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AFIT/DS/ENP/95-02

Abstract

The collisional dynamics of the 5% P levels in rubidium have been examined us-
ing steady-state laser absorption and spectrally-resolved laser induced fluorescence
techniques. State-to-state cross-sections for energy transfer between Zeeman split
levels ranged from 16-248 A2 for collisions with nitrogen and rare gases. These
energy transfer cross-sections exhibit a significant dependence on (J,m;) state and
certain symmetry relationships are demonstrated. A sub-Doppler spectrum of the
Zeeman split levels indicating the isotopic shift in the D; line of 106435 was obtained
using laser saturation spectroscopy. Cross-sections for spin orbit energy transfer be-
tween the 52P% and 52P% levels for collisions with Hz(ap% Py = 10.0 A2, 0Py Py =
13.9 A?), Dy(21.4,29.8), Ny(13.2,18.4), C'H4(29.5,41.0) and CF4(9.5,13.2) have
been measured. Finally, the pressure broadening and pressure induced line shifts
for Rb 5*Py - 5”51 and 52P% - 525} transitions at low buffer gas pressure were ob-
tained from high resolution laser absorption spectra. The shifts # and broadening
v for Hy, Dy, Ny, CHy and CFy are in MHz per Torr ,8(52P_;_) =-2.17, -2.22, -7.41,
-7.92, -5.41; ,3(52[-’%) = -3.83, -4.09, -5.79, -7.0, -5.73; 7(52P_%) = 17.3, 14.1, 16.3,
29.1, 18.7; 7(52P%) = 26.4, 20.6, 18.3, 26.2, 17.3 respectively. These values have
been further interpreted using the impact approximation for collisional broadening
to obtain the parameters for the Leonard Jones interaction potentials. The rates for

pressure broadening are clearly correlated with polarizability of the collision partner.

Xii




COLLISIONAL DYNAMICS OF THE RUBIDIUM 5P LEVELS

L. Introduction

The Air Force has an existing need for very stable clocks for use in global
positioning satellites. The two clocks that are used are the rubidium and cesium
atomic clocks. The long term frequency stability of the cesium clock is &~ 107? and
the frequency stability for the rubidium clock is &~ 1071, The short term frequency
stability (less than 1 s) for the cesium clock is ~ 107'® and the rubidium clock is
~ 107! (81). Both clocks provide very good short term frequency stability and both

are used in global positioning satellites.

The rubidium clock depends on an atomic resonance between the hyperfine

split 525 levels in 8 Rb as shown in Figure 1. The clock is composed essentially of

F=2
528, / v=6824.6 MHz
2 \
F=1

Figure 1. Hyperfine split ground state of 3" Rb utilized by the rubidium atomic
clock.

an optical package acting as a frequency reference, and of a frequency-locked loop
for locking the frequency of a crystal oscillator to the optical package reference. The
optical package consists of a 3 Rb lamp, a 8 Rb hyperfine filter, a 8" Rb absorption
cell, a microwave cavity and a photodetector. Light from the 8 Rb lamp, filtered by
the ®Rb filter, falls on the absorption cell containing 8"Rb and a buffer gas. The




spectrum of the light emitted by the lamp consists mostly of the Dy and D, lines

characteristic of alkali-metal atoms as shown in Figure 2.

2
5 I:>3/2

Ap, =780.0 nm

2
5 I:)1/2

kD1 =794.7 nm

2
5 S1/2

Figure 2. Rubidium Fine-Structure.

Each of the lines consists of several components created by the hyperfine struc-
ture of either the ground state or the excited state. The hyperfine splitting of the
ground state is 6.8 GHz. The emitted light is allowed to pass through the filter cell
containing % Rb and a buffer gas. The spectrum of the 3 Rb atom is very similar to
that of 87 Rb except for the hyperfine splitting of the ground state which is 3.0 GHz.
One of the 3 Rb lines is almost coincident with one of the 37 Rb lines for both the D,

and D, lines. This property is exploited for filtering the 87 Rb spectrum. The filter




selectively absorbs lines which transition to the 5%5 L F =2 ground state hyperfine
split level. When the resulting light is allowed to fall on the absorption cell contain-
ing 87 Rb, only atoms in the 55 1, F' =1 are resonant with the light. These atoms
are excited to the P states. The effect is to increase the population of the F=2 level
at the expense of the F=1 level and a population inversion results. By means of this
optical pumping the cell becomes transparent to the incident light. However, if tran-
sitions are excited between 525 1 F=2 and F=1 levels the absorption cell becomes
more opaque and this effect is detected at the photodetector. A minimum of the
light intensity is observed at the detector when the microwave radiation frequency

is coincident with the resonant frequency of the ground state of 87 Rb.

The 8" Rb absorption cell is a low pressure cell containing a buffer gas. In
an optically pumped passive rubidium frequency standard, the buffer gas is used
to prevent wall relaxation but, the hyperfine splitting is affected by the pressure
of the buffer gas in the rubidium cell (80). Therefore, the long term stability of
this transition and therefore the performance of the rubidium clock is believed to be
affected by changes in buffer gas concentration in the cell and it appears as though the
cell walls release gases during the clocks operational lifetime producing a frequency
shift caused by changes in pressure and gas concentration. Therefore, an accurate
characterization of rubidium in a similar environment is needed to accurately predict
the clock’s performance degradation and to suggest ways of improving the rubidium
clock’s long term performance. Additionally, the signal on the photodetector is
directly affected by the relative populations of the F=1 and F=2 levels. When
collisional energy transfer occurs the populations in these levels are affected resulting

in a degradation of the clock’s performance.

While a great deal of study of the kinetics of rubidium for atomic clocks has
been accomplished over the past few decades (81), there are still several unanswered
questions. This research has answered some of these questions by measuring the

collisional cross-sections for energy transfer of the spin-orbit and Zeeman split 52 P




levels of rubidium with selected gases and also by measuring the collision induced
line shift and pressure broadening of these levels. The examination of the collisional
dynamics of the 52P levels improves the understanding of the interaction potentials
between these gases and rubidium. The pressure broadening and pressure line shift
work has resulted in a determination of the interaction potentials of rubidium with
the selected gases. Also the pressure broadening data has revealed a dependence be-
tween the size of the pressure broadening cross-sections and the polarizability of the
perturbing gas. Also a theory predicting the scaling of the Zeeman energy transfer
cross-sections has been compared to the Zeeman energy transfer cross-sections using
nitrogen gas. The favorable comparison indicates that a Van der Waals potential is
a reasonable model for the interaction. This is in agreement with the correlation of

the pressure broadening data with the polarizability of the perturbing gas.




II. Pressure Broadening and Line Shift in Rubidium
2.1 Pressure broadening and line shift

Atomic spectral lines are rarely sharp, symmetric, or centered on the exact
energy level difference for the isolated atomic states. The causes for the distribution
of radiation in an atomic transition have been a subject of study at least since the
turn of the century. Through analysis of spectra from various observations the effects
of the resonant interaction of one atom with another dissimilar atom or molecule have

been studied.

When an atom X, with energy levels E; and Ey, approaches another atom or
molecule Y, the energy levels of X are shifted because of the interaction between

X and Y. This shift depends on the electron configurations of X and Y and on the

distance R between the collision partners.

The energy shifts AE are in general different for the levels E; and E; and they
may be positive as well as negative. AFE is positive if the interaction between X and
Y is repulsive and negative if it is attractive. When plotting the energy potentials
E(R) for the different energy levels as a function of the interatomic distance R
the potential curves of Figure 3 are obtained. Figure 3 graphically represents the

interaction potentials and the energy shift (line shift) associated with the interaction.

The monochromatic emission from a two level system would produce a wave
train of infinite extent yielding the spectrum 1 in Figure 4. In an environment
where collisions can occur, by modeling the atoms as hard spheres and assuming the
collisions only occurred when the distance between atoms is less than or equal to
the sum of their mean atomic radii, a wave train of finite extent is produced which
yields the sinc?(v) frequency distribution 2 in Figure 4. In a more general case
collisions not only affect the length of the wave train but also change the phase of the

oscillator which yields the Lorentzian frequency profile 3 in Figure 4. By examining




the spectrum from these transitions and measuring the full width at half maximum

and the frequency shift it is possible to charactarise the interaction potentials.

>
2
@
c
L
Interatomic Separation
Figure 3. Illustration of the collisional line shift with the potential curves of the
collision pair.




Wave Packet Spectrum

Time Frequency

L
I J\

Figure 4. Line profiles for different wave trains.




2.2 Previous work which examines the pressure broadening and line shift in rubid-

ium caused by collisions with rare gas atoms and selected molecules

A comprehensive review of neutral nonresonant collisions of atomic spectral
lines has been performed by Allard and Kielkopf (2). The most recent measurement
of the broadening and shift of the Dy (780.0 nm) line of rubidium was performed
by Belov (14) and the broadening and shift for the Dy (794.7 nm) were most re-
cently measured by Kazantsev (44). These measurements used a magnetic scanning

technique which represents the highest resolution measurements to date.

The previous measurements of line shift and pressure broadening by Ottinger (62)
used dispersive spectroscopy to observe the rubidium spectrum. Because of the reso-
lution limits imposed by these devices it was necessary to conduct the measurements
at relatively high pressures (tens of atmospheres). Measurements at these pressures
and with such limited resolution make it impossible to observe the hyperfine compo-
nents of the lines directly. This requires a deconvolution of the hyperfine components
and the line function of the dispersive element to determine the broadening coefhi-
cient. There are inherent ambiguities whenever such a deconvolution is performed
which impose a certain amount of uncertainty in the measured values. The technique
employed to measure the broadening and shift in this research used a scanning tita-
nium sapphire ring laser in an absorption spectroscopy experiment which was able
to resolve the hyperfine split components. This allowed measurements to be per-
formed at much lower pressures (less than one atmosphere) and didn’t suffer from
the degradation of the signal due to the convolution of the hyperfine lines and the

line function of the dispersive element.

A great deal of theoretical work on pressure broadening and line shift has been
accomplished (2). Theories include classical, semiclassical and quantum mechanical
treatments. While it was not the intent of this research to improve the existing

theories, a comparison of the theoretical and experimental values was made.




2.8 Absorption spectroscopy

Absorption spectroscopy is used in the present experiment to measure the
pressure broadening and line shift. The absorption cross-section as a function of
wavelength o () is determined by using a modified form of Beer’s law which is given
by equation 1. The A represents the relative detectivities imposed by the detection
system between Io()A) and I()), [ is the path length through the cell and Ngs is the

concentration of rubidium.
I(\) = AIy(\) exp~leMVre (1)

Rearranging this equation yields

In ( fo ((AA))) = o — o(A\)I N (2)

This allows an experimental characterization of the absorption cross-section o () as

a function of wavelength where o = In(A) represents a non zero base line.

A schematic diagram of the experimental apparatus used is provided in Fig-
ure 5. The apparatus consisted of a 15 watt Spectra-Physics argon ion laser used to
pump a Coherent 899 tunable titanium sapphire ring laser. The ring laser is capable
of producing a single mode which is frequency tunable over the range 720 to 825 nm
at up to 1.5 watts continuous wave operation. The ring laser’s line width is of the
order of = 500k H z which is much less than the 600M Hz Doppler line width of the
rubidium. Therefore, Doppler-limited spectroscopy could be performed. The ring
laser’s beam was coupled into a fiber bundle which served three purposes. The first
was to simplify moving the beam to and from the cells. The second was to split
the beam into the three components. The last was to randomize the polarization of
the laser. This was accomplished by using a scattering center to scatter the light as
it was coupled into the fiber bundle. To effectively probe all transitions, both lin-

ear and circular polarizations were required. Therefore, a randomization of the laser




Chopper
/ | I N
| I ~
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Fiber Bundie
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Amplifier| e mplifier Sapphire
Si Si Tunable Ring
Photodiode Photodiode Laser
Lock-in Rb
Amplifier| Gas
Si
Photodiode Argon lon
Laser

Figure 5. Pressure broadening and line-shift experimental apparatus.
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light was necessary to probe all of the transitions equally. A thorough randomization
is demonstrated by the quality of the curve-fits outlined later in this chapter. The
light, using the fiber bundles, was routed to a detector to allow the characterization
of the laser’s power and through two gas cells as shown in Figure 5. One cell con-
tained only rubidium vapor and was used as an absolute frequency reference. The
other cell contained rubidium and the selected gas. The vacuum system could bring
the pressure in the cells down to & 1 mTorr. The cells consisted of rectangular glass
fluorocells with a 1 cm and a 2 cm path length. These cells were blown onto a glass
valve as was the rubidium break-seal ampul. The rubidium was 99.8 % pure with
naturally occurring isotopic concentrations. Phase sensitive detection was employed
to detect the laser intensities. The detectors used were Hamamatsu photodiodes.
The lock-in amplifiers were Stanford Research Systems models SR830 and SR850.
The use of phase sensitive detection greatly simplified the experiment by rejecting

background noise such as room lights.

