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We present the results of an experiment designed to probe the collision-induced relaxation of
excited-state Yb Zeeman coherences. Our experiment is sensitive not only to the depolarization-type
relaxation mechanisms often observed in optical-pumping experiments, but also to the effects of col-
lisionally induced velocity changes. Our measurements were performed in the 65 6p P, excited state
of the even (I =0) isotopes of gas-phase atomic Yb by means of a trilevel photon-echo technique.
‘Depolarization rates, velocity-change spectra, and total scattering cross sections of Yb-He (Yb-Ar)
collisions were measured (deduced). Both rank-1 and rank-2 spherical tensor components of the 3P;
state play a role in our experiment, and our results represent averages of potentially different relaxa-
tion rates attributable to these quantities. Comparison of our results with rank-O results obtained
elsewhere reveals interesting similarities as well as differences.

I. INTRODUCTION

The collisional relaxation of Zeeman coherences is a
particularly fascinating subject, and has been of interest
for many years.! One of the reasons for this interest is
that a given Zeeman manifold may exhibit a number of
distinct relaxation rates corresponding to the various
ranks of spherical tensors needed to describe the mani-
fold.>~* Optical-pumping experiments have provided a
wealth of data on the relaxation of Zeeman coherences in-
duced by collisional depolarization (i.e. population
thermalization). Until recently, however, little data was
available®>~° concerning the relaxation of Zeeman coher-
ences by collision-induced velocity changes.!®~!* The
present work is one of the first experiments sensitive to
the entire spectrum of velocity changes affecting a partic-
ular active atom-perturber system. By comparing our re-
sults with those obtained in other recent experiments,’
interesting insights into the response of different spherical
tensor moments to velocity changes are obtained.

Recently, it has been demonstrated that photon-echo
techniques are well suited to the study of collisionally-
induced velocity changes affecting either coherences or
populations.>%14~18 ‘We have employed a particular echo
technique, a trilevel photon echo,' to study the He- and
Ar-induced collisional relaxation of Zeeman coherences in
the 6s6p 3P, excited-state of atomic Yb. From our mea-
surements we were able to make reasonable estimates of
the depolarizing and the velocity-changing collision cross
sections for Yb* in He and Ar. (Here and henceforth Yb*
denotes excited-state Yb.) We have also determined
phenomenological velocity-changing kernels (velocity-
change spectra) for these scattering processes. By varying
the temporal separation of our excitation pulses we were
able to study both the effects of strong collisions and
weak, diffractive collisions.

This paper is organized as follows. We first give a brief
theoretical discussion of the trilevel echo technique and its
use in measuring collisional relaxation. Then we describe
our experiment. Finally we present and discuss our re-
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sults. In particular, we compare our results with Yb*-
collision data measured elsewhere which are sensitive to
different spherical tensor moments than ours.

II. THEORY

We first outline the formation of the trilevel echo signal
employed in our measurements. More detailed discus-
sions of trilevel echo formation can be found else-
where.!%2°

An energy-level diagram appropriate to our experimen-
tal conditions is given in Fig. 1. We quantize along Z and
have all excitation pulses propagating along §. Three ex-
citation pulses having the linear polarizations shown in
Fig. 2(a) are applied. The pulses are assumed to have the
form

E,(r,)=&,(t —mp) exp(—i{w,[t —m,()]+@,}) , (1

‘F‘_‘L 1P, My=1>
14 Aw 3 -
4f "6s6p ¥ 159P,,M3=0 >
13p Mg=-1>
Wy
w Yb
° (even isotopes)
W,
4t'%s? I'S s My=0 >

FIG. 1. Energy-level scheme of our Yb system. This dia-
gram describes the nuclear-spin zero, even isotope-level struc-
ture. The excited-state m levels are split by a small magnetic
field applied in the 2 direction. (See text.)
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where p =1, 2, 3, np(r)=ﬁp'(r—r0)/c+ t, k, is the wave  tions. As a result, phase information stored in the optical
vector of pulse p, ry is the center of the Yb-vapor cell, and  coherence is transferred to Zeeman coherences.!” After
f, is the time that pulse p reaches 1. We assume that the  pulse two, ¥(z) consists of a superposition of excited-state

pulses are sufficiently brief that they can be treated as ex- m levels. The wave function may, in general, also contain
actly resonant with all atoms involved. a ground-state term, but in our case the trilevel echo am-

