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Abstract

Atomic and Molecular Low-n
Rydberg States in Supercritical Fluids

by

Luxi Li

Advisor: Dr. Cherice M. Evans

The structure of low-n Rydberg states doped into supercritical fluids represents

an important probe to investigate solvation effects, especially near the solvent (or

perturber) critical point. We have investigated the solvation of excited atomic and

molecular dopants in various perturbing fluids (both atomic and molecular). This

systematic study was performed from low perturber number densities to the density

of the triple point liquid, at both non-critical temperatures and on an isotherm near

the critical isotherm. Dopant low-n Rydberg states were investigated using vacuum

ultraviolet photoabsorption spectroscopy. The absorption spectra of these states were

then simulated using a semi-classical statistical line shape function. With accurate

line shape simulations, the perturber induced energy shift of the primary transition

was obtained using a standard moment analysis.

The moment analysis indicated that the dopant low-n Rydberg state energy blue

shifts as a function of perturber number density without a significant temperature

effect (except near the critical isotherm). A significant critical point effect was ob-



iv

served in all dopant/pertuber systems investigated here. This critical point effect is

caused by a large increase in the dopant/perturber radial distribution function near

the critical temperature of the perturber. Since the first perturber solvent shell shields

the cationic core, the binding energy of the optical electron decreases. This acts to

increase the dopant low-n Rydberg state excitation energy. However, the overall blue

shift and critical point effect varies from atomic to molecular perturber systems due

to the structure of the perturber. These differences are also discussed in more detail

in this work.
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Chapter 1

Introduction

Supercritical fluids, especially molecular supercritical fluids, have been used increas-

ingly in industrial [1–6] and environmental [1,7–10] applications. Due to their special

properties (e.g., high compressibility), supercritical fluids are often used in continu-

ous extractions [2–4, 8], in improving the separation of compounds in chromatogra-

phy [7, 10, 11], in catalysis [12–15] and polymerization [16, 17], and in the control of

chemical reaction products [14, 18–20]. Therefore, investigation of the structure of

supercritical binary systems (i.e., dilute dopant/supercritical perturber systems) is

very important for studying solvation effects and photochemistry.

Since electronic excited states are sensitive to the local fluid environment, dopant

electronic transitions in supercritical fluids are an appropriate probe to study the

structure of supercritical fluids, especially near the critical point. In comparison to

valence states, Rydberg states are more sensitive to their environment [21]. However,

high-n Rydberg states are usually too sensitive to perturber density fluctuations,

which makes these individual dopant states impossible to investigate. (Nevertheless,

under the assumption that high-n Rydberg states behave similarly to the ionization

threshold of the dopant, dopant high-n Rydberg state behavior in supercritical fluids

can be probed indirectly by studying the energy of the quasi-free electrons, through

1



1. INTRODUCTION 2

photoinjection [22–31] and field ionization [32–39].) Low-n Rydberg states, on the

other hand, are excellent spectroscopic probes to investigate excited state/fluid inter-

actions.

The study of low-n Rydberg states in supercritical fluids began with the pho-

toabsorption of alkali metals in rare gas fluids [40, 41]. Later researchers expanded

the investigation into rare gas dopants in supercritical rare gas fluids [42–46], and

molecular dopants in atomic and molecular perturber fluids [47–56]. However, none

of these previous groups studied dilute solutions near the critical point of the solvent.

(The single theoretical study of a low-n Rydberg state in a supercritical fluid near

the critical point was performed by Larrégaray, et al. [55]; this investigation predicted

a change in the line shape and in the perturber induced shift of the Rydberg tran-

sition.) These results from previous experimental and theoretical investigations of

low-n Rydberg states in dense gases are reviewed in in Chapter 2.

In this dissertation, we have systematically investigated the photoabsorption of

atomic and molecular dopant low-n Rydberg transitions in supercritical fluids [57–59].

The individual systems probed allowed us to investigate atomic/atomic interactions

(i.e., Xe/Ar), molecular/atomic interactions (i.e., CH3I/Ar, CH3I/Kr, CH3I/Xe),

atomic/molecular interactions (i.e., Xe/CF4) and molecular/molecular interactions

(i.e., CH3I/CH4 and CH3I/CF4). Our studies begin with the measurement of per-

turber density and temperature effects on the absorption spectra of dopant low-n Ry-

dberg transitions using vacuum ultraviolet spectroscopy. A semi-classical statistical

line shape analysis is then used to simulate the experimental spectra. The experi-

mental techniques and theoretical methodology are discussed in Chapter 3. Chapter
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4 presents our experimental and theoretical results for low-n atomic and molecular

Rydberg states in atomic supercritical fluids. The accuracy of the line shape analysis

is demonstrated and the results are then used to obtain the perturber-induced energy

shifts of the primary low-n Rydberg transitions. A striking critical point effect in

this energy shift is observed for all of the dopant/perturber systems presented here.

A discussion of the ways in which the dopant/perturber interactions influence in the

perturber-induced energy shift is also presented in Chapter 4.

In Chapter 5 we present absorption spectra of atomic and molecular low-n Ryd-

berg transitions in molecular perturbers [59], and we then extend our semi-classical

line shape analysis to the investigation of electronic transitions in molecular per-

turbers. The accuracy of the line shape analysis again allows us to obtain the

perturber-induced energy shift of the primary electronic transition investigated. Using

this shift, we then highlight how the behavior of electronic transitions in a molecular

perturber differs from that in atomic perturbers, and we demonstrate that a critical

point effect is still apparent. A discussion of the origin of the differences observed in

atomic and molecular perturbers is then presented. We conclude with an explanation

of the importance of the inclusion of three-body interactions in the line-shape analysis,

and with a discussion of how this model will change when dealing with non-spherical

perturbers and polar fluids.



Chapter 2

Perturber effects on low-n Rydberg
states

2.1 Supercritical fluids

A supercritical fluid (SCF) is a fluid at a temperature higher than its critical tem-

perature and, therefore, has properties of both a liquid and a gas [20, 60]. For ex-

ample, SCFs have the large compressibility characteristic of gases, but the potential

to solvate materials like a liquid. Near the critical point, the correlation length of

perturber molecules becomes unbounded, which induces an increase in local fluid

inhomogeneities [20, 60]. This change in the local density of a fluid is currently be-

ing used to explain the small size distributions in nanoparticles synthesized in SCF

solvents [61–64]. However, to fully understand the mechanism of nanoparticle forma-

tion, a better understanding of solute/solvent interactions in SCFs, especially near

the critical point, must first be developed.