The absorption measurements were performed by scanning the laser frequency.
The laser’s continuous scanning range is 10 GHz which was large enough to probe
the full hyperfine structure for pressures up to 50 Torr. Above this pressure three
successive 10 GHz scans were required. A comparison of the absorption spectra for
several pressures was performed to measure the pressure broadening and line shift.
The reproducibility of the initial scan position of the laser was very important. The
laser had an initial position reproducibility of £25M Hz. This produced a significant
error in the characterization of the line shifts. This error was minimized by using

the reference cell as an absolute frequency reference.

An additional concern was the temperature control of the cell. The cell was
held at a constant temperature throughout the data collection. This was neces-
sary to eliminate the possibility of influencing the measured pressure broadening by
changing the Doppler width of the rubidium. Unfortunately, this constant tempera-

ture requirement created its own problem. The rubidium concentration dropped as
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the buffer gas pressure in the cell was increased. The balance between the diffusion
transport and the wall accommodation of the rubidium established the rubidium
concentration. Since the absolute rubidium concentration affects the transmitted
intensity, a long path length (2 cm) was used for the high pressure measurements
(greater than 50 Torr) and a short path length cell (1 cm) was used for all other

pressures.

Figure 6 shows a typical absorption spectrum of the D, line taken from a
reference cell. Note that lines from both rubidium isotopes 8 Rb and 3" Rb are evident.
The figure also displays the transitions associated with the hyperfine splitting of the
528 1 level for both isotopes as well as the hyperfine splitting of the 52P_15 level in 87 Rb.
Also shown in the figure is the rubidium isotopic abundance weighted theoretical line
strengths and the position of each of the allowed transitions. The line strengths are
also given in Table 1 which are from reference (48). The line strengths must be
corrected to account for the isotopic abundance of 35 Rb 72.15% and 87 Rb 27.85%.

The correction can be made by multiplying the ® Rb line strengths by 2.591.

Table 1. Theoretical line strengths.

Ref(48) STRb S5Rb
F[ 1| 2 |[F| 2 | 3
P, [ 1]20.0] 100 [ 2[28:6 100
57100 | 100 || 3 | 100 | 0.0
P, [0[143] - |[1[333] -
1357 71 || 2432|123
2 | 35.7 | 35.7 || 3 | 34.6 | 43.2
31 - | 100 4] - | 100
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Figure 6. Absorption spectra of the Dy line observed at T=360 K with the hy-
perfine splitting and line strengths shown.
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The total energy of a hyperfine split level with the total angular momentum F

is given by equation 3 from reference (48):

- C  30(C+1)—II+1)J(J+1)
Br=Ert Ay + B ) 1@7 - 1)

(3)

where

C = F(F+1)—II+1)—J(J+1);
F = I4+JI+J-1,.|I-J|
_ prH(0)
A = IJ 7’
B = 6Q¢JJ(0).

Ej is the fine structure energy, and the hyperfine splitting is given by the last two
terms. The term A% represents the splitting due to the nuclear magnetic moment
which is dependent upon the magnetic moment pj, the magnetic field produced by
the nucleus H(0) and the product of the quantum numbers IJ which represents
the coupling of the angular momentum vectors through the magnetic interaction
where I = % for Rb and I = % for 8 Rb. The last term represents the quadrupole
interaction which depends on Q, the quadrupole moment, m, the vector gradient
of the electric field of the orbital electrons having cylindrical symmetry about the J

axis evaluated at the nucleus, and e is the absolute value of the elementary charge.

The relative line positions are given in Table 2 and are cited from (5). The
first half of the table provides the A and B spectroscopic constants which can be
used to determine the relative line positions as in Figure 7. The figure accurately
represents the relative line positions within each manifold but the spacing between

manifolds is not to scale. The relative line positions are computed in the second half
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of Table 2 using

_N

2 528 2 528,
rp; = c [(E;PJ "‘EF %> - (ESIPJ —EFI 2)]

where the subscript ¢ is an arbitrary integer assignment for each of the energy dif-

(4)

ferences. All line positions are reported relative to the S5y (F=2)to Py (F =2
transition in ®"Rb for the D, line and to the Sy (F' = 2) to P3(F = 3) transition in
87Rb for the D, line. The ®°Rb shifts are relative to the S%(F = 3) to P%(F = 2)
transition for the D line and to the S1(F = 3) to Py (F = 2) transition for the D,
line. This requires an additional parameter, the spacing between the 3" Rb and the
85 Rb lines. This spacing has been measured (10) for the D; line as —0.001483(2) nm
and for the D, line as —0.001902(6) nm. Though this parameter is known it was
allowed to float during the data reduction to determine if this spacing was affected
by the pressure line shift and thus determine if the line shift is different for each of

the isotopes.

Table 2. A and B coefficients and relative line positions, rp;.

Ref(5) 8TRb 8 Rb
MHz A B A B
525% 3417.34130642(15) - 1011.910813(2) -
52P% 406.2(8) - 120.72(25) -
52P% 84.845(55) 12.52(9) 25.009(22) 25.88(3)
rp; 87 Rb 8 Rb
nm | F 1 2 F 2 3
P% 1 |-0.01268 | 0.00171 || 2 | -0.00639 0
2 | -0.01439 0 3 | -0.00715 | -0.00076
P% 0 | -0.01286 - 1 1-0.00610 -
1 | -0.01301 | 0.00086 || 2 | -0.00616 0
2 1-0.01332 | 0.00054 || 3 | -0.00628 | -0.00012
3 - 0 4 - -0.00037
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Figure 7. Rubidium 85 and 87 5%P hyperfine split energy levels.

16




Figures 8 and 9 represent typical absorption spectra for the D; and the D, lines

respectively with argon as the collision partner. These figures display the pressures
0, 50, 100 and 200 Torr which clearly shows the broadening and line shift which
occurs as the gas pressure is increased. It almost appears as though the line shifts
and broadening can be directly determined from the figures. Unfortunately, each
of the observed peaks is a convolution of several transitions leading to inaccurate
values for the pressure broadening. Therefore, to extract the line shift and pressure
broadening coefficients a least squares curve fit which takes into account each of the

individual transitions must be employed.

2.4 Data analysis

As discussed above, spectra were recorded simultaneously from both a reference
cell and from the cell with the selected gas. The data from each cell must be analyzed
in a different manner. The peaks from the two different cells are different in nature.
The pressure in the reference cell was approximately 1 mTorr; therefore the data
from the reference cell is composed of several Gaussian (Doppler broadened) peaks.
The data acquired from the cell with the buffer gas is composed of several peaks with
each peak being a convolution of a Gaussian and a Lorentzian (pressure broadening)
profile. This sort of profile is characterized as a Voigt profile and is much more

computationally intensive than the Gaussian profile alone.

The data was reduced using a user defined function in the software package
Table Curve. The software allowed the use of predefined functions for the Voigt and

Gaussian profiles.

00 a e"y2
- ado€¢ 7 d
f—oo 2 Yy
2 [z2=2
a2+ [_GZ__._y]

% (&) d

Voigt(ao, ai, ag, (1,3) =

Gaussian(ao, a1, as) = age”’ (=12 (6)
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Figure 8. Typical absorption spectra near A = 794.7 nm at T=395 K with argon
as the collision partner.
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Figure 9. Typical absorption spectra near A = 780.0 nm at T=395 K with argon
as the collision partner.

19




The arguments of these functions are defined as follows:

LorentzianFW HM

Voigt(Amplitude, LineCenter, GaussianF'W HM, CauvesionFWHM )

Gaussian(Amplitude, LineCenter, FW HM)

where FWHM is the full width at half maximum. Using these definitions the follow-
ing expressions were used to curve fit the absorption spectra. The data from the cell
with the selected gas was analyzed using equation 7 and the data from the reference

cell was analyzed using equation 8&:

I(}) L.y . 85,87 F
In = A+ BXA+)_ Voigt(Cri; ** Rb;, D+ Ao + rpi, Eo, =),  (7)
IO(/\) =1 EO

I(\ 8,12 .

In (%) =A+B\+ Z Gaussian(Cri; 8587 Rbi, D + Ao + rp;, E). (8)
0 =1

The first thing to be noticed in these expressions is the summation from 1

to 8 or to 12. Because there are 8 hyperfine split components in the D line the

summation ranges from 1 to 8 and since there are 12 components in the D; line the

summation must range from 1 to 12. Equations 7 and 8 can be seen graphically

represented in Figure 10.

The parameters A, B, C, D, E and F in equations 7 and 8 are curve fit parame-
ters and are defined as follows. The terms A and B are the parameters used to fit the
base line. The value for A was = 3.2 for the reference cell and ~ 7 for the data cell
which appropriately reflects the relative detectivities of the incident and transmitted
signals. The slope characterized by B was very small ~ 0.1 % of the total change in

the vertical axis. The subsequent terms are more easily explained by discussing their
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Figure 10. Single peak to illustrate the curve fitting process.
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role in each position of the Voigt or Gaussian function. The first term (Cri; 8527 Rb;)
represents the amplitude of each individual peak. The amplitude of each peak is de-
pendent upon its line strength rz; found in Table 1 and the rubidium concentration C
which must be corrected for the relative isotopic abundance %7 Rb;. The rubidium
concentration determined in this manner is =~ 107® Torr which indicates a source
temperature of &~ 310 K. This temperature is less than the reported temperature
of 395 K because the observation region was held at a much higher temperature to
prevent plating of the rubidium on the windows. The next term (D + Aq + rp;) is
the line center of each peak where Aq is either 794.7 nm for the D; line or 780.0 nm
for the Dy line. The term rp; is the relative position of each of the peaks which is
given in Table 2. The D curve fit parameter serves two purposes. Because there is
some inherent error in the initial scan wavelength of the laser this parameter Dg.y
was curve fit using the reference cell data to characterize this source of error. For
the cell with the gas Dp,s represents a characterization of the line shift plus the
laser scan error. By differencing the values from the reference cell and the data cell
the scan error is removed and the pressure line shift is determined. A plot of these
shifts, Dpys-Dres, as a function of pressure for each gas is shown in Figures 12, 14
and 16. A discussion of these figures can be found in the next section. The next term
E or Ej represent the Doppler FWHM of the peaks. This parameter was assumed
to be the same for all peaks. For the data cell this parameter was not allowed to
float and was fixed at the value Egy. This value was determined by curve fitting the
0 Torr spectrum from the buffer gas cell. Using these line-widths the temperature
of the cells were determined to be T=395 K for the buffer gas cell and T=360 K
for the reference cell. The last term (ELO), which is only in the Voigt profile, is a
characterization of the Lorentzian FWHM where the ratio is used in the function to
force the software to return the desired width in the F parameter. A plot of these
widths as a function of pressure for each gas is shown in Figures 13, 15 and 17. A

discussion of these figures can be found in the next section. Figure 11 illustrates the
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quality of a typical curve fit. The figure also displays the 95 % confidence limits of
the fit.

At this point a discussion of the error in the experiment is in order. The largest
source of error was generated in calibrating the wavelength axis. During a data scan
the laser started its scan and then signaled the computer to start recording data
from the lock-in amplifiers. When the scan ended the computer was then told to
stop acquiring data. Though the initial wavelength and the scan length were known
and the horizontal axis (wavelength axis) could be created, the laser had an initial
scan position error of 25 MHz and linearity error of ~ +200 MHz. Therefore a
refinement of the wavelength axis was required. This problem was solved by using
the reference cell data and curve fitting the 3" Rb hyperfine split lines with a curve
fit parameter that could characterize any errors in the wavelength axis and provide
a means of further refining the axis. The error in the corrected wavelength axis was
typically on the order of 50 MHz over the entire 10 GHz scan region. Therefore a
minimum error of 0.5 % should be expected in the line shift and pressure broadening

coeflicients.

Another source of error is in the statistical nature of the data acquisition. This
error is characterized by one standard deviation of the curve fit parameter from the
fits to the absorption spectrum. To determine the impact of this error on the reported
rates, a characterization of the error in the slope Am MHz per Torr was carried out
on the D; pressure broadened data for C Hy. This particular set of data was selected
by a visual inspection of Figure 17 and noting that the data points showed a large
scatter hence implying a reasonable characterization of this statistical error. The

error analysis was carried out by using

Am _ =1 P; (9)
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Curve fit of the D; line at 50 Torr of Helium. Displayed with the 95 %
confidence limits. The expanded region is provided to illustrate the
quality of the curve fits.
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where o; is the standard error for each data point determined from the curve fit to
the spectrum, P,; is the pressure of each data point and N is the total number of data
points. Using this to characterize the error for the specified line leads to a value
Am = 0.117 MHz per Torr which is 0.4 % of the measured 29.1 MHz per Torr value.
This value is very low because of the quality of the data and the quality of the fit to
the data.

Because one of these errors is systematic and the other is statistical, the total
expected minimum error is the sum of these two. For this particular case the min-
imum expected error is 0.26 MHz per Torr which is less than the reported value of
0.4 MHz per Torr. The reported error was arrived at based solely on the statistical

scatter in the reduced data which is larger than the known sources of error.