Let us consider the evolution of the atomic wave func-  plitude is only sensitive to the excited-state terms.?® It is
tion 1(¢) under the influence of the resonant pulses in Fig.  relatively straightforward to show that for ¢, <t <3, the
2(a). The effect of pulse one is to create an optical coher-  excited-state component of a particular atom’s wave func-

ence between the states |!S;,0) and |P,,0) (see Fig. 2).  tion is given by!®

The second pulse excites the | 18,,0)- | 3P, +1) transi-
|

P(1)=iSy exp( —i {wolt —11(r)]+@1}) | °P1,0)

+ %Szcl[exp( —ifw_y[t —ny(1)1+@2}) | 3Py, — 1) —exp(—i {1 1[t —a(m) 1 4+92}) | °P, + 1) ], @)

I

where S,,::sin(%ep), Cp=cos(%6p), 0, is the area of the Atoms that undergo-collisions between #; and f, in gen-
pth pulse defined in each case using the matrix element  eral suffer perturbations, which limit the extent to which
appropriate to the |S,,0)-|3P;,0) transition, w_;, g, the affected atoms can participate in the emission of the
and w,; are the angular frequencies corresponding to echo signal. The echo intensity is correspondingly de-
transitions from the |!S,,0) state to the |°P;,—1), creased.

|3P;,0), and |3P},1) states, respectively. We allow these In the present work we are interested in the relaxation
frequencies to differ so that our calculation can account of the Zeeman coherences during ¢3,. We can qualitative-
for the effects of a weak magnetic field. The symbol ly understand why our experiment is sensitive to velocity
7,(1,) gives the time that the atom was excited by pulse changes by considering the atomic wave function and the
p- Here 1, is the position occupied by the atom at the observables that can be derived from it during #;,. If an
time it is excited by pulse p. We will return to examine  atom’s velocity v can be regarded as constant, we can ex-
this wave function shortly. press the position of the atom during pulse p in terms of

At t=t;, pulse three transfers population from the its position r at some arbitrary time ¢ by

|3P;,0) state to the |!S,,0) state creating optical coher-
ences between the states |'S;,0) and |°Pj,+1). At
te=t3+1y, where t;=t;—1;, this coherence rephases,  Using the fact that k||§, we can rewrite the excited-state
giving rise to an echo polarized in the X direction. Thus  wave function of Eq. (2) which is a function of r,, r,, and
we see that the echo signal depends on the persistence of t so that it is instead a function of y, v,, and t, i.e.,
Zeeman (optical) coherences during t3, (Z,; and ¢,3).
|

Y(4,0,,y)=iS; exp{ —i[wo(t —11) —ko(y —yo) +kovy(t —1)+@1} | *P1,0)

r,=r—v(t—t,). (3)

+ 5 SaCilexpl —ilo_y(t —t;)—k_1(y —po)+k 10yt —t2)+@]} |*P1,— 1)

—exp{ —i[wy(t —1;)=k{(y —po)+ kv, (t —13)+@,1} | °P1,1)) . 4)

Here k,, ko, and k_, are equal to @;/c, ®y/c, and w_;/c, respectively. Using ¥(t,v,,y) to calculate the orientation and
alignment associated with the 3P; Zeeman manifold, one finds that these quantities are modulated in amplitude as a
function of v,. Consider, for example, the y component of the sample’s magnetization which is proportional to the ex-
pectation value of J,,. Itis straightforward to show that

my(vy)m<1//|-’y I'(I)>=—2C1S]S28in[vykot21 +C()0t21—-(q72—¢1)](30$ Aw t—tz——y 0 s (5)

f
where Aw=w;—wo=wp—w»_;. The magnetization oscil- p] (a component of orientation) and p} (a component of
lates as a function of v, with a period given by alignment). This velocity dependence has the same quali-
tative form as shown in Eq. (5). The collisionally induced
2 Ao velocity-change spectrum is studied by varying t,; and
Umod = Kotar = _t; . hence vy0q- When a collision perturbs v, by an amount

small compared to v, it contributes only weakly to col-
This period can be varied simply by changing ¢,;. Inthe lisional degradation of the echo (see below).

Appendix we analyze the formation of our echo signal in In the analysis of collisional relaxation of optical transi-
terms of spherical tensors. We find that the echo signal  tions,'* it is typical to divide the effects of collisions into
depends on a velocity modulation in the spherical tensors three categories. These are inelastic, phase changing, and
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FIG. 2. Excitation pulses and level coherences involved in the
trilevel echo effect used here. (a) The trilevel echo excitation-
pulse sequence. The polarization direction of each pulse is indi-
cated below the pulse time. Note that pulses propagate in the §
direction, and that a small magnetic field is applied along our
quantization axis Z. We have also indicated the polarization,
and emission time of the trilevel echo induced by the first three
pulses. (b) The level coherences important at various times be-
fore emission of the trilevel echo. Heavy dashed and solid hor-
izontal lines indicate a level population important in the echo
evolution process at a given time. Vertical lines terminating in
open circles indicate the important coherences. The two Zee-
man coherences important during the central interval exhibit
velocity modulation. (See text.)

velocity changing. In the case of Zeeman coherences, the
first two processes can no longer be considered distinct.