The local density ρ(r) of a perturbing fluid around a central species (either the

dopant or a single perturber) is defined by [65,66]

ρ(r) = g(r) ρ ,

4



2. PERTURBER EFFECTS ON LOW-N RYDBERG STATES 5

Figure 2.1: The ratio of the local argon density ρ(r) to the bulk argon density ρ
around (—) Ar and around (- - -) CH3I at a bulk argon number density of 8.20×1021

cm−3. Notice the two areas of enhancement indicative of the presence of solvent shells
in the SCF. See Chapter3 for details of these calculations.

where g(r) is the radial distribution function and ρ is the bulk density. For neat

fluids and for most dilute dopant/perturber systems, the interactions between the

species in the system are attractive in nature. Thus, the perturber forms at least

one solvent shell around the dopant (or a central perturber). An example of the

increase in local density caused by these solvent shells is shown in Fig. 2.1. As

the dilute dopant/perturber system approaches the critical density and temperature

of the perturber, the intermolecular interactions increase. This increase leads to a

change in the behavior of the local density as a function of the bulk density, which

is schematically shown in Fig. 2.2. Therefore, the changes in SCF properties near

the critical point are due to the higher correlation between the species in the fluid.

These intermolecular correlations are usually probed spectroscopically by dissolving

a dopant molecule in the SCF. Since electronic excited states are incredibly sensitive
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Figure 2.2: Typical behavior of the ratio of the average local density ρ` = gmaxρ to
the bulk density ρ as a function of the bulk density for (—) non-critical temperatures
and for (- - -) the critical isotherm. Notice the significant enhancement near the
critical density ρc along the critical isotherm. This increase is caused by increased
intermolecular interactions. Adapted from [60].

to local fluid environment, changes in the fluid environment can be investigated using

changes in the absorption or emission of the dopant.

Fig. 2.3 gives three example spectroscopic studies of a dopant in an SCF near

the critical density and temperature of the fluid. Fig 2.3a shows the energy posi-

tion of an anthracene emission line for anthracene doped into supercritical carbon

dioxide near the critical isotherm and density of the perturber [67]. Unfortunately,

no emission data on non-critical isotherms were taken in this fluorescence emission

study. However, the maximum emission position shows a striking critical effect in

comparison to a calculated baseline. A more complete investigation of temperature

effects on the local density of SCFs via UV photoabsorption [68] of ethyl p-(N,N-

dimethylamino)benzoate (DMAEB) in supercritical CHF3 is presented in Fig. 2.3b

for three isotherms near the critical isotherm. The isotherms shown are at the re-

duced temperature Tr [where Tr ≡ T/Tc with Tc being the critical temperature of

the fluid] of 1.01, 1.06 and 1.11. Although the three isotherms are evenly spaced, the
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Figure 2.3: (a) The energy of fluorescence emission for (•) anthracene doped into
supercritical carbon dioxide at a reduced temperature Tr ' 1.01 plotted as a func-
tion of carbon dioxide number density ρCO2

. The dashed line (- - -) is a reference
line calculated using perturber bulk densities. Adapted from [67]. (b) The perturber
induced energy shifts of the photoabsorption maximum for DMAEB doped into su-
percritical CHF3 at (•) 30.0◦C [i.e., Tr ' 1.01], (N) 44.7◦C, and (¥) 59.6◦C, plotted
as a function of CHF3 number density ρCHF3

. Adapted from [68]. (c) The energy
position of infrared absorption for the W(CO)6 CO stretching mode in supercritical
carbon dioxide at (•) 33◦C [i.e., Tr ' 1.01] and at (¥) 50◦C, plotted as a function of
ρCO2

. Adapted from [69,70]. The solid lines in (a) - (c) are provided as a visual aid.

photoabsorption shifts are very similar on the Tr = 1.06 and Tr = 1.11 isotherms,

while the shift on the Tr = 1.01 isotherm is significantly different. Therefore, the

perturber induced shift is only temperature sensitive near the critical point of the

perturber. Urdahl, et al. [69, 70] studied the W(CO)6 T1u asymmetric CO stretch-

ing mode doped into supercritical carbon dioxide, ethane and trifluoromethane by

IR photoabsorption. All three systems show similar behavior, an example of which

is presented in Fig. 2.3c. Again, the absorption band position changes significantly

along the critical isotherm near the critical density. However, extracting the data

presented in Fig. 2.3 is difficult. Moreover, most of the previous work [60] has used

dopant valence transitions as probes, and these states tend to be less sensitive to

local environments [21]. In the present work, we will investigate SCFs near the crit-
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ical point of the fluid by using low-n Rydberg state transitions as the probe. Since

Rydberg states are hydrogen-like, it should be possible to model these states within

the statistical mechanical theory of spectral line-broadening.

2.2 Rydberg states

Rydberg states are highly excited electronic states in which the optical electron is so

distant from the cationic core that the core appears to the electron as a massive point

charge. These states are defined by the excitation energy

En = I − Ry

(n − µ`)2
, (2.1)

where I is the dopant ionization energy, Ry is the Rydberg constant (i.e., 13.606 eV),

n is the principal quantum number, and µ` is the angular momentum (`) dependent

quantum defect. Rydberg state orbitals have an average radius of a0n
2 (where a0 '

0.53 Å). A high-n Rydberg state optical electron is spatially distant from the cationic

core and, therefore, does not interact with the core electrons. Within a semi-classical

approximation, high-n Rydberg electrons tend to have circular orbits [71]. A low-n

Rydberg state optical electron, especially one with low angular momentum, tends to

interact more strongly with the cationic core. Thus, in a semi-classical approximation,

low-n Rydberg electrons tend to have elliptic orbits [71].

One significant difference between valence transitions and Rydberg transitions is

the disparate behavior when these excited states interact with a perturber fluid [21].