Finally, it was stated earlier that the relative spectral position of fluorescence
from the 8 Rb and ® Rb would be characterized experimentally. This shift was mea-

sured using

I(})) X 85,87 F
In :A-I—B/\—I—E Voigt(Cri;”" Rb;, D+ Gies ey + Ao +7pi, Eo, =), (10)
I(M) =1 Eo

where Gj@sgy) is a curve fit parameter which characterizes the shift between the
two isotopes and is zero for all 8" Rb lines. The values measured are for the D; line
G; = —0.001462(4) nm and for the D; line G; = —0.001892(2) nm. These values
are in very good agreement with the values previously cited. These values can also
be computed using the A and B coefficients in Table 2 and by taking into account
the isotope shift of the 52P levels Dy 77 &+ 4 MHz (32) and D, 75 + 4 MHz (19).
The values determined in this manner are for the D; line -0.001485 nm and for the
D, line -0.001812 nm, which again are in good agreement with the experimentally

obtained values. A comparison of these values is given in Table 3.

Additionally, if equation 10 is used to perform the curve fitting at pressures

greater than zero Torr, a characterization of the line shift for each of the two isotopes
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Table 3. A for the 3 Rb (525%,17 =2 to 52P%,F = 2) - %Rb (525’%,}7’ = 3 to
52P%_, F = 2) for the D, line and 3" Rb (525%,17' =2 to 52P%,F =3)-%Rb
(525%,F =3 to 52P%,F = 2) for the D line.

Dq nm Dy nm Ref
-0.001462(4) | -0.001892(2) | This work
-0.001483(2) | -0.001902(6) (10)
-0.001485(8) | -0.001812(9) | (5) (19) (32)

is possible. This characterization was carried out and the results showed no shift

MH=z

within the experimental error limits (+0.03) ==

2.5 Results of the data reduction

A linear fit to the data in figures 12-17 provide the line shifts and broadening
coeflicients. The resulting linear curve fits are also shown in these figures. The slopes
and the error (one standard deviation) from these fits are reported in Tables 4 and 5.
The data were tested for curvature using a quadratic fit. The ratio of the quadratic
coeflicient to the slope yields a curvature less than 0.05% which is less than the
error characterized by the scatter in the data which is & 1%. For completeness, the
intercepts for these fits are reported in Table 6. A weighted averaging was performed
on the intercepts and is also given in Table 6. The origin is the expected intercept
for the line shift, but the intercept for the pressure broadening data should yield the

natural line width.

These results have some interesting features. The first is the anomalous affect
helium has on the line shift of the rubidium D, line. Typically the frequency shift
is towards lower frequencies but with helium the shift is strongly towards higher

frequencies.

A typical characteristic of the pressure broadening for the rare gases is that

the broadening is the same for both the D; and D, lines. This trend does not appear
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Figure 12. Line shift of the D; and D, lines in rubidium induced by rare gasses.
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to hold true for the molecular gases. There is a very pronounced difference in the

broadening rates for hydrogen and deuterium.

The line shifts and broadening coefficients are given in Tables 4 and 5 with
one standard deviation reported for the error. These values are compared to other
previously measured values and are found to be in very good agreement. The typi-
cal error bound on the data acquired in this study is much smaller than all previous
measurements. This reduction in error is attributed to the improvement in resolution
over previous measurements. The employment of absorption spectroscopy resulted
in the acquisition of Doppler limited resolution rubidium spectra. Previous measure-
ments of the rubidium pressure broadening used a Fabry-Perot interferometer (42),
monochromator (62) and a magnetic-scanning technique (13). This high resolution
in the current experiment allowed a very accurate characterization of the Doppler
width which is critical to the removal of the Doppler portion of the observed Voigt
profile thus allowing a precise determination of the Lorentzian (pressure broadening)

width.

2.6 Determination of the interaction potentials

The classical model for collision broadening represents an atomic radiator as
an elastically bound oscillating electron. The problem of collision broadening is
to calculate the spectrum of an oscillator disturbed by collisions with other atoms
or molecules. Such a model is termed the Impact Theory and is fully derived in
reference (70). The underlying assumption of the model is that collisions only affect
the phase of the oscillator and not the amplitude. The model is applied to the
experimental data in a reverse manner to allow the determination of the interaction
potentials between rubidium and the neutral gas particles. Several assumptions are
made to construct this model. The first is a low pressure or high velocity assumption
which is more rigorously stated as follows. The duration of a collision must be much

smaller than the time between collisions therefore, most of the radiation or absorption
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Figure 13. Pressure broadening of the Dy and D, lines in rubidium induced by
the rare gasses.
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Figure 15.
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Table 4. Shifts and broadening of the D resonance line of rubidium accompanying
collisions with inert-gas atoms and selected molecules.

Per- Shifts (%22) :

tur- Experimental Theoretical
bing | This work (42) (44) (62) (36) | (67)
gas 394K 320K 203K 320K 203K | 323K

He | +4.71+£0.02 | +5.0+£1 | +6.2+0.5
Ne | —-0.90+0.01 | -1.74+0.5| —-1.24+0.6 | —=0.37£0.3
Ar | —6.77£0.06 | -6.7+04 | -66£04 | —71£0.7 | -6.5 | -5.4
Kr | —-5.124+005| -50+£1 | =55+05| —7.2£05 | -4.7 | -55
Xe | —5.84+£006|-6.0+02|-72+£09| —76+0.7 | -4.74 | -6.3
H; | —21740.02
D, | -2.22+0.03
Ny | —7.411+0.06
CHy | —7.9240.05
CFy | —5.414+0.08

Per- Broadening (722)

tur- Experimental Theoretical

bing | This work | (42) (44) (62) (36) | (67)

gas 394K 320K 293K 320K 293K | 323K

He [1890+0.09 |194+2|18.34+0.9 | 18.5+3.3
Ne | 9.84+£005 | 7+2 | 10116 | 94+£13
Ar | 18114009 {21 +2|194+£1.0|18.2+24 | 16.7 | 14.7
Kr 171+02 [ 15£1(173£0.9 |18.24+1.7| 224 | 15.2
Xe 18601 [154+£31208+1.0}209+24 | 21 17.4
H, 17.3£0.1
D, 14.1+0.2
N, 16.3 £0.2
CHy | 291404
CF,; | 18.7+0.1
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Table 5. Shifts of the D, resonance line of rubidium accompanying collisions with
inert-gas atoms and selected molecules. T Calculated taking account of
the anisotropy of the interaction. T Calculated without taking account of
the anisotropy of the interaction.

Per- Shifts (1\1/11:::
tur- Experimental Theoretical
bing | This work (42) (14) (13) (62) T(36) | TT(36) | (68)
gas 394K 320K 293K 320K 293K | 293K | 323K
He | 4+0.37+0.03 | +0.9£02| +224+0.5 | —.74+0.3
Ne | —244+£0.01 | -2.7+0.2) -3.74+05 | -20X+03 | 1.1 1.7
Ar | -5.76+0.02 | -5.7+0.2| -7.14+£0.8 | -814+1.2 | -7.3 -7.9 -5.3
Kr -55+01 | -58+02] -84+1.0 [ -8140.5| -5.3 -5.6 -5.5
Xe | —6.19+0.08| -6.0+0.2| -7.0£1.1 | -9.14+£0.7| -6.8 -4.3 -6.3
Hy | —3.83+0.06
Dy | —4.0910.04
Ny | =5.79 £0.05 —8.240.6
CHy | -7.0+£0.1 -11.34+ 0.6
CFy | —5.734+0.05
Per- Broadening (/42
tur- Experimental Theoretical
bing | This work | (42) | (14) (13) | (62) | T (36) | 7T (36) | (68)
gas 394K 320K 203K 320K 293K | 293K | 323K
He |20.014+0.07|15+2|225+1.1 185433
Ne 947+005 | 13+£3 | 94+£04 | 98£1.7 | 16.1 18.0
Ar 17.7+0.1 | 18+2 (198405 | 185+2.4 | 183 18.1 14.6
Kr 172402 | 17£2 [1756+£1.0 | 16.2+£1.3 | 21.3 25.8 15.1
Xe 17.84+0.1 |194+219.8£0.9 21.2 23.4 23.3 17.2
H, 26.4 1 0.2
Dy 20.6 £ 0.2
N, 18.31+£0.2 18.94+ 0.5
CHy| 26.2+0.3 26.0 £ 0.7
CFy | 173+0.3
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Table 6. The intercepts for the linear curve fits of the pressure broadening and line

shift data.
MHz Intercepts
Pertur- Dy Dy
bing gas Shift Broadening Shift Broadening
He +5+2 +14 £ 11 —6+4 +9+£38
Ne +24+2 1847 —242 —9+7

Ar +11+6 | +28+10 +4+2 +11+£15
Kr +10£7 | —-134+26 | —-10£15| +13+33

Xe +9+38 —18+16 | +0+10 | +27+19
H, +0+2 +47£15 | —20£8 | +48£20
D, —-5=£3 +30 £ 20 -7+ +38 £ 27
N, —10+£8 | +71+29 —-9+£6 +56 =20

CH, +5+7 —18+£58 | —40+£18| —-1+33

CF, +11+£11} 410419 | =157 | +37138
Average 1+4 6L£5 —-2+4 8+£3
Expected 0 5.7 0 5.9

will occur between collisions. This assumption is valid for pressures less than a few
atmospheres. The second assumption is that the atoms move in straight lines which
is not a valid assumption for the lighter collision partners. The third assumption
concerns the relative velocity of the two colliding atoms. The assumption is that
the relative velocity between the colliding atoms can be characterized by the average
velocity between the colliding atoms. This assumption is necessary to decouple the

Doppler and the pressure broadening.

Applying the impact theory using a Lennard-Jones (6,12) potential for the
rubidium-collision partner interaction, the potential represents the difference be-

tween the initial and final state potentials,
V(R) = ClzR_12 - CGR_S (11)

R is the interatomic separation and Cg and C;4 are the coefficients for the R=¢ and

R™'2 parts of the potential respectively. The Impact Theory using this potential
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yields the following relationships for the Lorentzian full width at half maximum «

and line shift 8 in Hz which were derived in reference (70)

=15t (§)' o &

o= (2) vt (%) st o

where N is the number density of the perturbing gas, ¥ is the average velocity
between the radiating atom and the perturbing gas. These expressions are arrived
at by performing a Fourier transform of the displacement which is a function of time
of a perturbed harmonic oscillator. The perturbation of the harmonic oscillator is a
result of rubidium neutral gas particle interaction. By integrating over all possible

impact parameters, p, the following integrals are obtained

S(a) = /:o zsin(az™ — 27%)dz (14)

B(a) = /Ooo z sin’ {%(a:c_“ — w—5)} dz. (15)

where ) .
631 / 8 \*® o . hs
«= 555 (5r) VO 1o
6
37706 %
r=0(5 ) (17)

The integrals of equations 14 and 15 and the ratio 5% are shown in Figure 18.
Also displayed, are the observed ratios g for each of the collision partners. These
ratios are depicted by the horizontal lines and the labeling for each gas is across the
top of the figure. By finding the intersection between the ratio g and the ratio of
'2§B" a can be determined. Once « is obtained equation 12 or 13 can be used to
determine Cg then in turn using equation 16, (15 can be determined. It should be

noted that due to the oscillations in the solution an unambiguous determination of
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Figure 18. Solution to the impact approximation to determine the interaction

potentials. Also shown are the ratios —g—, denoted by the horizontal

lines, for all of the collision partners.
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o can not always be made. This technique does not always yield an unambiguous
determination of Cg and Cy,. Table 8 lists the values for Cg and Ci; and Figures 19
and 20 graphically depict the potentials. For the ambiguous cases the values of o
were restricted to the range of 0.16 to 10.0. This region was chosen because it most

closely matched the unambiguous cases.

As can be seen in Figure 18 the ratio % for the D; line with helium as the
collision partner does not intersect the curve for —2% thus the impact theory using a
(6,12) potential will not yield meaningful results for this case unless « is allowed to
go to infinity. This is equivalent to Cs = 0. Therefore, using a potential V(R) =
C12R™'2, equations 18 and 19 are obtained from the impact theory which allows a

straight forward determination of Ci, (70).

2
i1 9.555 x 1073

[ 1Chg
= No |n3 22 1
7 v [m t‘)h] cos (%) (18)
[ 1Cia]7T 9.555 x 1073
p=+Ns [ 2] = (19)

11

It might be useful to note that a quantum mechanical theory of collision broad-
ening exists. Using the same assumptions as outlined for the classical impact theory
and adding the additional assumption that inelastic collisions can be neglected in
the broadening process, then the quantum mechanical theory reduces to the classical
impact theory (70). The assumption that the inelastic collisions can be neglected is
valid if the cross-section for spin-orbit energy transfer are significantly smaller than
the cross-section for a dephasing collision. For the rare gases this assumption is true
because the spin-orbit energy transfer cross-sections are typically 10 to 10° times
smaller than the cross-section for dephasing collisions. For the molecular species, the
spin-orbit cross-section is &~ 3 to 10 times smaller than the dephasing cross-section

and, this assumption may not be valid for the molecular gases.

39




0.4 .\ ; ;
K=
\Ar —=
\\\ CI:4
% \\ ..'-.
£ 0.0 \
q’ S S .
o 00 — : T R
W - Teo el
Ne '//,/-* . _ ________
0.1 - S
D, CH,
-0.2 N2
H
2
-0.3 , | : ' | |
6 8 10 12 14 16 18 20

Interatomic Separation (10‘1°m)

Figure 19. Interaction potential differences for the D; line. The solid lines depict
the unambiguous potentials, the dotted lines depict the ambiguous
potentials and the dashed line is for helium using the C;, potential.
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Figure 20.