This results from the fact that spatial rotations can
|

2’10

transform what appear to be Zeeman coherences (off-
diagonal density-matrix elements) into Zeeman popula-
tions (diagonal density-matrix elements) and vice versa.
As a result, all collisional perturbations of the internal

“state of a particular atom’s Zeeman manifold are lumped

under the title of depolarization effects. Depolarization
effects reduce the magnitude associated with various
spherical tensor components. These effects occur primari-
ly in strong close-encounter collisions. In weak collisions,
on the other hand, the internal state of the atom remains
essentially unchanged, but the atom as a whole experi-
ences a velocity change. These velocity changes reduce
the velocity modulation associated with various spherical
tensor components. Both depolarizing and velocity-
thermalizing collisional perturbations contribute to relaxa-
tion of the trilevel echo signal.

The effects of depolarizing and velocity-changing col-
lisions, taken together, lead to a simple exponential decay
of echo intensity as a function of perturber pressure. At
fixed-pulse separations and in the binary collision approx-
imation, the trilevel echo intensity will decay with
perturber-gas pressure as'?20

1,(P)=1, exp[ — B(t31,32)P]
= I exp[ —Bopi(t21 )Pl exp[ — B, (31,¢32)P] . (6)

Here B,(B,) represents the decay constant that arises
from collisional effects on the optical coherences (Zeeman
coherences). Since B, is independent of ¢35, and (as will
be seen from the equations below) 8, varies linearly with
t3,, measurements of B for several values of ¢;, for each
t;; allow us to determine B,y (2;1), and B, (t31,3;)
separately. The optical coherence measurements obtained
in the course of our experiment were consistent with those
presented elsewhere and will be discussed no further.!
Henceforth we will concentrate solely on the Zeeman re-
laxation.

Assuming that the collisions are randomly distributed
in time and are binary, one can show that!’

B: =7Vl | 5% 4 o2 [1— fw W (Avy) exp(ik Av, t5)d (Av, )”=2‘0'Ure1t320§ff(121) , @
Py D vee o y y y P, .

where 0% is the cross section for depolarizing collisions,
0% is the cross section for collisions that produce veloci-
ty changes but do not depolarize, W (Auv,) is a scattering
kernel, assumed symmetric about Av, =0, which gives the
probability that a single nondepolarizing collision intro-
duces a change in the y component of velocity of magni-
tude Av,, o%gx(t;,) represents an effective cross-section
representative of collisions that depolarize or produce y-
component velocity changes greater than a t,,-dependent
magnitude, ng is the perturber-gas number density when
the system is at absolute temperature T, and has internal
pressure Py, v.q=(8k,T/mu)'’? is the average echo-
atom—perturber-atom relative speed, k; is the Boltzmann
constant, p is the echo-atom—perturber-atom reduced
mass, and k =k is the magnitude of the wave vector as-
sociated with the optical transition. This description will
account for all collisions that occur during #3,.

f

It should be noted that o7 (¢,,) has simple asymptotic
limits. As t,;—0, the integral over the normalized col-
lision kernel W (Av,) approaches unity and

0%ty —0)=05 . ®)

On the other hahd, if #31— o0, the integral over Av, van-
ishes and

05ty — 0 ) =0h +Ohec =07 - 9)

These limits can be understood quite simply. As 7,, ap-
proaches 0, p} and p? are velocity modulated with an ever
increasing period, vpgoq. AS Upmeg increases beyond the
magnitude of the typical y-component velocity change,
collisions become progressively less effective in randomiz-
ing the velocity modulation in p} and p%. In the t;; =0
limit, only depolarization effects contribute to echo degra-
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dation. On the other hand, when #;— o0, Vpea—0. In
this limit, the velocity changes experienced in essentially
all nondepolarizing collisions will be large enough to des-
troy the velocity modulation in p{ and p7. [This last con-
clusion follows from the fact that neutral atom-atom col-
lision cross sections are finite which in turn implies W (0)
is finite.] Consequently, as t,;— o0, any collision, wheth-
er through its depolarizing or velocity-changing effect,
prevents the affected active atom from contributing to the
echo signal. In this regime o%; represents the total
quantum-mechanical scattering cross section, o%,. For in-
termediate values of #,;, 0%{¢,;) represents the cross sec-
tion for collisions which depolarize or produce y-
component velocity changes greater than about v .4 /2.

