance fluorescence 

are both blocked. 

Once single -atom velocity measurements are achieved, 

practical applications such as high speed flow diagnosis, measuring 

the velocity distribution of atoms evaporated or sputtered from a 

surface and testing the fundamental results in kinetic theory could be 
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done. The accomplishments reported in this thesis represent an 

important first step in these endeavors. 
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