Interatomic Separation (10"°m)

Interaction potential differences for the D; line. The solid lines depict
the unambiguous potentials and the dotted lines depict the ambiguous
potentials.
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2.7 Theoretical determination of the interaction potentials

The long range, attractive, Van der Waals part of the potential between neutral

atoms can be determined using the potential
V(R) = —CsR™° (20)

from reference (70) where Cs is given by

Co = Paa(rZ, — 1T) (21)

and oy is the dipole polarizability of the perturbing atom of molecule. The mean
squared radius of the orbit of the optical electron in state |k >, which defines a state
|, I > where the subscripts up and [o refer respectively to the upper and lower states

of the transition. These states are given by
- 1
r? = 5agn*2~{5n*2 +1-3I(1+1)}, (22)

where ap is the radius of the first Bohr orbit, [ is the orbital angular momentum
quantum number and n* is the affective principal quantum number of the state |k >
with the values ng = 1.805, np, = 2.28 and np, = 2.293 (84). The values for Cg
obtained using thi; method and2 the polarizabili:ies given in Table 7 are listed in

Table 8.

A consideration in assessing the usefulness of the Impact Theory to determine
the interaction potentials is the degree of agreement between the measured constants
and the theoretically expected values. The constant Ci, is not a ‘relia,ble guide,
because the theoretical value for Cj; is a semi-empirical value (39). The constant Cg
as a theoretical estimate is more reliable and any discrepancy must throw doubt on
the collision broadening theory. Table 8 shows both the theoretical estimate of the

Cs constant and the value determined experimentally from a fit to a (6,12) potential.
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Table 7. Polarizability of the collision partners.

Gas | Polarizability agA® | Reference
He 0.201 (3)
Ne 0.390 (3)
Ar 1.62 (3)
Kr 2.46 (3)
Xe 3.99 (3)
H, 0.790 (40)
D, 0.7749 (40)
N, 1.76 (40)

CH, 2.60 (40)

CF4 - -

Table 8. Cg and (15 constants for the 6,12 potential.

D, D,
Experimental Theoretical Experimental Theoretical
6,12 Potential Van der 6,12 Potential Van der
Waals Waals
Gas Ce C12 06 Cs 012 Ce
10777 Jm® | 10713%m!2 | 10=7"Im® | 10~""Imb | 107130Jm!2 | 10-77Imb
He - 0.041 0.34 1.5 0.088 0.36
Ne 14 0.062 0.67 2.1 0.057 0.70
Ar 18 5.7 2.8 16 5.4 2.9
Kr 20 12 4.2 21 12 4.4
Xe 29 30 6.8 27 23 7.2
H, 1.3 0.012 1.3 4.1 0.12 1.4
Dy 1.5 0.018 1.3 4.3 0.15 1.4
N, 12 14 3.0 14 3.7 3.2
CH, 31 18 4.4 23 9.8 4.7
CFy 25 21 - 22 13 -
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The experimental values exceed the theoretical values by factors of about three or
four. This trend in the comparison of the theoretical and the experimental values for
Ce is in agreement with comparisons for other elements other than rubidium (70).
A reasonable explanation for this discrepancy is the selection of a (6,12) potential
to model the interaction. An improvement between the experimentally determined
values for Cg and the theoretically determined values of Cg has been demonstrated
using a (6,8,12) potential which supports the idea that higher terms in the interaction
may not be negligible (70). The problem with applying a (6,8,12) potential is that
with only the two inputs § and v a unique determination of Cs, Cs and C}5 can not

be made without adding an additional constraint to the Cs.

2.8 Summary

The most fundamental contribution of this work is the measurement of the
pressure broadening and pressure line shift for rubidium with Hy, Dy and C'Fy as
collision partners. This data was not previously available. Additionally, this work has
improved the accuracy of the values for the rare gases, N, and C'Hy. This increase
in accuracy was primarily due to the increase in resolution made passible using
absorption spectroscopy to probe the hyperfine structure in rubidium. Since the
technique achieved Doppler limited resolution the Doppler width could be measured
and removed accurately without the need to remove the line-shape imposed upon

the observed spectra by a spectroscopic instrument.

This work also attempted to determine the interaction potentials for rubidium
with the collision partners by applying the Iinpact Theory for pressure broadening.
The model has several flaws which call into question the validity of the potential
determined in this fashion. The first difficulty was the inability of the model, using
the (6,12) potential, to uniquely determine the coefficients for the potential using
only the pressure broadening and pressure line shift rates. Additional questions of

the validity arise when the underlying assumptions are more closely examined. This
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model assumes no spin-orbit transfer occurs during a collision. This assumption,
while valid for the rare gases, is clearly invalid for the molecular gases. Additionally,
the construction of the model only averages over the impact parameter which is
acceptable for the spherically symmetric noble gases. However, for a molecule like
N, it would appear that an average over the additional degrees of freedom in this
molecule might have some affect on the results of the model. Another assumption
called into question is that all trajectories are straight lines. This assumption is not
valid for the lighter gases which include He, Ne, H; and D,. Therefore, this model

would only seem to rigorously apply to argon, krypton and xenon.

The next test of the model is the comparison between the theoretical and
experimentally determined values for Cg. The discrepancy between these values
leads one to question if the (6,12) potential can be used to accurately model the
interaction between rubidium and its collision partners. Other work has shown better
agreement between the theoretical and experimental values by using potentials which

have additional terms such as a (6,8,12) potential (70).

Because of these questions an understanding of what physical parameters scale
with the measured rates would be desirable. The rates for pressure broadening can
be converted into cross-sections using ¢ = . Once the rates have been converted
to cross-sections they need to further be converted into a collision probability ;‘j;
where oy, = m(Rpy + Ryas)? is the gas kinetic cross-section. Rpy is the radius of the
rubidium atom and is given by equation 22 and R, is the radius of the collision
partner which are given in Table 9. These collision probabilities are plotted versus
the dipole polarizability of the collision partner in Figures 21 and 22. As seen in these
figures a correlation between the dipole polarizability and the collision probability

clearly exists.
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Table 9. Radius of the pressure broadening collision partners.

Reference (40)
Gas | Radius A
He 2.556
Ne 2.78
Ar 3.4
Kr 3.6
Xe 4.05
H, 2.93
Dy 2.93
N, 3.7
CHy 3.8
CFy 4.7
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III. Spin-Orbit and Zeeman Energy Transfer in Rubidium 5°P
Lewvels

8.1 Summary of collisional mizing between the 52P fine structure levels induced by

rare gas atoms and selected molecules

The rates for energy transfer in rubidium induced by collisions with rare gas
atoms was first examined by Beahn (11). Beahn used resonance fluorescence to
measure the energy transfer collision cross-sections for the P% > P% of rubidium
with He, Ne and Ar as shown schematically in Figure 23. Sensitized fluorescence
was used to measure these cross-sections and Beahn’s experimental apparatus used
a filtered white light source to prepare the rubidium sample. This work established
the cross-section for He collisions and bounded the cross-sections for Ne and Ar.
Krause (49) continued the work by improving the measurement of the cross-sections
and by adding the cross-sections for Kr, Xe and Rb collision partners. Krause
improved upon Beahn’s work by using a rubidium lamp as the light source and used
a monochromator to select the pump frequency. This work was further improved by
Gallagher (31) who extended the measurement of the collision cross-sections with
rare gases to include their temperature dependence. Further work using alkali atoms
as collision partners was performed by Vadla (77) who measured the energy transfer
cross-sections for K and Cs. Vadla also further refined the experimental apparatus

by using a laser as the pump source instead of a filtered lamp.

While these measurements were being performed Bellisio (12), who also used
sensitized fluorescence, measured the fine structure collision energy transfer cross-
sections induced by collisions with N,. Hrycyshyn (41) measured cross sections
induced by collisions with Hy, HD, Dy, Ny, CHy, C D4, C2Hy and CyHg. This work
was followed by Lijnse (52) who examined the cross sections for Na, Oz, H, and

H,0. Phaneuf (66) made measurements of the cross-sections for C Hy, C HyD; and
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CD, over the temperature range 300-650 K. Finally an additional measurement of

the mixing cross-section for H, and N; was performed by Mestdagh (55).

The present work measured the energy transfer cross-sections between the 52P%
and the 52P% levels in rubidium caused by collisions with the following collision

partners: CFy,CHy,Dy,H; and Nj.

3.2  Measurement of the fine-structure collisional mizing cross-sections
3.2.1 Collisional mizing process.

The radiative and collision processes affecting the kinetics of the 52P levels in
rubidium are shown in figure 23. The reactions for the fine structure kinetics are

listed in equations 23 through 28.

N, B
] A o 2
lel 5121 05211 auI
N, ‘ : B
O | Qo Ay i 4y S : Sy Q2 4y
N, 4 y \ AN Y VY Sy
2
Figure 23. 87 Rb Fine Structure with Mixing and Relaxation Mechanisms.

Laser excitation:
S1,2

Rb(2S%) + hvy o =5 Rb(*Pr

21

) (23)

W

Spontaneous emission:

Rb(2P;

A1oN1,A20 N2
1 3)
212

— Rb(zS%) + hl/1,2 (24)
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Quenching:

Rb(*Py s) + Rb(*Sy) =2 Rb(*Sy) + Rb(*Sy) + AE
Rb(*Py3) + X 2% Rb(Sy) + X + AE

Spin-orbit relaxation:
Rb(*Py) + Rb(*S1) 22 Rb(*Py) + Rb(*S;) + AE

Rb(’Py) + X &3 Rb(*Py) + X + AE

The rate equations for the processes shown in figure 23 are:

dN-

Ftl = S+ N0N2ﬂ21 + N2Ng021 — Aoy
"'NONI/QIZ — N1N9a12 - NlNgQIO - NOqu].O

dN.

d—tz = Sz-}-NoN]_ﬂ]_Z"‘NlNgalZ - A20N2

—NoNyfa1 — N2Ng0421 - N2NgQ20 — NoN2gao

The terms for equations 23 through 30 are defined in table 10.

(25)

(26)

(30)

With a continuous wave laser source a steady-state condition is created such

that d—d]\{l = E%Vf = 0. Under these conditions equations 29 and 30 yield:

S1 4 No[NoBa1 + Nyaz] = Ni[Aio + Nof12 + Nyayz + NyQ1o + Nogio)

Sy + N1[NoB1z + Nyans) = Na[Aze + Nof21 + Nyagr + NyQao + Nogao).

o1

(31)

(32)




Table 10. Definition of terms for the fine structure collisional mixing.

| Term | Description |

No The number density of ground state rubidium atoms

N1z | The number density of rubidium atoms in levels 1 and 2

N, The number density of buffer gas atoms/molecules

Ajo20 | Einstein A coefficients for levels 1 and 2

a;f Rate coeflicient for collisional mixing from ¢ to f
induced by the buffer gas

Bis Rate coefficient for collisional mixing from ¢ to f

induced by ground state Rubidium atoms

Qo Rate coefficient for quenching induced by the
buffer gas

gio Rate coeflicient for quenching induced by ground
rubidium atoms

X Buffer gas

AE | Energy released or absorbed in the reaction

V1,2 Frequency of the transition

If it is assumed that the number density of rubidium atoms in the observation
cell is much less than the number density of the buffer gas in the cell (Ny < Ny),

then the terms containing Ny can be neglected leading to equations 33 and 34.

S1 4+ NaNgagy = Ni[Arg + Nyoag + NyGQho) (33)

Sa+ NiNyayg = No[Azo + Nyazr + NyQao) (34)

The excitation laser can selectively pump the 52P% or the 52P% level. The first
case is the selective pumping of the SZP% level which means that S; # 0 and S, = 0.