III. EXPERIMENT

The 556-nm 6521S,—6s6p *P, transition of the even
(I =0) isotopes of Yb possess the energy-level scheme
shown in Fig. 1. Our experimental apparatus is shown
schematically in Fig. 3. The excitation pulses were gen-
erated from two pulsed dye lasers pumped by separate ex-
cimer lasers. Pulses one, two, and three were, respective-
ly, 3, 3, and 7 nsec in duration, and had spectral widths of
2, 2, and 10 GHz. The delay between pulse one and two
(1) was optically controlled with a modified White Cell
optical-delay line,?! and the delay between pulse two and

POL1 POL 2
1,2 3
1 ] )
BSI | 3 : h‘l "
2 A2 8C1
Optical Delay <K
P2, BC2
(TANE. I\ N,
M2 Buffer Gas
1,23 Reservoir
V
[XOYAR:
\ Capacitance
1,2,3,¢ Manometer
’ =l
PC1
pa,g | A0C
pC2 Integrotor
P58 | &
e
PMT
M3

FIG. 3. Schematic of experimental setup. M 1—M 3 denote
mirrors. BC1 and BC2 are beam combiners. BS1 is a beam
splitter. P1—P5 denote polarizers with the pass axes shown.
PC1 and PC2 denote Pockels’s cells. A/2 denotes a half-wave
plate, PDL1 and PDL2 are pulsed-dye lasers, and the paths of
pulses one, two, three, and e (echo) are indicated.

three (t3;) was controlled electronically by adjusting the
delay between excimer laser triggers. Our White Cell was
constructed from 1- and 2-in-diam mirrors each having a
2-m nominal radius of curvature. The mirrors were
dielectrically coated for greater than 99% reflectivity at
556 nm. For the longest delays, it was necessary to use
the White Cell in a double-pass configuration. Temporal
jitter between excimer pulses was <5 nsec and was gen-
erally much smaller than 3, and ¢,;. All pulses were spa-
tially filtered and collimated and were 1—2 mm in diame-
ter. Peak-pulse powers were ~10, ~20, ~200 W for
pulses one, two, and three, respectively, although there
was some variation from day to day ( ~2x) due to varia-
tions in pump power. At short excitation pulse separa-
tions, the echo signals were 1% as intense as pulse one.
Radiative decay of the 3P, state (lifetime 875 nsec) result-
ed in significantly smaller echo signals at the larger pulse
separations. Our maximum dynamic range was four de-
cades. The polarization configuration used is the same as
discussed above and is shown in Figs. 2 and 3. A small
magnetic keeper field of ~7 G was applied to the sample
along the 2 direction to minimize the effects of stray
fields. The energy splitting of the m levels induced by the
magnetic field gave rise to quantum-beat-like oscillations
in the echo amplitude as a function of excitation-pulse
separations (see the Appendix). Since our observations
were made in the pressure domain these oscillations did
not interfere with our measurements.

The Yb, of natural isotopic composition, was housed in
a 25-cm-long stainless-steel heat-pipe-type oven that was
maintained at 425°C. At this temperature the sample was
approximately one optical absorption length. The vapor
was confined by a small hollow stainless-steel cylindrical
can inside the oven. The can, about 10 cm long and 1 cm
in diameter, was entirely enclosed except for a 2-mm-diam
circular hole at each end that allowed light into the Yb
vapor. This confinement scheme was necessary to mini-
mize the strong Yb density variation that otherwise oc-
curred when the buffer-gas pressure was varied. He or Ar
perturber gases were bled into the oven from an external
reservoir, and the oven pressure was measured with a
capacitance manometer and monitored by a computer.
Detection of the echo signal was facilitated by a series of
Pockel’s cell optical shutters that blocked the excitation
pulses but allowed the echo to pass through only weakly
attenuated. The trilevel echo signal was then directed
onto a photomultiplier tube. Single-event photomultiplier
tube signals were integrated, digitized, and computer
recorded. In a typical experimental run, the excitation-
pulse temporal separations are held fixed and the per-
turber pressure is slowly cycled from low to high values
and back, while simultaneously measuring the echo inten-
sity. Results from a sample run are shown in Fig. 4.
Each point represents the average of 30 echo signals. The
quantity B is determined from the slope of the echo inten-
sity versus pressure data. Measurements of B were made
for various values of #,; ranging from ~ 14—~ 760 nsec.
The interval t;, ranged from ~0— ~ 1200 nsec. For short
t31, we could make t3; >>1,1, and hence B, >>B,,. As a
result our measurements of 3, are least affected by uncer-
tainty in B,y for short ;.
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FIG. 4. A scan of echo intensity versus buffer-gas pressure.
In this case ;=55 nsec and #3, =100 nsec. For longer t;,¢3;
the signal-to-noise ratio was considerably smaller than shown
above.