Valence transitions tend to show only slight changes in energy position (cf. Fig. 2.3,

for example) and line shape broadening. Moreover, the line shape broadening tends

to be symmetric. Rydberg transitions, however, show a significant energy shift and
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Figure 2.4: Schematic presentation of an optical electron in a high-n Rydberg state
orbital, a low-n Rydberg state orbital and a valence state orbital. D+ is the dopant
cationic core and P are the perturber particles.

asymmetric line shape broadening. Fig. 2.4 shows a schematic of a dopant atom inter-

acting with a perturbing fluid. The valence orbitals are spatially close to the dopant

cationic core and, therefore, do not sample as much of the perturbing fluid as do Ryd-

berg orbitals. The low-n and high-n Rydberg optical electrons both have orbitals that

are spatially distant from the cationic core. Thus, these orbitals are shielded from the

Coulomb potential of the core by the structure of the perturbing fluid. The higher

the n of the Rydberg state, the stronger the shielding by the perturber fluid. In fact,

the high-n Rydberg states are so sensitive to perturber density [21] that these states

broaden too much to be used as spectroscopic probes for electronic excited states in

SCFs. (Nevertheless, field ionization of these states can be used as a source of quasi-

free electrons in studies of fluid conduction [32–39].) Since, low-n Rydberg states

are more sensitive than valence transitions, but not as sensitive as high-n Rydberg

states, they serve as excellent spectroscopic probes to investigate excited state/fluid

interactions. Moreover, since a low-n Rydberg orbital can more strongly mix with
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the cationic core, the perturber effects on these excited state transitions will depend

both upon the perturber and upon the dopant. Thus, the perturber-dependent en-

ergy shift should be sensitive to the ground-state and excited-state dopant/perturber

intermolecular potentials, which implies that a spectroscopic study of low-n Rydberg

states in dense and supercritical fluids can probe the intermolecular potential energy

surface.

2.3 Theoretical model

Due to the hydrogenic properties of Rydberg states, the optical electron is in general

insensitive to the structure of the cationic core. Therefore, both atomic and molec-

ular Rydberg transitions can be modeled within the same theory. In a very dilute

dopant/perturber system, assuming that the dopant Rydberg transition is at high

energy [i.e. β (Eg − Ee) À 1, β = 1 / (k T )], the Schrödinger equation is

H|Ψ〉 = E|Ψ〉 , (2.2)

where the eigenfunction |Ψ〉 is a product of the dopant electronic wavefunction |α〉 and

the individual perturber wavefunctions |ψi; α〉. The Hamiltonian H in eq. (2.2) is the

sum of several individual Hamiltonians, namely the Hamiltonian for the free dopant,

the Hamiltonian for the free perturber, and the Hamiltonian for the dopant/perturber

intermolecular correlation. The Hamiltonian HFD for the free dopant is [72]

HFD =
∑

α

Eα|α〉〈α| , (2.3)



2. PERTURBER EFFECTS ON LOW-N RYDBERG STATES 11

where α = e, g with e and g representing the excited state and ground state of the free

dopant. The Hamiltonian HFP for the free non-interacting perturber is given by [72]

HFP = −
N∑
i

~2

2 m
∇2

i , (2.4)

where N is the total number of perturbing atoms in the range of the Rydberg optical

electron. Finally, the Hamiltonian HPD for the intermolecular interaction is [72]

HPD =
∑

α

∑
i

[Vα(ri) + V ′(ri)] |Ψ〉〈Ψ| , (2.5)

where V (r) is the dopant/perturber intermolecular potential, and V ′(r) is the per-

turber/perturber intermolecular potential. Therefore, the total Hamiltonian H is [72]

H = HFD + HFP + HPD , (2.6)

which can be rewritten as a ground state Hamiltonian Hg and an excited state Hamil-

tonian He.

The absorption coefficient function is given as the Fourier transform [72]

L(ω) ≡ 1

2 π

∫ ∞

−∞
dt e−i ω t 〈 −→µ (0) · −→µ (t) 〉 , (2.7)

where the autocorrelation function (i.e., 〈 · · · 〉) is the thermal average of the scalar

product of the dipole moment operator (i.e., −→µ ) of the dopant at two different times.

This autocorrelation function can be resolved within the Liouville operator formalism

to give [72]

〈 −→µ (0) · −→µ (t) 〉 ≡ exp
[
ρP 〈ei Lg t − 1〉g

]
, (2.8)
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where the two-body Liouville operator Lg is defined by

Lg Ω = He Ω − Ω Hg = [Hg, Ω] + (Ee − Eg) Ω , (2.9)

where Ω is an arbitrary operator. However, if lifetime broadening is neglected, only

the dopant/perturber interaction and the dopant electronic energy change during the

transition. Therefore, the autocorrelation function can be rewritten as [72]

〈 −→µ (0) · −→µ (t) 〉 ≡ ei ω0 t exp
[
ρP 〈ei ∆V t − 1 〉g

]
, (2.10)

where ω0 is the transition frequency of the neat dopant, ρP is the perturber density,

and ∆V = Ve − Vg, with Ve and Vg being the excited-state dopant/ground-state

perturber and ground-state dopant/ground-state perturber intermolecular potentials,

respectively.

In semi-classical line shape theory, the line shape function for an allowed transition

is given by [40],

L(ω) =
1

2 π

∫ ∞

−∞
dt e−i [ω(R) − ω0] t Z (β Vg + i t ∆V )

Z (β Vg)
, (2.11)

where Z is the partition function and R denotes the collection of all dopant/perturber

distances. Under the classical fluid approximation [73], the autocorrelation function

Φ(t) is given by a density expansion [40]

Φ(t) = ln Z (β Vg + i t ∆V ) − ln Z (β Vg) = A1(t) + A2(t) + · · · , (2.12)
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where [40,45]

An(t) =
1

n!

∫
· · ·

∫ n∏
j=1

d3Rj F(R1, . . . ,Rn)

×
n∏

j=1

[exp(−i ∆V (Rj) t) − 1] .

(2.13)

In eq. (2.13), F(R1, . . . ,Rn) is the Ursell distribution function [45,46,73], and ∆V (R) =

Ve(R) − Vg(R). The Ursell distribution function for two body interactions [45,46] is

F(R) = ρP gPD(R), where gPD(R) is the perturber/dopant radial distribution func-

tion. The three body Ursell distribution function is estimated using the Kirkwood

superposition approximation [74] to be

F(R1,R2) = ρ2
P [ gPP(|R1 − R2|) − 1 ] gPD(R1) gPD(R2) , (2.14)

where gPP(R) is the perturber/perturber radial distribution function. The density

expansion terms are multibody interactions between dopant and perturber over all

space. A1(t) is the dopant/perturber two-body interaction, A2(t) is the dopant/perturber

three-body interaction, and An(t) is the dopant/perturber n + 1 body interaction.