Solving equation 34 under these conditions provides:

i\f_% — Nga12
N A+ Ny(eor + Q)

(35)
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Alternatively by selectively pumping the 52P% level where S; = 0 and S; # 0

equation 33 provides:

N1 Nga21

— = . 36
N, Ao+ Ny(aiz + Qo) (36)
In the limit as N, — 0 collisional deactivation is negligible and N, < ﬁf‘?@
or N, & ﬁl—%ﬁ therefore, equations 35 and 36 can be simplified to
Ny _ Nooy (37)
N; A f0

where 7 is the initially prepared level and f is the collisionally populated level. Note,
Ny > ImTorr and Ny = 10~7 Torr therefore Ny is always less than N,. The transition

rate can be written as

R=N, /0 " o(v)of(v)dv (38)

where f(v) is the Maxwell velocity distribution. By making the assumption that
the cross-section varies slowly with respect to speed then the rate can be reduced to
R;; = N,vo;; where v is the average velocity of the collision partner v = \/% and
ois is the collisional mixing cross-section from ¢ to f. The rate of energy exchange
from equation 37 is given by a;s N, = 14-%:]\—71. By experimentally measuring the ratios
]NV;- and ]Nvf for the two separate cases then the rates B;y = Nyoyp = Afo—]]\\% = Nyvo;¢

can be found. Rewriting equation 37 provides the cross-section:

_ Ajo Ny
O = Ng’l_) N, . (39)

3.2.2 Experimental Procedure.

The experimental apparatus for measuring the fine structure mixing cross-
sections is depicted schematically in Figure 24. A Spectra-Physics 15 watt argon

ion laser was used to pump a tunable Coherent 899 Ti:Sapphire ring laser. The
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Figure 24. Experimental apparatus for measuring the collisional energy transfer
cross-sections of the 5P fine structure split levels in 87 Rb.

ring laser is capable of producing a single mode beam which is frequency tunable
over the range 720 to 825 nm at up to 1.5 watts continuous wave operation. The
laser is reported to have a frequency stability of ~ 500kHz and have a line width
of = 500kHz. The ring laser’s frequency was monitored by using the wave meter
built into the laser head. The rubidium cell consisted of a rectangular glass fluorocell
with a 1 cm and a 2 cm path length. The cell was blown onto a glass valve as was a
rubidium break-seal ampul. The rubidium was 99.8 % pure with naturally occurring
isotopic concentrations. The cell was attached to a vacuum system which could bring
the pressure in the cell down to &~ 1 mTorr. The gasses used were either 99.99 or
99.999 % purity gasses. The gas flow into and out of the cell was controlled by a
very precise needle valve. This allowed the pressure to be controlled to a precision of
1 mTorr which was typically better than the change in pressure due to out-gassing.
The laser was tuned to the 52P% or the 52P% line and the fluorescence from both

of these lines was coupled into a fiber optic. The fiber bundle was split sending
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the output through the two filters F1 and F2 where F1’s line center was located at
780.2 nm with a FWHM of 1.2 nm and rejected the fluorescence from the D; line
and F2’s line center was located at 795.1 nm with a FWHM of 1.2 nm and rejected
the fluorescence from the D, line. These filtered signals were then detected using
two 31034 photo multiplier tubes (PMTs) via a photon counting system. The dark
count of the PMTs were = 50 counts per second. The relative signals from the two

PMTs are related to the concentrations of the emitting states:

ﬁ _ N1 Aiovr27P1 ()\2>3 (40)

12 B N2A20’)’F1’YP2 Xl_

where vr; and g are corrections for the differences in transmission through the
optics for each wave length, yp; and ps are corrections for the differences in the
detectivity of the two PMTs and A; and ) are the detected wavelengths. By using
equations 35, 36, 39 and 40 the collisional mixing cross-sections were determined.

Figure 25 displays typical analyzed data.

Some of the potentially difficult issues to be dealt with were as follows. A
high rubidium concentration is desirable to maximize the fluorescence signal but,
because of rubidium’s short lifetime, 27.0 ns for the 52P% level and 28.1 ns for the
52P% level (53), there was a potential problem with photon trapping. To avoid the
problem of self trapping the concentration of rubidium in the cell was kept at ~ 1077

3. Figure 26 represents the satellite, I, to pump intensity,

Torr or ~ 10'% per cm
I,, ratio as a function of rubidium concentration where the pump intensity, I, is
the optically prepared state and the satellite intensity I, is the collisionally excited
state. The rubidium concentration was determined by measuring the absorption of
the laser beam as it was passed through the rubidium cell. The correct operating
region is represented by the flat part of the curve which indicates a number density
of ~ 10'° per em®. This is an order of magnitude lower than the concentration

reported by Krause (49) to prevent self trapping. Another issue was the question

of saturating the pumped transition. A calculation of the saturation intensity for
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Figure 25. Spin-orbit energy transfer in 37 Rb induced by Ns.
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Figure 26. Satellite to pump line intensity ratio as a function of rubidium
concentration.
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rubidium using

hedn
I, = ——, 41
A39(Xo) (41)
where g()o) is the natural line shape evaluated at line center Ao, yields I, = 4.7%

(82). An experimental determination of the saturation intensity is represented in
Figure 27. From this data the saturation power was determined to be 0.17 & .02
mW for a beam 0.2 cm in diameter. That yields a measured saturation intensity of
5.4:1:0.6’:—;‘-;— which is in very good agreement with the expected value. The last issue
was to determine how the laser intensity would affect the measured satellite to pump
intensity ratio. Equations 33 and 34 were examined and noting that it is always the
equation which represents the satellite level that is used to characterize the number
density ratios, it was expected that a saturated transition would not have an affect on
the measured ratio. This was tested by examining the measured intensity ratios as
a function of laser power which is shown in Figure 28. No variation of the measured
intensity ratio was observed as the laser power was changed. The points which are
not on the line are artifacts from the chop mode used on the photon counters. The

laser power used to measure the spin-orbit cross-sections was ~ 0.03 mW.

3.2.83 Data analysis.

There were two systematic sources of error in the data: (1) the detection of
scattered laser light and (2) the filters used to isolate the Dy and D, lines allowed
a few percent transmission of the unwanted line (i.e. filter F1 allowed a few percent
of the D, line to pass through and filter F2 allowed a few percent of the D, line
to pass through). Therefore, the detected signals contained light which should have
been rejected by the filter (filter leakage). The detected intensities for the pump and

satellite lines consisted of the following components. For the pump line

Pp = ]p + S (42)
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Figure 27. Total fluorescence as a function of laser power.
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Figure 28. Satellite to pump line intensity as a function of laser power.
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for the satellite line

Ps:Is+aPp (43)

where I, is the intensity of the pump line, I, is the intensity of the satellite line, S;
is scattered light and « is the fraction of light at the pump wavelength which passes
through the filter at the satellite wavelength. The ratio of these two detected signals
yields

P, . I, + aF,

= — 44
e (44)

where a = % when no collision partners are present. Once « is known a simple
D

subtraction corrects the signal from the satellite line. This correction is shown in

Figure 29.

The removal of the scatter from the pumped line could not be performed as
cleanly. The correction for the laser scatter was performed by tuning the laser off
resonance and characterizing the laser scatter and the laser’s power. The scattered
light could then be subtracted from the pumped lines signal using the following
equation

I,=P,— St (45)

The scattered light was weighted based on the observed laser power P, relative to the
laser power recorded when the scatter was recorded Pj. This correction is illustrated
in Figure 29. The inherent problems in this was the change in laser power when the
laser’s frequency was changed (= 20 %). With such a large change in laser power
it seemed likely that the spot of the beam could physically move on the cell as the
frequency of the laser was changed thus causing an additional change in the scatter.

This uncertainty is the largest source of error in this data collection.

Once these corrections have been made Figure 25 represents the resulting in-
tensity ratio. At this point the intensity needs to be converted into a number density
ratio. The conversion is accomplished using equation 40. The conversion requires the

relative detectivities of the two filter-PMT combinations. The relative detectivity
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collision partner with the filter leakage and scattered light correction.
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was never directly measured. Rather, the intensity ratio was curve fit to %— = THP
P

where a and b are curve fit parameters and P is the pressure thus allowing a to
be determined. Once the value for a was known for each case (preparing the 52P%
and the 52P% levels) it was converted into a cross-section taking into account the
wavelength and A coefficient corrections. These two cross-sections were then ratioed
and compared to the value obtained using detailed balance thus allowing a determi-
nation of the relative detectivities. The relative detectivity measured in the manner

resulted in an average value from the five measurements of 0.88 + 0.05.

The measured cross-sections and values from previous experiments are also
listed in Table 11. Additionally, in Table 12 are listed the cross-sections for the rare
gasses. These are given for comparison only. In a similar manner the quenching
cross-sections can be determined. The possible variation of the quenching rate due

to the scatter correction yields a large error bar.

The largest source of error in the energy transfer cross-sections is from the
uncertainty in the scattered light correction. The analysis of this correction results
in a 12 % uncertainty in the cross-sections. This error is much larger (approximately
an order of magnitude) than the statistical error obtained from the curve fit to the

data.

3.2.4 Theoretical Discussion of cross-sections.

The theories describing collisional mixing in alkali atoms deal exclusively with
the mixing of the ?P fine structure split levels. The theories fall into one of two
categories. The first is the theoretical description of the collision process of an alkali
atom with the rare gases. The second is a description of the collisional process of an

alkali atom with diatomic molecules.

Extensive theoretical work has been accomplished for the calculation of the
collisional mixing cross-sections (61) (65) (69). The paper by Reid (69) reports a

quantum mechanical theory for the fine structure transitions of the lowest 2P states
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Table 11. Excitation transfer cross-sections for Rb induced by molecular collisions.
! These values were obtained from a plot of cross-section vs temperature.
Collision ZP% —2 Py 2P_g_ —? Py T o~ 2 exp Ref
Partner | (oy) A? (o) A? °K (=25
H, 10.0+1.2 | 13.9+1.7 | 330 .72 .72 | This Work
T+3 - 340 - - (55)
26 £ 13 - 1720 - - (55)
> 50 > 30 1720 - 1.63 (52)
11 15 340 71 72 (41)
D, 21.4+26 | 29.8+3.6 | 330 72 .72 | This Work
22 30 340 75 72 (41)
N, 13.2+1.6 | 184+£2.2 | 330 .12 .72 | This Work
10+5 - 340 - - (55)
20 £ 10 - 1720 - - (55)
99 + 20 60+12 |1720 | 1.63£0.04 | 1.63 (52)
16 23 340 .73 12 (41)
<2 7 300 <.29 .66 (12)
0, 66 £ 33 40420 |1720 | 1.63£0.04 | 1.63 (52)
HD 18 25 340 74 72 (41)
H,O 120 + 25 73+15 | 1720 | 1.63+0.04 | 1.63 (52)
CH, 29.54+3.5 | 41.0+£5.0 | 330 .72 .72 | This Work
- 361! 340 - - (66)
30 42 340 .73 72 (41)

CF, 95+1.1 | 13.2+1.6 | 330 .72 .72 | This Work
CD, - 36 1 340 - - (66)
28 38 340 73 12 (41)
CH,D, - 371 340 - - (66)
CyH, 23 32 340 14 72 (41)
CyHg 57 77 340 .14 72 (41)
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Table 12. Excitation transfer cross-sections for Rb induced by collisions with rare
gas atoms and alkali metals. * Theoretical values.
Collision 2P§_ —? Ps ZP_g_ —?2 P T | 2| Zexp | Ref
Partner (01) A? (o) A2 °K (=3E
Rb 53 £ 6 68+ 9 340 | .78 | .73 (49)
Cs 16.5 £+ 30% 15+ 30% 573 | 1.1 ] 1.1 (77)
K 60 4 30% 54 + 30% 573 (1.1 1.1 (77)
He 7.2 x 1072 - 400 | - - (61) 1!
7.0 x 1072 10.5 x 1072 340 | .67 | .73 (31)
76 x1072410% | 10.3 x 1072 +£10% | 340 | .74 | .73 (49)
10 + 10% A2 £ 10% 373 |1 .83 | .80 (11)
Ne 2.2 x 10 - 400 | - - (61)1
1.4 x 1073 2.2 x 1073 340 | .67 | .73 (31)
17x1073+10% | 23 x1072£10% | 340 | .74 | .73 (49)
1073 — 1072 1073 - 1072 373 | - .80 (11)
Ar 1.6 x 103 . 00| - | - [(61)*
5.1 x 10™* 7.3 x 107 340 | .70 | .73 (31)
1.0x102+10% | 1.6 x 103 4+£10% | 340 | .63 | .73 (49)
1073 — 1072 10~3 — 1072 373 | - .80 (11)
Kr 3.6 x 10~ 4.5 x 10~ 340 | 81| 713 | (31)
6.4x107*+10% | 1.5 x 102 £10% | 340 | 43| .73 (49)
Xe 3.4 x 107 4.9 x 107* 340 | .69 | .73 (31)
79x107*+10% | 2.1 x 1072 +£10% | 340 | .38 | .73 (49)
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of an alkali atom on collision with a rare gas atom. Reid has displayed this method
in the calculation of both the total and differential inelastic cross-sections for fine
structure transitions between the 32P% and 32P% states of Na on collision with He.
The method is equally applicable to other alkali and rare gas systems. The paper
by Olson (61) utilized the Reid method and the pseudo-potential calculations of
Baylis (8) to calculate the mixing total cross-sections for a range of alkali and rare

gases. Table 12 provides the theoretical cross-sections for Rb with He, Ne and Ar.

Additional work has been accomplished on the theoretical treatment of the
fine structure collisional mixing cross-sections induced by collisions with a diatomic
molecule. Pascale (65) performed close-coupling quantum mechanical calculations
of Rubidium’s 52 P levels in the rigid-rotor approximation for low-energy collisions
(E < 0.3 ev) with H; and Dy molecules lying in the ground electronic and vibrational

state.

The study by Pascale concluded that two main nonadiabatic coupling mech-
anisms are in competition for inducing fine structure transitions. There are radial
coupling terms which result from spin orbit decoupling during the collision which
are located at short (R < 8a.u.) and intermediate (R ~ 12 — 15a.u.) distances. The
study by Pascale also shows that the rotational levels of the molecule play an impor-
tant role during the collision for D; as well as for H,. In particular, it was shown that
close-coupling calculations including the rotational levels of H, and D, are necessary

for correctly interpreting the crossed-beam measurements of Cuvellier (25).