The frequencies of our dye lasers were set as follows:
The broad-bandwidth (10-GHz) laser was simply tuned to
maximize the trilevel echo signal. This laser is sufficient-
ly broad to excite essentially the entire Yb-absorption pro-
file (see Fig. 5). The narrow-bandwidth (2-GHz) laser was

T T T

(a)

LINEAR ABSORPTION SIGNAL

Isotope Fypper

A 173 772
B 171 1/2
—«— 2MHz c 176 |
2 D 174 |
z E 172 {
o , F 170 I
n G 173 5/2
W H 168 |
z 117 3/2
g J 173 3/2
(&)
o
o
1
m
<
_lql- oyt 'y
fro=*"2B C D E FG HLJ !
1 1 !
0 5 10

FREQUENCY (GHz)
(b)

FIG. 5. Absorption of naturally occurring Yb near 5556 A.
(a) is the linear absorption signal, and (b) is a more precise mea-
surement of transition frequency using Lamb dip techniques.?
The isotopes and transitions corresponding to these lines are in-
dicated. (This figure is reproduced from Ref. 22 with permis-
sion.)

piezoelectrically tuned across the absorption profile. The
behavior of the trilevel echo intensity was sufficiently
similar to the behavior shown in Fig. 5 to allow us to
center this laser on the even-isotope (172, 174, 176) por-
tion of the absorption profile.

In order to put an upper bound on the contribution of
odd-Yb isotopes to our signal, we performed a series of
two-excitation-pulse photon-echo (TPE) experiments.
Pulses one and two of the trilevel echo-excitation sequence
were used to generate the TPE. In the case of the even
isotopes, excitation pulses of orthogonal linear polariza-
tion should not produce a TPE. With the dye laser tuned
to the frequency used in the actual experiment, the inten-
sity of the TPE’s generated by pulses of orthogonal polari-
zation was 100 times weaker than the intensity of TPE’s
generated with pulses of parallel polarization. When the
dye laser was tuned to maximize the contribution of the
odd isotopes, the parallel polarization case was favored by
a factor of 10. These two observations allow us to con-
clude that at least 90% of the Yb atoms excited by the
narrow-bandwidth laser were even isotopes. This con-
clusion, however, ignores the fact that imperfections in
our optics slightly depolarize our laser pulses and stray
magnetic fields depolarize the sample. The latter two ef-
fects would also give rise to a TPE signal even if no odd
isotopes were excited. While we cannot quantitatively es-
timate the effect of these factors, we expect them to be
significant. It is likely that the actual ratio of even to odd
isotopes excited considerably exceeded 10 (see below).

In the case of the trilevel echo, odd isotopes, when ex-
cited, contribute to the echo signal through both ground-
and excited-state Zeeman coherences. Optical-pumping
effects prevent the ground-state coherences from decaying
completely even when the excited state undergoes radia-
tive decay. Consequently, long-¢3;, measurements tend to
give more weight to the odd-isotope contribution. If odd
isotopes actually dominated our signal at long t¢3,, we
would expect our measured cross sections to decrease as
the ground-state scattering came to dominate the relaxa-
tion process. However, no ¢3, dependence of the Zeeman
coherence cross sections was observable. These observa-
tions lead us to believe that the odd isotopes did not ap-
preciably affect our results.

IV. RESULTS AND DISCUSSION

The effective collision cross sections o%y derived from
our measurements are presented in Fig. 6. In the case of
Yb*-He collisions, our data spans both the short- and
long-t,; regimes. Hence, we can estimate both o%(He)
and o5, (He) using, respectively, our shortest and longest
ty; values of oy In the case of Yb*-Ar collisions, we can
directly estimate 0% (Ar) from our short-¢,; data; howev-
er, since our measurements do not extend into the asymp-
totic long-t,; regime, we can only determine a lower
bound for 0% (Ar). We do this by averaging the long-¢,,
(=690 nsec) Yb*-Ar data. Values of 0% and o, calcu-
lated using our short- and long-¢,; data and Eqgs. (7)—(9)
are given in Table I.