Substitution of these Ursell distribution functions into eq. (2.13) under the assump-

tion of spherically symmetric potentials, gives [45,46,57]

A1(t) = 4 π ρP

∫ ∞

0

dr r2 gPD(r)
[

e− i t ∆V (r) − 1
]

, (2.15)

and

A2(t) = 4 π ρ2
P

∫ ∞

0

dr1 r2
1 gPD(r1)

[
e− i t ∆V (r1) − 1

]

×
∫ ∞

0

dr2 r2
2 gPD(r2)

[
e− i t ∆V (r2) − 1

]

× 1

r1 r2

∫ |r1 + r2|

|r1− r2|
s [ gPP(s) − 1 ] ds .

(2.16)
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Since the strength of the interaction decreases as the number of bodies involved

increases, and since higher order interactions are more difficult to model, most line

shape simulations are truncated at the second term A2(t).

The autocorrelation function can be written as a power series expansion at t = 0,

namely [41,72,75,76]

Φ(t) =
∞∑

n=1

in

n!
mn tn , (2.17)

where the expansion coefficients mi are given by

mn =
1

(
√−1)n

dn

dtn
Φ(t)

∣∣∣∣
t =0

. (2.18)

Using eq. (2.12) with A1(t) and A2(t) from eqs. (2.15) and (2.16), the first two

expansion coefficients become [45]

m1 = − 4 π ρP

∫ ∞

0

dr r2 gPD(r) ∆V (r) , (2.19)

and

m2 = m2
1 + 4 π ρP

∫ ∞

0

dr r2 gPD(r) ∆V (r)2

+ 8 π2 ρP
2

∫ ∞

0

∫ ∞

0

dr1 dr2 r1 r2 gPD(r1) gPD(r2)

× ∆V (r1) ∆V (r2)

∫ |r1 + r2|

|r1− r2|
s [ gPP(s) − 1 ] ds .

(2.20)

The above expansion coefficients are equivalent to the moments of the optical

coefficient, which are defined by [45]

mn =

∫
L(E) En dE . (2.21)
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Thus, the perturber induced shift ∆(ρP) in the energy position of the optical coefficient

maximum is [45,46]

∆(ρP) = M1 =
m1

m0

=

∫
L(E) E dE

/∫
L(E) dE , (2.22)

while the full-width-half-maximum of the experimental absorption spectrum is pro-

portional to

M2 =

[
m2

m0

−M2
1

]1/2

=

[(∫
L(E) E2 dE

/∫
L(E) dE

)
− M2

1

]1/2

, (2.23)

where L(E) is the absorption band for the transition and E = ~(ω−ω0) [~ ≡ reduced

Planck constant].

2.4 Previous studies

The interaction of dopant low-n Rydberg states doped with supercritical fluids has

previously been the subject of some interest both experimentally and theoretically

[21, 42–56]. The first detailed investigation of these interactions was a study of Xe

low-n Rydberg states doped into the dense rare gas fluids (i.e., argon, neon and he-

lium) by Messing, et al. [45, 46]. In the same year, Messing, et al. [47, 48] presented

their studies of molecular low-n Rydberg states in dense Ar and Kr. A decade later,

Morikawa, et al. [54] investigated the NO valence and low-n Rydberg state transitions

in dense argon and krypton. All of these experiments [45–48,54] used a basic moment

analysis of absorption bands to obtain the energy shifts of these bands as a function

of perturber number density. The photoabsorption energy shifts were then simu-

lated [45–48,54] using eq. (2.19) for various assumptions of intermolecular potentials

and radial distribution functions. Messing, et al. also performed line shape simula-
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tions under the assumption of a Gaussian line shape [45–48] for selected perturber

number densities. As molecular dynamics developed, research groups [50,51,53,55,56]

returned to absorption line shape simulations in an attempt to match the asymmetric

broadening observed experimentally. We will summarize the results of these studies

below.

2.4.1 Xe in Ar, Ne and He

When Xe 6s and 6s′ Rydberg state transitions are excited in the presence of low

density supercritical argon or krypton, satellite bands appear on the higher energy

wing of the absorption or emission spectra [42–44]. These blue satellite bands in-

crease with increasing perturber density [42–44] and with decreasing temperature.

Therefore, Castex, et al. [42–44] concluded that these blue satellites are caused by

the formation of dopant/perturber ground state and excited state dimers. An exam-

ple of the Xe 6s and 6s′ Rydberg transitions in the presence of argon is shown in Fig.

2.5. The primary Xe absorption transition, or [57]

Xe + hν
Ar−→ Xe∗ , (2.24)

is indicated in Fig. 2.5 as a. The XeAr dimer transitions that yield the blue satellite

bands are [42–44]

XeAr + hν
Ar−→ Xe∗ + Ar , (2.25)

and

XeAr + hν
Ar−→ Xe∗Ar . (2.26)

These transitions are indicated in Fig. 2.5 as b and c, respectively.



2. PERTURBER EFFECTS ON LOW-N RYDBERG STATES 17

Figure 2.5: Photoabsorption spectra (relative units) of the Xe 6s and 6s′ transitions
doped into Ar at an argon number density of ρAr = 1.47×1021 cm−3 and a temperature
of 23.6◦C. a corresponds to eq. (2.24), b to eq. (2.25), and c to eq. (2.26). For the
6s Rydberg state E0 = 8.437 eV and for the 6s′ Rydberg state E0 = 9.570 eV. Data
from the present work.

Detailed investigations [45] of the Xe 6s Rydberg state doped in supercritical argon

indicated that the energy position at the photoabsorption peak maximum shifted

slightly to the red at low argon density and then strongly to the blue (cf. Fig. 2.6a).

Similar results, which are shown in Fig. 2.6b, were then observed for the Xe 6s′

Rydberg states in supercritical argon [46]. These studies [45,46] concluded that both

the perturber-induced energy shift and the line shape broadening were temperature

independent. However, since the blue satellite bands grow and broaden as a function

of perturber number density, the energy position of the maximum absorption (or

the first moment from a moment analysis) is not an accurate energy position for

the primary Xe Rydberg transition. Thus, modeling the experimental first moment

M1 and second moment M2 using eqs. (2.20) and (2.21) required three groups of

intermolecular potential parameters for different perturber density ranges.
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Figure 2.6: The perturber induced shift ∆ of (a) the Xe 6s [45] and (b) the Xe
6s′ [46] absorption maximum plotted as a function of argon number density ρAr at
different temperatures. In (a), the markers are (¤) 25◦C; (◦) −83◦C; (M) −118◦C;
(H) −138◦C; and (•) −163◦C. In (b), the markers are for temperature ranges of (×)
−23◦C to 27◦C; (•) −93◦C to −63◦C; (◦) −123◦C to −113◦C; (N) −138◦C to −128◦C;
(M) −158◦C to −148◦C; (¤) −173◦C to −163◦C; and (¥) −186◦C to −178◦C.