3.8 Collisional mizing between the 5P Zeeman split levels induced by rare gas

atoms and selected molecules

The present work examined the energy transfer cross-sections among the Zee-
man split levels of rubidium. Figure 31 illustrates the splitting of the 52S and 5%P
levels in the presence of a strong applied magnetic field, where By is the applied

magnetic field, pp is the Bohr magneton and g; is the electronic gyromagnetic fac-




- ]

tor. The line splitting is explained in greater detail later in the chapter. It is the

energy transfer between these Zeeman split levels which has been observed.

The only previous work on the collisional mixing cross-sections in rubidium
was performed by Kedzierski (46). He examined the cross-sections for the 62P levels
in 8" Rb using He, Ne and Ar as collision partners. While there is no other Zeeman
energy transfer work done in rubidium another closely related topic is the measure-
ment of the disorientation and disalignment cross-sections. These cross-sections are
a characterization of the depolarization due to collisions with inert gases. This topic
has been extensively studied and is summarized in reference (9). The disorientation
and disalignment cross-sections can be transformed into a reduced set of Zeeman
energy transfer cross-sections by making two assumptions about the relationships
between Zeeman cross-sections. These assumptions are presented later in this chap-
ter and have been tested for validity using the Zeeman energy transfer cross-sections

with nitrogen as the buffer gas.

3.4 FEzrperimental determination of the Zeeman structure collisional mizing cross-

sections

3.4.1 Theoretical description of the hyperfine and Zeeman Splitting induced
by an applied magnetic field.

The theoretical description of the Zeeman structure in alkali atoms has been
extensively explored(48). The theories take into account the magnetic moments
from the electron spin, the electrons orbital angular momentum and the nuclear
spin coupled to an applied magnetic field. For the S 1 and P% (J = %) levels an
expression for the splitting with an applied magnetic field can be found (48). The
good quantum number for representing the Zeeman split energy levelsis m =mj +

my. For m = +(J +I),

A

1
Ey = -2—-7 + igJ,U/BHO F IgippHo (46)
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Figure 31. 8" Rb Zeeman split levels in the high field limit.
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and form=J4+1-1,J+1-2,—1—(J+1)

A 1 1
Eg =~ —mgmupHo £ 5\/142(1 +5)? + 2Am{gs — gr)usHo + (97 — 91)* i Hs
(47)
Equations 46 and 47 are plotted as a function of magnetic field in Figures 32 and 33,

respectively.

Table 13. Term definitions for the Zeeman energy shifts.

I Term | Description |
Ey Energy shift in the presence of a magnetic field
A Coefficient for hyperfine splitting
I Nuclear spin
g7 Electronic gyromagnetic factor
g1 Nuclear gyromagnetic factor
pB = 2‘:;: Bohr magneton 14.8%%

Hy Applied magnetic field

Figure 34 provides the spectrum of the 52P%,mj =1 525%,771;‘7' = % tran-

sition obtained using saturation spectroscopy. The structure is described in the
expanded region in Figure 32. A schematic diagram of the experimental apparatus
used to perform the saturation spectroscopy is shown in Figure 35. A Spectra-Physics
15 watt argon ion laser was used to pump a tunable Coherent 899 Ti:Sapphire ring
laser. The ring laser is capable of producing a single mode beam which is frequency
tunable over the range 720 to 825 nm at up to 1.5 watts continuous wave operation.
The laser is reported to have a frequency stability of &~ 500 kH z and have a line width
of ~ 500 kHz. The laser’s line width is approximately an order of magnitude smaller
than the natural line width of rubidium. The ring laser’s frequency was monitored
by using the wave meter built into the laser head. The beam from the ring laser was
split into two components and each component was chopped at different frequencies
wy and w; using the inside and outside chopper on a single chopper wheel. The two

beams were then routed through the rubidium cell in opposite directions. The beams
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needed to be aligned very precisely for the apparatus to work. The rubidium cell
consisted of a rectangular glass fluorocell with a 1 cm and a 2 cm path length. The
cell was blown onto a glass valve as was a rubidium break-seal ampul. The rubidium
was 99.8 % pure with naturally occurring isotopic concentrations. The side fluores-
cence from the cell was then coupled into a photon multiplier tube which provided
the signal to the lock-in amplifier. The lock-in amplifier detected the sum frequency
w = wy + wy thus yielding a sub-Doppler spectrum. A more complete explanation
of this technique can be found in reference (26). A value of 106 & 35 for the isotope
shift was obtained from this spectrum. The spectrum was analyzed by comparing
the observed spectrum to the predicted line positions from equations 46 and 47 for
the two isotopes. The isotope shift is compared to previously measured values in

Table 14.

Table 14. The isotope shift between 3" Rb and 85 Rb.

Isotope Shift | Reference
106 £ 35 Sat Spec
88 +2 Absorption

TT£3 (32)
TT0 E2.1 (10)
105 + 15 27)

The solution for the Zeeman splitting of the P% level is not as straight forward.
To accurately represent this level an additional interaction energy term must be
added to the Hamiltonian. This term represents the affect on the electron caused by
taking into account the spatial extent of the nucleus (i.e. not treating the nucleus as a
point charge). The mathematical treatment of this interaction leads to an expansion
of the interaction energy where the first contributing term is the electric quadrupole
term. Therefore, the quadrupole moment must be taken into account to accurately

represent the energy shifts in the 52P% level.
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the 525 1 and the 52P% level.
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Figure 33. 3 Rb hyperfine and Zeeman structure energy shifts with respect to zero
for the 52P_15 level.

Because of this additional term there is no analytic solution that spans from
the low magnetic field limit to the high magnetic field limit. Therefore, the Zeeman
energy levels are represented in the low and the high magnetic field limits. The

energy shift for the 52P% is given by the following equation

Ep, = Exgr+ Eq + EB (48)

2
where Eyp is the hyperfine energy shift, Eg is the quadrupole energy shift and
Ep is the energy shift induced by the applied magnetic field. Examining the weak

magnetic field limit first, the hyperfine split energy term is

AC
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Figure 34. Saturation spectrum of the 52P% ,mj =3 — 528 1 transition at 1 Tesla.

The labels represent the Zeeman structure of the ground state.
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where A is the hyperfine coupling constant. The quadrupole interaction energy shifts

are given by
C(C+1)—I(I+1)J(J+1)
Eq=B

2J(2J = 1)I(2] - 1)

where C = F(F+1)—-I(I+1)—-J(J+1), F=I14+J,I+J—-1,..|I—J|and Bis

(50)

the quadrupole coupling constant. Finally the energy shift induced by the applied

magnetic field is given by

FF+1)+J(J+1)—I(I+1)

2F(F +1)
FF+1)+I(I+1)—J(J+1)
2F(F + 1)

Ep = ppHomr |gs

—9g1 : (51)

The weak field limit is shown in Figure 36 using the values given in Table 15.

Table 15. Rubidium constants ! Theoretical value.
i T Y P /S T S
A MHz | 84.845(55)®) | 406.2(8)®) | 3417.34130642(15)()
B MHz || 12.52(9)® -

po|=

gr || 1.3362(13)©) 21 2.00233113(20))
| Nuclear | gyromagnetic constant |
| g1 | —0.0009951414(10)©) |
LR [ A [ B 53 |

2

A MHz || 25.009(22)® | 120.72(25)®) | 1011.910813(2)(®)
B MHz || 25.88(3)©) -

2

gs | 1.3362(13)®) 21 2.00233113(20)()
| Nuclear | gyromagnetic constant |
| gr | —0.0002936400(6)®) |

In the strong magnetic field limit the hyperfine split energy levels are given by

Epr = Ammm;. (52)
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Figure 36. 8" Rb hyperfine and Zeeman structure energy shifts with respect to zero
for the SZP% level in the low field limit.
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The quadrupole contribution is given by

P _ B3mi—-J(J+1)3m}-I(I+1)
T J@RI-1) 12 = 1)

(53)

and the contribution to the energy shifts induced by the magnetic field is given by

Ep = ppHo(msgs — migr). (54)

The strong field limit is shown in Figure 37 using the values given in Table 15. If the
quadrupole term is neglected then a solution for arbitrary values of J can be found

in reference (35).
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Figure 37. % Rb hyperfine and Zeeman structure energy shifts with respect to zero
for the 52P; level in the high field limit.
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3.4.2 Zeeman structure collisional mizing process.

This study was specifically interested in the high field limit case. The Zeeman

structure collisional mixing process with selective excitation to the 52P% m;

b =

level is depicted in Figure 38. The coupled set of rate equations for this system is

given by equation 55 and the terms are defined in Table 16.
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Figure 38. 8" Rb Zeeman Structure with Mixing and Relaxation Mechanisms.
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dN,

6 6
dr =S — AgNg — Qo NN, — Ny N, Z Qg + N, Z Qpg Ny (55)

p=l p#g p=1 p#q

Table 16. Definition of terms for the Zeeman split collisional mixing.

| Term | Description I

N, The number density of rubidium atoms in level x=1,2,...,6
N, The number density of buffer gas atoms/molecules

Azo | Einstein A coeflicients for level x=1,2,...,6

a,, | Rate coeflicient for collisional mixing from the ¢ to p

level induced by the buffer gas

Q@0 | Rate coeflicient for quenching of level x=1,2,...,6 induced
by the buffer gas

Using a tunable narrow line-width laser allows the selective population of indi-
vidual levels. Assuming that only one level is pumped such that S; # 0 and S; =0
where k is the index of the pumped level and by using a continuous wave laser to
achieve steady state conditions, %‘1 = 0, then for all of the satellite levels equation 55

can be simplified to

6 6
0 =—AuN, — QN N, — Ny N, Z agp + Ny Z QpgNp (56)

p=1 p#g p=1 p#g

Solving equation 56 for NV, and explicitly separating the initially prepared state from

the summation yields

- Ny Nyakg + Ng 2 opsq ke NopCpg

X 57
! Ago + Ng(QqO + Ep;éq aqp) ( )

Dividing through by Ny and factoring yields
o Ne Dyt cor Noevai (58)

1 — = .
Ni Ago + Ng[Qgo + X pzg Ygp] Ago + Ny[Qqo + X pq tgp]
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This expression can further be simplified to

& _ Ny
Ny Ago + Ng[QqO + Ep;éq Qgp — Zp#q,k Qpq JNV‘Z]

(59)

The rate of energy transfer is given by Ry, = Nyvor, = Nyog, which reduces to

Org = 222 for the cross-section.

This formalism leads to 30 mixing cross-sections. By using the detailed balance
principle

E,—-E
Opq = Ogp €XP ( "p‘—_kT_q) (60)

the number of independent cross-sections can be cut in half. The energy gap E, —
E, < kT such that o,y = 04,. Note, the degeneracy for each of the six levels is four
for 8 Rb and six for ®¥ Rb. The number of cross-sections can further be reduced by

applying the following relations:

o(J,m e Jym') =o(J,—m & J,—m') (75) (61)
o(J;m— J,m)=0(J,—m — J',—m) (46) (62)

Throughout the literature search no validation for these relations could be found.
Equation 61 is an assumption made which allows the Zeeman energy transfer cross-
sections to be reduced to a set of four cross-sections, the disorientation and dis-
alignment cross-sections. Equation 62 is a symmetry argument justified by the very
small energy spacing, < kT, between Zeeman split levels. These relationships have
apparently not been tested for validity with rubidium and no validation for these

relationships has been found for the other alkali metal.

3.4.83 Fzperimental procedure.

The measurement of the mixing cross-sections for the Zeeman split levels was

handled in a similar manner to the fine structure split lines except it was not possible
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to monitor both the pumped line and all of the collisionally mixed levels simultane-
ously. Instead, a 13 meter monochromator was used to scan through the lines and
the signal was detected by a PMT. The magnetic field was provided by a Lake Shore
magnet using a model 647 and 637 power supplies. The magnet’s poles were 1 inch
in diameter and the separation was 2 cm. The magnet was maintained at a current
of 80 amps which resulted in a field strength of 2 Tesla. A schematic diagram of the

experimental apparatus is shown in Figure 39.

Magnetic
Gas =
; Field
Handling Coils
Arlon Ring \ \ Rb / >
Laser P Laser AW /
Wave
Meter
Mono-
chromator
Figure 39. Experimental apparatus for measuring the collisional energy transfer
cross-sections of the 5P Zeeman split levels in 7 Rb.

Similar problems existed for the Zeeman energy transfer as existed for the
spin-orbit energy transfer. These included maintaining an appropriate rubidium
concentration to ensure there was no self trapping or self transfer. Figure 40 illus-
trates the manner in which the appropriate rubidium concentration was obtained.

Essentially, the intensity ratios for the (I = 1,m; = % -1l =0m; = :l:%) and

-1

1 — 1 =0,m; = +3) transitions were used. These ratios should

(l = 1,m]’ =

be equal and should not depend on the rubidium concentration. Since the two lines
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from each level have different line strengths one line would be more strongly self
absorbed than the other line causing a change in the ratio as a function of rubidium
concentration. The observation path length was =~ 2 mm, and the data collections
were performed with a rubidium concentration of 10~7 Torr. Also there was the
question of the affect the laser power would have on the measured rates. As with
the spin-orbit case there did not seem to be any dependence of the rates on laser
power. This is illustrated by Figure 41 by the approximately constant value in the
intensity ratio. The intensity plot was curve fit to determine the saturation inten-
sity. The value obtained was 0.1 £ 0.08 mW which leads to a saturation intensity
of 3.2+ 2.6% for a 0.2 cm diameter beam which is in good agreement with the

previous measurement for the spin-orbit energy transfer.