In addition to the results presented in Table I, our ob-
servations of o%t,;) also provide information on the
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FIG. 6. Measured values of g% as a function of #,,. (a)
Yb*-He. (b) Yb*-Ar. Of the three simple kernels considered,
the Lorentzian most accurately reproduces our observations.
The solid lines are calculated using Lorentzian kernels with the
parameters given in Table II. All data points represent an aver-
age of 3—8 runs of the type shown in Fig. 4. The error bars
represent the standard deviation derived from these runs.

velocity-changing collision kernel W (Av,), which
represents the spectrum of velocity changes experienced
by Yb* due to collisions with He or Ar. We have substi-
tuted the following three simple functions:

Wy (Auy)= |22 [% ] (108)
(8v9)*+(Avy)

We(Av,)= (V7 8ve) ! exp[ —(Av,)?/(8v0)*],  (10b)

WE(Avy)=(2800)_lexp[— | Av,, | /8vo] (10c)

into Eq. (7) in an attempt to reproduce the ¢;; dependence

TABLE 1. Experimentally derived cross sections. Also
presented are other experimental (e) and theoretical (?) esti-
mates of the quantities measured here.

Z 4

4 Opec ot
Perturber (A% (A% (A%
He 89(7) 150(8) 239(9)
He® 92(6)e 220(20)¢
Ar 150(10) >681(25) >836(25)
Ar® 167(16)e

2From Refs. 6 and 7.
®From Ref. 5. Value here represents an average of alignment
and orientation rates measured in Ref. 5.

of our measured o%;. The accuracy with which these dif-
ferent kernels reproduce our observations gives insight
into the structure of the real collision kernel which is
probably more complicated than any of our simple
phenomenological kernels above. The results of these fits
are presented in Table II, and are discussed in detail
below.

Agreement between our measured values of oZg(t;)
and those calculated using Egs. (7) and (10) was maxim-
ized using a weighted least-squares-fitting routine in
which 0%, 0%, and 8v, were allowed to vary. In the case
of He, the number of fitting parameters was only two,
since we constrained the sum of 0% and 0% to equal our
measured total scattering cross section (see Table I). The
best fitting parameters and reduced X-square*® obtained
for each fit are given in Table II. The three He fits are
compared with our data in Fig. 7. Interestingly, the
Gaussian kernel Wg(Av,), a favorite choice in the
analysis of velocity-changing collision work, provides the
least satisfactory agreement with our data. This result
implies that stronger velocity changes, minimized by the
sharp falloff of the Gaussian kernel, play an important
role in Yb*-He collisions. This conclusion was also
reached in earlier studies of the velocity changes affecting
level populations.** The Lorentzian kernel Wi (Av,)
comes closest to describing our data, but does not fit the
data significantly better than the exponential kernel. In
the case of Ar, 0%, 0%, and 8v, were allowed to vary in-
dependently. Although the Lorentzian kernels reproduced
the data more closely than the other kernel types, we
found that a wide range of free parameters gave roughly
the same quality fit. For example, taking Ui)(Ar)—-l60
A2 we found that [SUOBUUCC(AI‘)] ranged from approxn-
mately (33 cm/sec, 550 A?) to (18 cm/sec, 850 A? ) while
giving X-squares within 25% of each other. The fact that
a wide range of Lorentzian kernel parameters provide
roughly equivalent fits to our data results partially from
the presence of scatter in the data. However, it also indi-
cates that the actual Yb*-Ar kernel is more complicated
than a simple Lorentzian. The values of Svy, o}(Ar),
0% (A1) and the reduced X-square given in Table II are
values corresponding to the best fit Lorentzian kernel.

As described in the Appendix, the echo signal observed
in our expenment is sensitive to components of both the
orientation (p}) and alignment (p}) of the *P, state. The
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TABLE II. Best fit parameters for the indicated phenomenological collision kernels. See text for an

explanation of the parameters.

obh O2ee ot Svg Reduced

Perturber Kernel (A% (A?) (A% (cm/sec) X-square
He Lorentzian 72 167 239 - 47 2.39
He Exponential 91 149 239 59 3.37
He Gaussian 98 141 239 76 5.82
Ar Lorentzian 155 679 834 25 7.85

quantities may in general relax at different rates. As a re-
sult, Eq. (6) should be generalized [see Eq. (A6)] to
represent biexponential decay. We used Eq. (6) to analyze
our data, because we were unable to detect any consistent
deviation from simple exponential decay in our measure-
ments of echo intensity versus perturber pressure. Since
our measurements often extended over several decades of
echo intensity, we conclude that p] and p? have very simi-
lar relaxation properties in the presence of either depolar-
izing or velocity-changing collisions. This result is con-
sistent with optical-pumping measurements*»26 of col-
lisional depolarization.