The Xe 6s and 6s′ Rydberg transitions [46] in supercritical helium and neon show

a similar perturber density dependence as that shown in Fig. 2.6. However, these

two systems do not form ground state or excited state dimers and, therefore, do

not have blue satellite bands. Thus, the moment analysis of the photoabsorption

spectra presented a more accurate perturber induced shift as a function of perturber

number density. Because of the simplicity of the absorption bands, Messing, et al. [46]

simulated the line shapes of the Xe 6s and 6s′ transitions in both helium and neon

at a single perturber number density using eqs. (2.11) and (2.12). These simulations

indicated that an accurate line shape could be obtained without blue satellite bands

[46]. Unfortunately, no temperature dependence was reported in these papers [45,46].
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Figure 2.7: Photoabsorption spectra (relative units) of the CH3I 6s and 6s′ transitions
doped into Ar at an argon number density of ρAr = 1.89×1021 cm−3 and a temperature
of −79.8◦C. a corresponds to eq. (2.27) and b to eq. (2.28). For the 6s Rydberg state
E0 = 6.154 eV and E0 = 6.767 eV for the 6s′ Rydberg state. Data from the present
work.

2.4.2 CH3I in Ar and Kr

Since CH3I is a molecular dopant, vibrational transitions as well as adiabatic transi-

tion appear in the photoabsorption spectra. The adiabatic transition is given by [57]

CH3I + hν −→ CH3I
∗ , (2.27)

denoted a in Fig. 2.7, as well as one quantum of the CH3 deformation vibrational

transition ν2 in the excited state, or

CH3I + hν −→ CH3I
∗ (ν2) , (2.28)

denoted b, in Fig. 2.7. Although vibrational transitions are apparent, CH3I [47–49,52]

has been investigated extensively because of the “atomic” like nature of the adiabatic

6s and 6s′ Rydberg transitions. Messing, et al. [47, 48] extracted the perturber de-

pendent shift ∆(ρP) of the CH3I 6s and 6s′ Rydberg states by performing a moment
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analysis on the photoabsorption bands using eq. (2.22). This analysis indicated that

∆(ρP) tended first to lower energy and then to higher energy as ρP increased from

low density to the density of the triple-point liquid, similar to the trends shown in

Fig. 2.6 for Xe in Ar. However, Messing, et al. [47, 48] did not explore critical tem-

perature effects on ∆(ρP), nor did they correctly account for the vibrational bands on

the blue side of the adiabatic Rydberg transition. Messing, et al. [48] did attempt to

model the CH3I 6s Rydberg transition in argon using a semi-classical statistical line

shape function under the assumption that the adiabatic and vibrational transitions

have exactly the same line shapes, although no comparison between the experimental

spectra and the simulated line shapes was provided. Later researchers [50–53] concen-

trated on the simulation of the CH3I 6s Rydberg state doped into argon using both

molecular dynamics and semi-classical integral methods. Egorov, et al. [53] showed

that the semi-classical integral method can yield results comparable to the molecular

dynamics calculations of Ziegler, et al. [50–52]. Comparing the semi-classical method

and molecular dynamics simulation to experimental spectra (cf. Fig. 2.8) shows that

both methods can be used to simulate the experimental spectra with an appropriate

choice of intermolecular potentials.

2.4.3 NO in Ar

Morikawa, et al. [54] investigated valence and low-n Rydberg transitions doped into

supercritical argon. They used eq. (2.22) to determine the perturber induced shift

∆(ρP) for several low-n Rydberg transitions as well as a valence transition. Under

the assumption of spherically symmetric potentials for the ground and excited states

of the NO/Ar systems, an accurate moment analysis using eq. (2.19) was performed
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Figure 2.8: The line shape simulation of the CH3I 6s transition doped into supercrit-
ical argon using (- - -) a semi-classical line shape function data [53] and using (· · ·)
molecular dynamics [52] in comparison to (—) the photoabsorption spectra at (a)
ρAr = 2.0 × 1021 cm−3, (b) ρAr = 7.6 × 1021 cm−3, and (c) ρAr = 2.0 × 1022 cm−3.
Experimental data are from the present work.
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(cf. Fig. 2.9). In The NO valence state transition (cf. Fig. 2.9a) shows a slight

perturber-induced red shift, which differs significantly from the obvious blue shift of

the low-n NO Rydberg state transitions shown in Figs. 2.9b and c. Fig. 2.9 also

shows that low-n Rydberg states make a more sensitive probe to perturber effects

than valence transitions. Later groups [55,56] did line shape simulations to model the

experimental spectra. Larrégaray, et al. [55] measured the NO 3sσ transition doped

into supercritical argon at selected argon densities. Then, using molecular dynamics

they successfully modeled the line shape of the transition. Once the intermolecular

potentials and boundary conditions for the molecular dynamics simulations had been

set against experimental data, Larrégaray, et al. [55] calculated the line shape for

NO in Ar at the critical density and temperature. These calculations predicted that

the photoabsorption peak maximum position would shift to the blue when argon was

near its critical point. Later, Egorov, et al. [56] showed that similar results could be

obtained using semi-classical approximation. Therefore, line shape simulations using

molecular dynamics and semi-classical line shape theory show comparable results.

We will use the semi-classical integral theory (introduced in Section 2.3 and ex-

panded in detail in Section 3.4) to systematically model both atomic and molecular

dopant low-n Rydberg transitions in atomic and molecular perturbers, the results of

which are presented in Chapters 4 and 5.
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Figure 2.9: Experimental (•) and calculated (—) energy shift of the NO (a) the
B′2∆ ← X2Π (v′ = 7, 0) valence transition, (b) the A2Σ+ ← X2Π (v′ = 0, 0)
Rydberg transition and (c) the C2Π+ ← X2Π (v′ = 0, 0) Rydberg transition plotted
versus the reduced argon number density [54].