An additional complication was the addition of the magnetic field. This im-
posed the constraint that the rubidium vapor cell must fit between the magnet’s
poles. In order to prevent rubidium from sticking to the walls of the cell it was
necessary to heat the rubidium cell. This meant that thermal control of the Rb cell
needed to be incorporated in a manner that did not interfere with the magnetic field.
This was accomplished by wrapping the cell with a heat tape. The heat tape was
applied in a single layer to allow for the smallest possible profile. The wrapped cell
was then mounted between the magnet’s poles. A probe to monitor the magnetic
field was also placed between the poles. The field was then set to the operating level
of 2 Tesla and the heat tape’s voltage slowly increased to the operating voltage of
60 volts. No detectable change in the magnetic field was observed allowing the cell

to be heated without affecting the magnetic field.

The monochromator was the key part of this experiment. The Zeeman line
separation is & Bupggy which for the 52P% level is AX ~ 0.037 nm at 2 Tesla. The
monochromator resolution at A = 780 nm, was AX = .012 nm. This resolution was
sufficient to resolve each peak in the spectrum, but insufficient to completely isolate

each of the lines. Typical emission spectra is shown in Figures 42 through 46.
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Figure 41. The figure on the left is for the intensity ratio

I(52P; ;mj=%—528 ,mjz—%
2

versus laser power, and the figure on the right is the fluorescence in-

tensity of the prepared state versus laser power.

There was a systematic error in the data due to scattered light. The most
severe case was the 52P_g_ ,m; = :I:% pumped lines shown in Figure 46. Because
linearly polarized light was used to prepare these circularly polarized transitions
the states could only be weakly prepared. Thus, a weak signal was observed which
exaggerated the scattered light problem. As a note, because there was such a low
signal it was not possible to acquire the spin-orbit transfer cross-sections for these
levels. The scatted light problem was corrected as follows. A data-scan consisted of
collecting the signal from the monochromator I,, = I;, + Is. which consisted of the
desired signal I, and the scattered light I; the total fluorescence I;y = I + I
which consisted of the total side fluorescence Iy and scattered light I;;; and the
laser intensity I;,. Turning the magnetic field off causes the resonant line in the
rubidium to change frequency such that the only signal was from the scattered light.

A second scan was then performed collecting the scatter signal I, the total scatter
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Figure 42. Typical scatter corrected data for the (525% ,mj = —3) — (52P% ,
m; = —%) pumped transition at 1.2 Torr of nitrogen scanning the
52P§7 manifold with the resulting curve fit shown.
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Figure 43. Typical scatter corrected data for the (52,5'%, m; = —3) — (5%Py,
2

m; = -——;—) pumped transition at 1.2 Torr of nitrogen scanning the
52P% manifold with the resulting curve fit shown.
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Figure 44. Typical scatter corrected data for the (52.5'%, m; = —3) — (52P%,
m; = —%) pumped transition at 1.2 Torr of nitrogen scanning the
5?P; manifold with the resulting curve fit shown.
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Figure 45. Typical scatter corrected data for the (525% , mj = —%) — (52P% ,
m; = —3i) pumped transition at 1.2 Torr of nitrogen scanning the
52P% manifold with the resulting curve fit shown.
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Figure 46. Typical scatter corrected data for the (525% , mj = —3) — (52P% ,

m; = —%) pumped transition at 1.0 Torr of nitrogen scanning the
52P% manifold with the resulting curve fit shown. This figure also

shows the data before the scatter is removed.

I;; and the laser intensity [j,s. The total side fluorescence was then obtained using

I+ 1 . LIsigtIsc sc
Iy = (—LZP—' — I%:)Ilp and the signal was corrected by Iy, = (—%j—;—— — I{:)Ilp. The
signal I,;, was ratioed to the total fluorescence Iy from the cell. This corrected for
any drift in the laser’s power or frequency. It also corrected for any changes in the

rubidium concentration which might have occurred during a scan.

3.5 Data analysis

The scatter corrected data was curve fit using the software package Table
Curve. The functional form used to fit the data was Gaussian. For the following

analysis the arguments of the Gaussian function are defined to be

Gaussian(Amplitude, PeakCenter, Peak FW HM)
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46
I=1Iy+ Y Gaussian(I; Ao + 6 + A, AN) (63)

i=1

The summation ranges to four and six for the D; and D, lines respectively, Iy is the
fit parameter for the non zero base line, A is the fit parameter for the FWHM for
each peak which is assumed to be the same for all peaks. i.e. the FWHM is defined
by the monochromator’s maximum resolution. The parameter Aq is 794.7 nm and
780.0 nm for the D; and D, lines respectively, 6 is a curve fit parameter which allows
a characterization of the shift of the entire spectrum due to error obtaining the initial

scan position. The parameters [; and A; are given in Table 17. The parameter A; is

Table 17. Coeflicients for the Zeeman energy transfer curve fitting.

I; A
i| Dy | Dy D, D,
1 f};fli g%—% ~Boppgj—1 —Boupg;=3
2| Ly | Lg 0 —2Bopp(g;=3 — i)
3 ﬁ% Iy | Bops(9: — g;=1) 0
4 %} I_,_% Boppgi Bopg(g: — gj:%)
5| - I_% - BO,“BQj:%
6| - |2 i Bopngi

the relative spacing between the peaks. The values for ); are derived by examining
equations 47 and 54 in the high field limit and noting that the separation of the lines
is given by Boppg; and treating the 52P,m; = —% — 528 m; = —% as the reference
line. The magnetic field By, is a curve fit parameter to allow for fluctuations in
the magnetic field. The last parameter I; represents the intensity of each of the

peaks. When the appropriate substitution are made I, represents the curve fit

parameter for the intensity of the m; level and R; = 2.5 is the relative detectivities
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of the circular and linear polarization. Curve fits to the raw data are illustrated in

Figures 42 through 46.

Once the intensities are determined they must be converted into number den-
sities. This is accomplished by dividing each line by its line strength. The line

strengths are given in Table 18. The number densities are ratioed %f and plotted

Table 18. Zeeman split lines theoretical line strengths.

Ref (84) | my | +1 | -3
P. |43 4] 4
? 1
Il a4
P -I-% 6 | -
2
+31 8|2
1
——g 2 |8
=31 - 16

as a function of pressure as in Figures 47 through 52. This reduced data is further

reduced by curve fitting it to equation 59 using the equivalent form

ar

14+bzx

(64)

F|=

where z is the pressure a is the rate of transfer relative to the A coefficient from
the pumped level to the satellite level. The b coeflicient is the quenching from the
satellite level plus the total rate out of the satellite level due to collisions plus the
total rate into the satellite level from the other satellite levels all of which is relative
to the A coefficient. The curve fits performed in this manner are shown graphically
in Figures 47 through 52. Table 19 and in an alternate form Table 25 list the cross-
sections for the Zeeman energy transfer. Given in Table 26 are the only other Zeeman
energy transfer cross-sections that could be found for rubidium. These cross-sections

are for the 62 P levels and are provided for comparison purposes only.
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Table 19. Excitation transfer cross-sections for the 52P Zeeman split levels in Rb
induced by collisions with nitrogen.

A? Satellite
Pluami| $4% [ 843 | §—5 | 5% [543 ] 53
a3 43 - 5+9 | 578 | 37+4 - -
r| 2,45 90£5 - 592 | T3+£7 |15+2|14+1
e|2,—3| T1£5 | 61+2 - 82+6 |13+1|15+1
n |3, -3 40+8 | 52+6 | 66+6 - - -
t (2,42 ]47£03|50+£02|524£01(55+02| - [32+3

1, —2|54+02(51+02]49+£02|474+02|33+1| -

In Tables 20, 21 and 22 the relations between the cross-sections given in equa-
tions 60, 61 and 62 respectively are compared for the nitrogen gas data. As can
be seen, in all cases there is very good agreement for all three relations. The only
exceptions are the values obtained from the 52Pg2_ ,m; = %, and the 52P_g_ , My = ——g—

pumped lines. This less than ideal agreement is attributed to the poor signal to

noise ratio of the data taken for these lines.

Seeing that these relations appear to be valid, then by applying them, the set
of independent cross-sections can be reduced from thirty to nine and are reported
in Table 23. Noting that the last four entries in Table 23 are the spin-orbit en-
ergy transfer rates, the set of independent Zeeman cross-sections is reduced to six.
Figure 53 graphically represents the energy transfer process that each cross-section

represents. The values measured for each of the gases is given in Table 24.
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Table 20.

Comparison of the Zeeman energy transfer cross-sections for nitrogen

using detail-balance.

J,_l—.m — J,—}-m A2 Ratio G%TE‘
%,—}—% — %,—l—% +9 [083+£016| 1
%,4—%-—-)%,—]—% 90+5
%,—|—% g—,—% 57+8 10.80+£0.18}) 1
S e
:;’,—}—-g- %,—g— 37+4 [0934+035| 1
%,—%—)%,—I—% 404+ 8
%,-}--;— %, % 5942 [097£0.06 ]| 1
Loiodad| e
1 3
%’"I'i %,—5 3+7 1.44+0.24 1
3 3 41
=3ty | 5246
$,—3—3,-2| 82+6 |1.24+018]| 1
%,—%——)%,—-12- 66 4- 6
-1?:,-|-%—> —12—,—% 32+£3 |097+0.12| 1
%,—%—-)%,—I-% 3341
%, +% — %,-I—% 5.0+£0.2]0.33+0.07 | 0.36
%’—{-%—)%,—l—% 15+2
%,4—% %,——;— 5.2+0.1|0.404-0.04 | 0.36
%,—%—-)%,—i—% 13+1
%, -—% — %,—{-% 5.14+0.20.3640.05|0.36
1 1 1
%, —% — %, —% 49+0.210.33£0.03 | 0.36
%,—%—»%,—% 15+£1
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Table 21. Comparison of the Zeeman energy transfer cross-sections for nitrogen
using the relation o(J,m — J,m') = o(J,—m — J,—m/).

J=3 A?
tm— e [+ [ 43 [ -3 =3 =} 2
—m — —m’ —% —% —l—% -I—% +m — +m’ —%
s - | 75+9|57£8|37T+4 || -m - —m’ :
—3 - | 66+6|52+6|40+8 +1 32+3
+3 0+5| - [59+£2]|73+7 —1 33+1
—3 82+6| - |61+£2|T71+£5

Table 22. Comparison of the Zeeman energy transfer cross-sections for nitrogen
using the relation o(J,m — J',m) = o(J,—m — J',—m).

Jam = Pam [ 54 [ 4y [ 33 | 33
Jomo Pem | 308 | 30 | 3 | 34
33 4.74£03(50£02 52401 |55+0.2
1-1 4.74£02[49402 5140254402

JAm— J4m | 343 | 53

1 1 1 1

Jymm—J-m| 3,-5 | 5t;

3 154£2 1441

81 15411 13+1

Table 23. Resulting cross-sections after applying the relations.

a|o(gt5—8-3)=0(3,=5 = 5,+3)
bloG+5—~35-3)=0(-5~3+9)
Jot = b D=ot o btD
d|o(3,+5—3,+3 )_‘7(2"":13 513 =03,-3~3,-3)=03-3-3,-3)
e U(%’+2_’_’__)—°'( 3 7+§)—0(2’+2_>_ =033+
o(3—3 __“)"’0'(27'1‘2 htaxo(f+3 - 5+ =0(3,-3— 5, -3)
flo(3,-3~ -5+ =05+~ 5 - xo(3, -3~ =5 +3)=0(3,+5 — §,-3)
o(3,-3 ‘_‘)_‘7(2’+2 nt3) «o(z+3 =5+ =0(3-3 -3 -3)
o(3+3 2 5-3)=03,-3 > 5+3) x5 +5— 3, - =0(3,-5 - 3,+3)
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Figure 53. Reduced set of energy transfer cross-sections.

Table 24. Reduced set of cross-sections for each gas.