Collisional relaxation in the 6s 6p 3P, Zeeman manifold
has also been studied by Keller and Le Gouét.®*”?’ They
employed a stimulated photon-echo technique which in
many respects is similar to the trilevel echo technique re-
ported here. In particular, they also employ a pair of ex-
citation pulses to generate a velocity-modulated excitation
of the 3P, state. A third excitation pulse (in their case
resonant with a different optical transition) generates an
echo signal that is sensitive to the collisional perturbations
of the 3P, state. As in the present experiment, they can
change their sensitivity to collisional velocity changes by
varying the temporal separation ¢,; between the first two
excitation pulses. Keller’'s and Le Gouét’s experiment,

Vmod (cm/sec)
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FIG. 7. A comparison of the observed variation of 0% with

t5; and that predicted on the basis ‘of the three kernels of Table
1L

however, is sensitive to the relaxation of the spherical ten-
sors pg (proportional to the total population in the 3P,
state) and pj (a component of alignment). By studying the
relaxation of echo signals generated with different excita-
tion polarizations, they were able to isolate the relaxation
rate associated with pg. We have converted the results of
their Yb*-He collision measurements to our units, and
compared their data with our short-¢,; data in Fig. 8. For
longer values of f,;, the data sets converge, suggesting
that the various tensor moments relax identically when
the effects of sufficiently weak velocity changes are in-
cluded. For shorter values of #,;, their relaxation cross
sections fall below ours. This behavior is reasonable since
pg is not subject to collisional depolarization, and as t5,
approaches zero, fewer and fewer velocity changes are
large enough to destroy the velocity modulation initially
created in pg.

As noted above, the collision cross sections measured
here and in the experiment of Keller and Le Gouét seem
to become approximately equal when t,; is greater than
some value .. A very naive model which uses our mea-
sured value of 0% provides us with a rough estimate of ¢,.
We assume that o} represents the total cross section for
collisions’ which affect the various tensor moments dif-
ferently, i.e., collisions with impact parameters outside a
disk of area o7, centered about the scattering center are
assumed to affect all tensor moments identically. We note
that collisions which affect higher-rank tensor moments
by depolarization will affect the rank-zero tensor moment
by velocity thermalization. We estimate the smallest velo-
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FIG. 8. Our short t,;, Yb*-He experimental data (O ) along
with the stimulated-echo experimental data of Refs. 6 and 7 (®).
We have also included o%(He) as measured in Ref. 7 ((J). See
text for discussion.
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city change, vJ", occurring in depolarization-type col-
lisions by considering diffractive scattering?® from a hole
of area 0%. We find that '

min___2(m) V4
vp M) (1)
where M is the Yb atomic mass. As mentioned above,
oZ(t,y,) represents the effect of collisional depolarization
and collisional velocity changes of magnitude greater than
Vmod/2m=2Ao/2mty;. When t,; is sufficiently large that
o%grlty1) is sensitive to all depolarization-type collisions ei-
ther through their depolarization or through their velocity
thermalization effect, 0%y should be the same for all
spherical tensors. By setting v} =wv,,.4/27, we conclude
that

Ao
t

e = — .
2mvp™"

(12)

In the case of Yb*-He collisions Egs. (11) and (12) give,
respectively, vp™
latter value is close to the value of #,; at which our cross
sections and Keller and Le Gouét’s cross sections con-
verge. For ¢, >1,, we expect that the cross sections re-
ported here and in Ref. 27 will have essentially the same

values.

V. SUMMARY

In conclusion, we have presented a comprehensive set
of data which characterizes the relaxation of 6s6p *P; Yb
Zeeman coherences resulting from collisions involving He
and Ar perturbers. These measurements are among the
first involving Zeeman coherences that are sensitive to
both depolarizing and velocity-changing effects. Compar-
ing our results with those of others,®’ we have found evi-
dence that various tensor moments may relax identically
when the effects of depolarization and velocity changes on
the order of vp™ and larger, are both included. This con-
clusion follows from the convergence of the cross sections
shown in Fig. 8. In the case of He, the velocity-change
spectrum is simulated quite well by a Lorentzian-type ker-
nel, while that of Ar appears to be more complicated.
The Yb velocity changes induced by both He and Ar are
both found to be largely characteristic of diffractive
scattering, i.e. the characteristic magnitude of the velocity
change active can be estimated on the basis of simple
geometric considerations without resorting to detailed po-
tential scattering calculations.