Chapter 3

Experiment and Modeling

3.1 Experimental apparatus

All of the photoabsorption measurements were obtained using the one-meter alu-

minum Seya-Namioka (Al-SEYA) beamline on bending magnet 8 of the Aladdin

storage ring at the University of Wisconsin Synchrotron Radiation Center (SRC)

in Stoughton, WI. This beamline, which was decommissioned during Winter 2007,

produced monochromatic synchrotron radiation having a resolution of ∼ 8 meV in

the energy range of 6 - 11 eV. Fig. 3.1 shows a schematic of our experimental endsta-

tion attached to the exit port of the Al-SEYA beamline. When the sapphire window

is open, the monochromatic synchrotron radiation enters the vacuum chamber which

is equipped with a sample cell (cf. Fig. 3.2). The photoabsorption signal is detected

by a photomultiplier that is connected to the data collection computer via a Keithley

486 picoammeter. The pressure in the vacuum chamber is maintained at low 10−8 to

high 10−9 Torr by a Perkin-Elmer ion pump. The experimental copper cell is equipped

with entrance and exit MgF2 windows (with an energy cut-off of 10.9 eV) that are

capable of withstanding pressures of up to 100 bar and temperatures of up to 85◦C.

This cell, which has a path length of 1.0 cm, is connected to an open flow liquid

24
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Figure 3.1: Schematic of the experimental endstation

nitrogen cryostat and resistive heater system allowing the temperature to be con-

trolled to within ± 0.5◦C with a Lakeshore 330 Autotuning Temperature controller.

The gas sample is added through the gas handling system (GHS, cf. Fig. 3.3), which

consists of 316-stainless steel components connected by copper gasket sealed flanges.

The initial pressure for the GHS and sample cell is in the low 10−8 Torr range. A

Pfeiffer-Balzers Turbo Molecular Pumping Station is used to remove gas from the

GHS during sample preparation. This pumping station can maintain a pressure of

low 10−7 Torr to high 10−8 Torr in the GHS during data acquisition.
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Figure 3.2: Schematic of the copper experimental cell.

3.2 Sample information and preparation

In this work, two dopants (i.e. methyl iodide and xenon) and five perturbers (i.e. ar-

gon, krypton, xenon, carbontetrafluoride and methane) were studied. All dopants and

perturbers were used without further purification: methyl iodide (Aldrich, 99.45%),

argon (Matheson Gas Products, 99.9999%), krypton (Matheson Gas Products, 99.998%),

xenon(Matheson Gas Products, 99.995%), carbontetrafluoride (Matheson Gas Prod-

ucts, 99.999%) and methane (Matheson Gas Products, 99.999%). Photoabsorption

spectra for each neat dopant and neat perturber were measured to verify the absence

of impurities in the spectral range of interest.

The atomic perturber number densities were calculated from the Strobridge equa-

tion of state [78] with the parameters obtained from [79] for argon, [80] for krypton,

and [81] for xenon. The equation of state for methane was a modified Benedict-Webb-

Rubin equation of state [82] having parameters from [82]. For carbon tetrafluoride,

the equation of state is the Benedict-Webb-Rubin equation of state [83] for T ≥ Tc

and a Peng-Robinson equation of state [84] for T < Tc with parameters from [85,86].
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Figure 3.3: Schematic representation for a typical arrangement of the gas handling
system. V1-V6: valves; R1: dual stage regulator; MKS1: pressure manometer (max-
imum range 10.000 mbar); MKS2: pressure manometer (maximum range 1.000 bar);
Res: reservoir; Setra: pressure manometer (maximum range 200.00 bar); and CF:
cold finger. For a gas phase dopant, such as xenon, the dopant cylinder is attached
at the port provided for an additional perturber. Adapted from [77].
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Figure 3.4: Phase diagram of Ar calculated from a Strobridge equation of state with
coefficients from [78]. The thick solid line is the critical isotherm; the dashed line is
the vapor pressure. Lines to the left of the critical isotherm represent T > Tc.

Fig. 3.4 shows a pressure-density-temperature graph for argon, which will be used

here to exemplify our procedure for determining a series of samples to be investi-

gated. The critical isotherm and vapor pressure line divide the phase diagram into

three regions: (i) the two-phase liquid/gas region below the vapor pressure line, (ii)

the single-phase supercritical region, and (iii) the single-phase dense gas region. The

thick solid line is the critical isotherm; the dashed line is the vapor pressure. Lines

to the left of the critical isotherm represent T > Tc. To obtain homogeneous samples

for all seven systems investigated, our prepared samples are selected to be in regions

(ii) and (iii). For temperatures above the critical temperature [i.e., samples in region

(ii)], we are able to change the density by increasing the pressure on a single isotherm.

Thus, for medium perturber densities we select two isotherms that are 2−10◦C apart

and are at least 2◦C (and preferably 5◦C) above the critical temperature. Then, we

slowly increase the perturber pressure, while maintaining a fixed temperature, in the
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system to increase the perturber density. The isotherms are chosen so that the best

overlap in densities is obtained. The first temperature below the critical temperature

must also be at least 2◦C below the critical temperature. Thus, to keep the den-

sity step size constant as we transition between region (ii) and region (iii), the latter

of which has steeper slopes for the temperature isotherms, the isotherms above the

critical temperature must be selected with care. The 2− 5◦C temperature boundary

around the critical temperature ensures that critical effects are not observed in the

non-critical temperature data. The steepness of the isotherms in region (iii) prevents

us from changing the density by changing the pressure. Thus, in this region we change

the density by changing the temperature. The pressure is maintained at a minimum

of 5 bar above the vapor pressure for each temperature in order to minimize the noise

in the photoabsorption spectra due to increased cluster formation as the gas begins

to form a liquid.

The quality of a data set was monitored by performing basic data analysis dur-

ing measurements, and any anomalies were corrected by immediately re-measuring

the photoabsorption spectrum for the problem density/temperature/pressure. Once

a data set is obtained for non-critical temperatures, the photoabsorption data for

perturber densities on an isotherm near the critical isotherm are then obtained. For

these measurements we set the temperature to within +0.5◦C of the critical temper-

ature (chosen to prevent liquid formation in the cell during temperature stabilization

near the critical density and to minimize critical opalescence during data acquisi-

tion). Near the critical density, the consistency of the density step is dependent on

the slope of the critical isotherm. If the critical isotherm has a small slope in this
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region, it becomes difficult to acquire samples at a constant density step size due to

our inability to vary the perturber pressure practically by less than 0.01 bar and to

the difficulties encountered in maintaining temperature stability. For instance, near

the critical density of xenon, a 1 mbar change in pressure or a 0.001◦C change in

temperature causes a density change of 2.0 × 1021 cm−3. Maintaining the necessary

temperature stability (i.e., ± 0.2◦C) during the acquisition of data along the critical

isotherm is difficult with an open flow liquid nitrogen cryostat system and usually

requires constant monitoring with manual adjustment of the nitrogen flow.