A? N, He Ne Ar Kr Xe
a | h94+2(34+4] 50+3 57+3 | 109+13 | 115+ 14
b {37+4 - - - - -
c |324+3|164+1| 35+8 2445 341L5 39+ 4
d [90+5|64+7|139+10 | 150+26 | 248423 | 224 + 28
e |T3+7 7549 |154+£101(131+£13 | 223+29 | 2434+ 36
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Table 25. Excitation transfer cross-sections for the 52P Zeeman split levels in Rb
induced by collisions with neutral gases.
Designation This Work A2
o(J,m— J',m') N2 He Ne Ar Kr Xe
o, +1 >4, +3) | 15+2
oGt kb e
o3, +1 - 3,4+2)| 90+5 | 6447 | 139410 | 150+ 26 | 248+£23 | 2234+ 28
(3,41 -2, -3y 73+7 [ 75+9 154410 | 131413 | 223429 | 243 + 36
o2, 42 -2 -1y 5942 [34+4 | 5043 | 5743 [109+13 [ 115+ 14
o +3 = 5+3) | -
o(pti—=p—3)| -
o(3,+2 -3 +1)| 71549
0’(%,—]—%- — %)‘%’) 374
o(3, 43 —32,-2)| 57+8
o(3-3—-5+3) | -
o(3,-3—22-3) | -
o(3,~3 >3, +1)| 5246
o(3,-3—>3,+3)| 40+38
o(3, =3 3,—3) | 66+6
o(3,-3—>3,+3) | 131
o(3, =32 3,-3) | 15£1
o3, —1 = 5, +4) | 6122
o(3,-3—3,+43) | T1£5
o(5, -3 5-3) | 8246
o(3,+3—%,-4)| 3243 |16+1| 354+8 | 2445 | 3445 | 3944
o(3,+3 — 5,+3) [ 5.0+ .2
o(3,+3 — 3,+3) | 4.7+ .3
o}, +1 -3 -2) |55+ .2
o(3,+3 — 5,-3) | 52+ .1
o(3,-3—>1,+3) | 33+1
o(3,-3 = 5,+3) | 51+.2
o(3,-3— 3,+3) | 54+ .2
o1, -1 52 327+ 2
o(3,-3— 5,—-1) |49+ .2
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Table 26.

Excitation transfer cross-sections for the 62P Zeeman split levels in Rb
induced by collisions with rare gas atoms.

Designation Ref (46)

o(J,m — J',m') He Ne Ar
o3, +; — ;,+§) 50£13 | 9+£25 | 165
a(§,+1—~>§,—§) B5E13 | 9+£3 16+5
o(3,+5 = 5, +3) | 483£85 | 140 £30 | 218 £ 45
a(fj;,+2 — 2, —2) 1521 +100 | 163 30 | 155 £ 30
o2, 41 =5, —1) | 334£65 | 136 +30 | 140 £ 30
oG, +2 i 40| 16+24 | 16£5 32+9
2,42 — 2,1 - 175 | 329
05%&% — § +§; - - 292 + 115
o(3,+5 - 5,—3) - 244 £ 50 | 272 & 100
o(2, 43— 2 =) - 296 £ 60 | 343 & 120
o3, -2 -1 41 1 42.0£20 i 3L 15
o2, -2 L T 3149 - 22 £ 7
o(3,—2 — 2 12) | 37875 | 187+35 | 285 £ 50
o(3,—% =5, 45) | 283£55 | 185+35 | 212 £ 105
o(5,—5 — 3, —1) | 425£210 | 311 £ 90 | 374 £ 180
o5, —t > L ¥ 4910 | 925 | 12+35
o(5,—+ > L - 739£10 | 825 | 11£3
o(s,—L = 3 1) 287480 | 129+25 | 115 £30
o(5,—1 — 2,+2) | 341 £100 | 159 £ 30 -
o(2,—+ — 2 ") 492£50 | 174+ 35 -
o(5,+2 — 2, —5) [ 129£40 | 27+8 | 34£10
o+ 2+ 46£15 | T£2 14+4
o, +1 >3 43) | 51+£20 | 6+1 14+3
o1, 2 =) 58 4£20 | 815 | 22%6
o, +1 =2 L 51 £10 - M +5
(L, T ST FL)[ 83£40 | 28£8 | 35+10
o1, >S5 41)| 20%6 | 9£25 | 20+5
ot —> =2 42)| 235 | 7£15 | 16+3
o(2, -1 =2 3] 2545 TE2 17+3
ot -T2 Iy 2545 | 715 | 175
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3.6 OQObservations

The most fundamental contribution of this work has been the measurement of
the Zeeman energy transfer cross-sections for the 52P levels in rubidium with the
rare gasses and nitrogen as collision partners. These cross-sections have not been
previously reported. Additionally, this work has measured the spin-orbit energy
transfer cross-section for C'F,; which also has not been previously measured. The
spin-orbit energy transfer cross-sections for Hs, Dy, Ny and C H, have also been

reported.

The work performed measuring the spin-orbit energy transfer cross-sections
employed a technique which allowed continuous measurement of the intensity ratio
of the pump and satellite levels as a function of pressure. This is the first time a

continuous measurement was made for rubidium.

The Zeeman energy transfer cross-section measurements allowed the examina-
tion of the validity of the established relationships between cross-sections. These
relations are given in equations 61 and 62. These relations have not been tested pre-
viously in rubidium and this work has shown that these relations appear to be valid.
An interesting feature is the unexpected variation in size of the cross-sections. With
such a small energy spacing between the Zeeman split levels (< kT) expectations
were that the cross-sections should be about the same size but, there is clearly a
Am; dependence on the size of the cross-sections. Another interesting feature was
the memory of the initial m; level after a spin-orbit energy transfer, though this was
a weak trend it was surprising to find any memory of the initial m; level after an

energy transfer with an energy gap AF ~ kT.

The validation of the relationships given in equations 61 and 62 allows the
comparison between the Zeeman energy transfer cross-sections directly measured and
the cross-sections obtained using the disorientation and disalignment cross-sections.
Table 27 provides a comparison of the cross-sections and Figure 54 displays the

cross-sections versus the magnetic field. It appears from Figure 54 that there may
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be a magnetic field dependence to the scaling of the cross-sections which causes an
increase in the cross-section as the magnetic field is increased. The exception to this
trend is the helium cross-section o(J = 3, m; = + & J = 1, m; = —3) which has
the same value for both 0.11 and 2 Tesla magnetic field. This is consistent with the
work done in reference (45) which reported no magnetic field dependence for this

cross-section with a magnetic field strength of 1-7 Tesla.

Table 27. A comparison of the Zeeman energy transfer cross-sections by direct and
indirect measurement. The cross-sections are reported using the notation
o(J,m; < J',mj) for the 5P levels in rubidium.

Gas o (A?) o (A?) o (A?) o (A?) Magnetic Ref
phebod|fdeb 2| 82o8|he gt | FodTen

16 34 64 75 2 This work
He 16 29 41 37 0.11 (43)
9 Earth (30)

35 50 139 154 2 This work
Ne 9.4 28 41 37 0.11 (43)
6 12 28 22 Earth (30)

24 57 150 131 2 This work
Ar 16 56 83 74 0.11 (43)
9.7 28 58 47 Earth (30)

34 109 248 223 2 This work
Kr 18 81 107 98 0.11 (43)
10.6 Earth (30)

39 115 224 243 2 This work
Xe 24 91 129 117 0.11 (43)

The relaxation of the sublevels in an excited state of alkali atoms colliding with
rare gases has been examined theoretically in reference (60). The model assumes
a Van der Waals interaction between the atoms. Additional assumptions for this
model are (1) a collision gives rise to a change in only the electron shell and the
nucleus does not have time to change and (2) the transfer between the 2P% and 2P%
levels can be neglected. This model predicts a scaling for the disorientation and
disalignment cross-sections. This scaling has been mapped into a scaling for the

Zeeman energy transfer cross-sections. Table 28 is a comparison of the ratios of the
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predicted scaling and the ratios of the cross-sections from the nitrogen data. The

Table 28. Theoretical scaling ratios compared with experimental values for nitrogen

gas.
Cross-Section Measured | Theoretical
Ratio N, Ref (60)
O'(J=g',7nj=~—l-4—)J=:i,mj=:+g-)
U(J___Z_’mj=+;HJ=§5’mj=+§_) 0.91 0.81
a(J::—,mJ‘=+%<——>J= 5omj=— %)
U(J:;‘,m]‘=+§4—h]=§-,mj=+§-) 0.72 0.77
o(J=gmj=tzel=5m;=-3)
2 e ey pppeara. 0.60 0.49

scaling in Table 28 seems to agree well with the theoretical results. The variation
between the theoretical values and the values from the nitrogen data are possibly
from the model assumption that there is no spin-orbit energy transfer occurring.
Another possibility is the choice of the Van der Waals interaction potential may be

in error.

For the case of nitrogen a comparison of the spin-orbit cross-sections measured
directly and measured relative to Zeeman split levels is possible. The cross-section
for the 52P§2_ — 52P% is 18.4 + 2.2 A? for the direct measurement and 14.3 + 2 A2
for the Zeeman transfer measurements. The cross-section for the 52P% — 52P% is
13.2 + 1.6 A? for the direct measurement and 10 + 1.4 A2 for the Zeeman transfer

measurement. There 1s good agreement between these cross-section measurements.

The noble gas spin-orbit cross-sections are much smaller than the spin-orbit
cross-sections for the molecular gases. This would seem to imply that the spin-
orbit cross-sections for the molecular gases seem to depend on an additional degree
of freedom other than translation. An examination of the Zeeman cross-sections
does not reveal this same trend. The Zeeman cross-sections do not exhibit a strong

dependence on the additional degrees of freedom available in a molecular gas.
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IV. Conclusion

This work has performed an extensive study of the collisional dynamics of the
52P levels in rubidium. The most fundamental contribution of this work has been
the measurement of the Zeeman energy transfer cross-sections for the 5*P levels in
rubidium with the rare gasses and nitrogen as collision partners. This work has
measured the spin-orbit energy transfer cross-section for C'Fy and this work has
measured the pressure broadening and pressure line shift of rubidium with H;, D,
and CF; as collision partners. This is the first measurement of the above stated
cross-sections. Additionally this work has measured the spin-orbit energy transfer
cross-sections for Hy, Dy, Ny and CH,y and, improved the accuracy of the pressure
broadening and line shift cross-sections for the rare gases, N2, and C'Hy. The cross-
sections measured for pressure broadening, spin-orbit energy transfer and Zeeman
energy transfer are given in Table 29. Additionally, this table displays the rare
gas spin-orbit energy transfer cross-sections measured by (31) and the quenching

cross-sections for Hy, Dy, Ny and C H; measured by (41).

The largest cross-sections appear to be the Zeeman energy transfer cross-
sections. This is unexpected because a dephasing collision cross-section (pressure
broadening) is expected to be smaller than a energy transfer cross-section. A pos-
sible explanation is that the Zeeman energy transfer cross-section and the pressure
broadening cross-sections are very close to the same size. The apparent difference
arises because the pressure broadening cross-sections are really an average across
all levels where the Zeeman energy transfer cross-sections are for individual levels.
Table 29 provides both the mean Zeeman energy transfer cross-sections and the

pressure broadening cross-sections and these values compare very favorably.

The energy transfer cross-sections appear to scale inversely with the energy
defect as is seen ranging from the largest (Zeeman) to the smallest (quenching) cross-

sections. An exception to this trend is the Zeeman energy transfer cross-sections for
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Table 29.

Comparison of the cross-sections obtained from the pressure broadening,

spin-orbit and Zeeman energy transfer experiments.

A? D,
Collision | Pressure | Zeeman | Spin-orbit | Quenching
Partner | Broadening +1
He 52 16 0.072(31)
Ne 56 35 0.0014(31)
Ar 134 24 0.00051(31)
Kr 157 34 0.00036(31)
Xe 189 39 0.00034(31)
H, 34 10.0 6(41)
D, 39 21.4 3(a1)
N, 106 33 13.2 58(41)
CH, 151 29.5 < 1(41)
CF, 174 9.5
A? D,
Collision | Pressure Zeeman | Spin-orbit | Quenching
Partner | Broadening | Mean | +2
He 55 58 34 | 0.105 (31)
Ne 54 114 | 50 | 0.0022(s1)
Ar 130 113 | 57 | 0.00073(31)
Kr 158 193 | 109 | 0.00045(31)
Xe 180 194 | 115 | 0.00049(31)
H, 52 13.9 3(41)
D, 57 29.8 5(41)
N, 119 74 59 18.4 43(41)
CHy 136 41.0 3(41)
CFy 161 13.2
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the 52P% manifold versus the 52P% manifold. The energy gap between the levels
is smaller for the 52P%_ but the cross-sections are larger than those for the 52P%
manifold. This is partially resolved by only comparing the cross-sections for the
m; = -I—% o mj = ~% for the two manifolds. The size of the cross-sections are closer

in value but the trend associated with the energy defect still does not hold.

The noble gas spin-orbit cross-sections are much smaller than the spin-orbit
cross-sections for the molecular gases. This would seem to imply that the spin-orbit
cross-sections for the molecular gases depend on an additional degree of freedom
other than translation. An examination of the Zeeman and the pressure broadening
cross-sections does not reveal this same trend. The Zeeman and pressure broaden-
ing cross-sections do not exhibit a strong dependence on the additional degrees of

freedom available in a molecular gas.

The pressure broadening and pressure line shift work has resulted in a deter-
mination of the interaction potentials of rubidium with the selected gases. Also the
pressure broadening data has revealed a dependence between the size of the pressure
broadening cross-sections and the polarizability of the perturbing gas. Also a theory
predicting the scaling of the Zeeman energy transfer cross-sections has been com-
pared to the Zeeman energy transfer cross-sections using nitrogen gas. The favorable
comparison indicates a Van der Waals potential interaction is a good model for the
interaction. This is in agreement with the correlation of the pressure broadening

data with the polarizability of the perturbing gas.

Additionally it appears that there may be a magnetic field dependence to the
scaling of the Zeeman cross-sections which causes an increase in the cross-section as
the magnetic field is increased. The exception to this trend is the helium cross-section
1

o(J=5mj=350 J=3m=—3)
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