J

6,

=130 cm/sec and ¢,=65 nsec. The
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APPENDIX

It is well known that the statistical properties of a Zee-
man manifold can be calculated using a density matrix p
which, in the | J,M ) representation, is defined as

p= > (IM'|p|J M) |JM')JIM| . (A1)
MM

Here |M’|, | M | <J and the sum is over all allowed

values of M’ and M. When angular symmetries of the en-

semble described by p are of interest, it is convenient to

expand p in terms of irreducible tensor operators or spher-

ical tensors denoted by [ T (J,J)]kg, i-e.,”*

p= 3 poW DT (J,J)]ko
K0

where K denotes the rank and Q the component of the
spherical tensor. The coefficient of each spherical tensor
operator, p’é (J,J), is called a state multipole and is derived
from p using the formula below:

(A2)

po =3 (=1 "MK +1)

MM
J J ,
(A3)
where
J J K
M —-M —-Q

is a 3-j symbol. In general, the collisional decay of a
coherence can be described in terms of the independent re-
laxation of various spherical tensor multipoles associated
with that coherence.

The state multipoles associated with the Zeeman coher-
ences created in the 3P state by the first two excitation
pulses can be computed from using Eq. (A3), with J=1.
Thus it can be shown that during 3, the excited state has
eight nonzero-state multipoles associated with it. They
are ,

0__1_ 21 1 | qin2 21 in2 _9_1 , Ad

po="5 [cos” |7 [sin” | +sin® | = (Ada)

21 2 21_ in2 22_ —74in2 ﬁ Adb

po="= |cos” | == |sin® | 2sin > , ‘ (A4b)
- 0 6 (ry—ro)

pﬂ_2=p2_*2=—-—2~1~ cos? 71 sin? -2—2 exp [i2Aw |t —t,—ky- Zc £ H, (Adc)
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2 2% 01 . 01 . 0 . N (1'2-—1’0)
pPr1=—pi=cos B sin 5 sin > cos[wotz1 +Vykota + (@1 —@y)] exp | —i Aw t—tz—kz'—c—‘“
) . ~ (ry—10)
=(p51)oexp | —i Aw t-—tz—kz'——c——— , (A44d)
6 o ~ (ry—rp)
p:_l=—p1_*1=——icos ‘il—]sin —-zi sin | — sin[wot; + vy Kotz +(@1—@z)]exp | —i Aw t—tz—-kz-——z—o—
1 , ~ (ry—rp)
=(pii)oexp | —i Aw t—tz——kz-——c-— (Ade)

Here the derivation of the excited-state density matrix followed the general method given in Ref. 19, but is expressed in

the laboratory frame.

If we express the density matrix at the echo time in terms of these excited-state multipoles, we can determine the
spherical tensors to which the echo polarization is sensitive. We did this and found that

Peco(t,0y,9)  {(p}osin[eo(t —3)—ko(y —po)+kovy, (£ —3) +@s]

+(phocos[wo(t —t3) —ko(y —yo)+kov,(t —t3)+@31} cos

or, substituting for (p})g and (p}),

(A5a)

Balt —1)+ 5Ly —yo—u,(t —1)]

P oho(t,0y,y) <2 cos |Aw(t ——t2)+Ac9[y —Yo—v,(t —1;)] }

Xsin[Aw(t21 +t3—t)+ko(y —yo)+kovy(121 —+13 —t)+¢1 —972—¢’3] »

where Aw is the splitting between adjacent m levels.

As is easily seen from Eqgs. (A5), at ¢t =t,=t;+1,;, the
polarization Pe,(2,v,,y), becomes essentially independent
of velocity. At this time, all velocity groups in the sample
add constructively to create a macroscopic polarization.
This can be demonstrated explicitly by integrating (AS5)
over v,. The macroscopic polarization at ¢ =1, gives rise
to our trilevel echo. The echo is sensitive to the K =1
(orientation) and K =2 (alignment) rank spherical tensors.
Since we expect moments of different rank K to relax at
distinct rates, the degradation of our echo intensity [pro-
portional to the optical cycle average of the square of Eq.
(A5a)] as a function of perturber pressure P will in gen-
eral be the sum of two different exponentials, i.e.,

(A5Db)

[
L(P)a | (D)o | 2exp(—B2P)+ | (pl)y | 2exp( —BLP)
(A6)

where B¥ is associated with the Kth-rank contribution to
the signal. Relaxation of the optical coherence [see Eq.
(6)] results in a multiplicative exponential factor in both
terms above.

Despite the fact that our experiment measures a super-
position of alignment and orientation decay, the data ob-
tained here can be used in conjunction with data from
trilevel echo experiments performed with different
excitation-pulse polarizations to unambiguously determine
the individual orientation and alignment decay rates.
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