Our samples are prepared in the gas handling system (GHS) that is shown schemat-

ically in Fig. 3.3. During the initial bakeout, the whole GHS and the vacuum chamber

are heated to 100◦C under vacuum for several days to remove any water adsorbed

onto the surface of the stainless steel. The initial bake is stopped when the base

pressure of the GHS and sample chamber is in the low 10−7 or high 10−8 Torr range,

so that upon cooling the final GHS base pressure is 10−8 − 10−9 Torr. Anytime a

system is changed (either the dopant or the perturber), the GHS is again baked in

order to return the system to near the starting base pressure. This prevents cross-

contamination between dopant/perturber systems. When CH3I in the dopant, prior

to baking the CH3I is degassed with three freeze/pump/thaw cycles. Once the initial

bakeout is finished, the liquid nitrogen transfer line is installed in the system and the

sample cell is aligned. Finally, since our chamber is used only during the summer,

an empty cell spectrum is obtained to ensure the quality of the MgF2 windows. This

empty cell is also used to correct the experimental data (see below). Once the empty
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cell is measured, we are ready to add a sample to the cell. For simplicity in what

follows, we will describe the preparation of a CH3I doped perturber.

The preparation of the sample begins by adding dopant to the sample cell. This

is accomplished by closing valve V3 to stop pumping on the GHS, and valve V1 to

protect the perturber regulator from the dopant since the dopant is usually difficult

to pump back out of the system. Valve V2 is opened until the desired pressure of

dopant (monitored using MKS1, which can measure pressures up to 10.000 mbar) has

been added to the GHS. After dopant addition, V6 is closed to seal the sample cell

and V3 is opened to pump the dopant out of the remainder of the GHS. Dopant is

added as quickly as possible, since dopants tend to stick to the walls of the GHS and

are difficult to pump out. The longer the dopant stays in the GHS, the longer one

has to wait for the GHS to return to a base pressure of 10−7 Torr, which is necessary

before the addition of the perturber. While the base pressure in the GHS is returning

to 10−7 Torr, a reference spectrum of the dopant is measured as a check on the purity

of the dopant.

The perturber is added by first verifying that valves V4 and V5 are open and that

valve V1 is closed. Since most of the perturber cylinders are delivered with pressures

of 600 − 2000 psi (40 − 130 bar), it is important to ensure that the regulator (R1) is

closed before the bottle is opened. Once R1 is open, high pressure exists in the GHS

on the high pressure side of the regulator. To prevent accidents, the gas bottle never

remains open during the addition of the perturber. Moreover, the regulator is set so

that the low pressure side has a pressure of 15 − 30 psi (1 − 2 bar) to ensure the safety

of the thin walled flexible stainless steel bellows between V4 and V5. The perturber is
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added by closing V3 and opening V1 until the desired pressure is reached, or 1 bar is

added to the GHS. V6 is opened and then rapidly closed. This places approximately

900 mbar of the perturber in the cell if the pressure in the GHS is 1 bar. Any pressure

over 1 bar is added by first collecting the sample (and 1 bar of perturber) into the

cold finger using liquid nitrogen. (The small amount of perturber (i.e., 1 bar) is added

before this collection to ensure that the dopant is not at the bottom of the cold finger.

This allows for faster mixing of the dopant/perturber sample once the final pressure

is reached.) The volume between V5 and V6 is approximately 3 times the volume in

the sample cell and cold finger region when the sample cell is at room temperature,

whereas the volume of the GHS between V1 and V6 is approximately 10 times that

of the sample cell and cold finger region. Thus, the amount of perturber added to

the gas handling system, and therefore which valves are closed before collecting the

perturber into the cold finger, depends on the final pressure required in the sample

cell. For instance, if 30 bar is the desired pressure, one can use 10 one-bar fills from

the reservoir, or 3 one-bar fills using the entire GHS. Adding perturber gas to the cell

using the entire GHS is usually faster if one is starting with higher pressures. However,

this procedure is risky since V3 can slip open during the process of collecting the gas

into the cold finger. Thus, V3 and the pumping speed of the vacuum pump (which

drops dramatically if V3 slips) must be monitored during this procedure.

Once the desired perturber pressure is reached, the sample is mixed at the cold

finger using three liquid nitrogen freeze/thaw cycles. Then the temperature of the

sample cell is changed to the desired temperature (or the temperature is allowed

to stabilize), and the photoabsorption spectrum is obtained. The next sample is
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prepared by either adding additional perturber or by changing the temperature (or

occasionally by adding dopant). Finally, we should note that the cold finger is always

at room temperature (if the critical temperature of the perturber is below room tem-

perature) and, therefore, that the sample cell itself represents a open thermodynamic

system. Thus, time must be allowed after addition of a sample for the cell to stabilize

at the desired temperature.

Occasionally, dopant must be added to the sample. The addition of dopant re-

quires that two spectra be obtained at the same perturber number density in order

to use Beer’s law to calculate the new dopant concentration. Dopant is added by

ensuring that the GHS is at a suitable base pressure. Then the necessary amount of

dopant is added to the reservoir (on the assumption that the reservoir/sample cell

ratio is 3:1). V5 is then closed and V6 is opened. The sample is mixed two times and

then is collected back into the cold finger. V6 is then closed and the sample is mixed

two more times. Since most of the gases in this study have low vapor pressures at

liquid nitrogen temperature, all of the sample is collected into the cold finger and,

therefore, the perturber density does not change. Care is taken to ensure that dopant

does not need to be added during studies near the critical temperature and density

of the perturber, where small pressure changes can lead to large density changes.

3.3 Data acquisition and analysis

The intensity of the synchrotron radiation exiting the monochromator is monitored

by recording the beam current of the storage ring as well as the photoemission from a

nickel mesh situated prior to the sample cell. The light then enters the experimental

cell through a MgF2 window, travels through the sample and then a second MgF2
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window before striking a thin layer of sodium salicylate powder on the inside of a

glass window prior to the photomultiplier tube. The sodium salicylate powder has

a large, flat quantum efficiency over most of the energy range of interest. An empty

cell (acquired for a base pressure of 10−7 or 10−8 Torr) corrects the dopant absorption

spectra for absorption by the windows and any fluctuations in the quantum efficiency

of the sodium salicylate detector.

The basic data correction routine for a standard photoabsorption spectrum begins

by dividing the spectrum by the current from the nickel mesh to correct for the

exponential decay of the synchrotron radiation, and then by the empty cell absorption

(which has also been corrected by a nickel mesh obtained during the acquisition of the

empty cell). However, changes in the emittance of the synchrotron light source have

increased the amount of second-order light from the Al-Seya monochromator. This

second-order light, the intensity of which may change during the lifetime of one fill

of the electron storage ring (approximately six hours), shows up in the nickel mesh

but not in the sample absorption (i.e., the cell windows act as a bandpass filter).

Thus, even after the empty cell correction, the baseline may not be flat in some cases.

Therefore, the transmission spectra presented here are normalized to the incident

light intensity by dividing first by the beam current saved during the data acquisition

and then by the transmission of the empty cell (also corrected by the appropriate

beam current). Once the spectrum is corrected by the empty cell, the spectrum is a

transmittance spectrum. We then convert this spectrum to absorbance. An example

of this type of data correction is shown in Fig. 3.5.
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Figure 3.5: Data analysis routine. (i) is the raw photoabsorption data for CH3I in
low density Ar, (ii) is the absorption spectrum corrected by beam current, (iii) is the
absorption spectrum corrected by the empty cell absorption to give a transmittance
spectrum, (iv) is the transmittance spectrum converted to absorbance. All spectral
absorbance are normalized to a relative scale so that they can be compared to line
shape simulations. See discussion in text.
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3.4 Line shape simulations

3.4.1 Line shape function

The experimental line shapes were simulated using the semi-classical statistical line

shape function given in eq. (2.11). Rewriting eq. (2.11) in terms of the autocorrela-

tion function allows eq. (2.11) to be given as a Fourier transform, namely [45,46,53,57]

L(ω) =
1

2 π
Re

∫ ∞

−∞
dt e−i ω t 〈ei ω(R) t 〉 , (3.1)

where ω = ω(R) − ω0, with ω0 being the transition frequency for the neat dopant.

Eq. (3.1) neglects lifetime broadening and assumes that the transition dipole moment

is independent of R. In the substitution of the exponential density expansion [i.e.,

eq. (2.12)] for the autocorrelation function, the general term An represents a (n+1)-

body interaction [40]. However, since the strength of the interaction decreases as the

number of bodies involved increases, and since the higher order interactions are more

difficult to model, our line shape simulations are truncated at the second term A2(t),

or three body interactions. Within this approximation, eq. (3.1) becomes

L(ω) =
1

2 π
Re

∫ ∞

−∞
dt e− i ω t exp [A1(t) + A2(t) ] , (3.2)

where the two terms are recalled from eq. (2.15),

A1(t) = 4 π ρP

∫ ∞

0

dr r2 gPD(r)
[

e− i t ∆V (r) − 1
]

,
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and eq. (2.16),

A2(t) = 4 π ρ2
P

∫ ∞

0

dr1 r2
1 gPD(r1)

[
e− i t ∆V (r1) − 1

]

×
∫ ∞

0

dr2 r2
2 gPD(r2)

[
e− i t ∆V (r2) − 1

]

× 1

r1 r2

∫ |r1 + r2|

|r1− r2|
s [ gPP(s) − 1 ] ds .

The required radial distribution functions (i.c., gPP and gPD) were obtained from

the analytical solution of the Ornstein-Zernike equation for a binary system within

the Percus-Yevick (PY) closure [87], while the Fourier transform for eq. (3.2) was

performed using a standard fast Fourier transform algorithm [88]. The line shape

obtained from the transform for eq. (3.2) was convoluted with a standard Gaussian

slit function to account for the finite resolution (∼ 8 meV) of the monochromator.

More detailed discussions are given below.

3.4.2 Fast Fourier transform

A Fourier transform has a general form [88]

F (ω) =
1

2 π

∫ ∞

−∞
f(t) e− i ω t dt . (3.3)

Since the line shape function is calculated numerically, the integration limits for (3.3)

must be finite and, therefore, an appropriate integration range must be determined.

For any Fourier transformation, the integration limit and the total number of steps

are related through [88]

δt × δω =
2 π

N
, (3.4)

where δ stands for the sampling interval (i.e., step size) of the corresponding variable

and N is the total number of discrete points. Fourier transforms rely on the fact
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that data are usually obtained in discrete steps and the generating functions f(t) and

F (ω) can be represented by the set of points

fk ≡ f(tk) , tk = k δt , k = 1, . . . , N ,

Fn ≡ F (ωn) , ωn = n δω , n = − N

2
, . . . ,

N

2
− 1 .

(3.5)

Therefore, the function F (ω) is determined point-wise using

F (ωn) =
1

2 π

∫ ∞

−∞
f(t) e− i ωn t dt =

1

2 π

N∑

k=1

fk e− i ωn tk δt

=
δt

2 π

N∑

k=1

fk e− i 2 π n k/N .

(3.6)

For simplicity, we will define the discrete Fourier transform from time to angular

frequency as eq. (3.6). When computing the Fourier transform from eq. (3.6), the

quickest method is known as a fast Fourier transform (FFT) and requires that the

number of steps N be a power of 2. In our calculations, we use a Cooley-Tukey FFT

algorithm [88] with N = 1024. The requirements for calculating eq. (3.3) within this

FFT algorithm are, therefore, a complex array of the calculated values of the time

dependent autocorrelation function truncated to the second term.

Rewriting eq. (3.2) using Euler’s relation gives [58]

〈ei ω(R) t 〉 = Re 〈ei ω(R) t 〉 + Im 〈ei ω(R) t 〉 , (3.7)

where the real and the imaginary parts are given by

Re 〈ei ω(R) t〉 = exp [Re (A1(t) + A2(t) ) ] cos [Im (A1(t) + A2(t) ) ] ,

Im 〈ei ω(R) t〉 = exp [Re (A1(t) + A2(t) ) ] sin [Im (A1(t) + A2(t) ) ] .

(3.8)
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In eq. (3.8),

Re[A1(t) + A2(t) ]

= 4 π ρP

∫ ∞

0

dr r2 gPD(r) [cos(∆V (r) t) − 1 ]

+ 4 π ρ2
P

∫ ∞

0

∫ ∞

0

dr1 dr2 h(r1, r2) [cos(∆V (r1) t) cos(∆V (r2) t)

+ 1 − sin(∆V (r1) t) sin(∆V (r2) t)

− cos(∆V (r1) t) − cos(∆V (r2) t) ] ,

(3.9)

and

Im[A1(t) + A2(t) ]

= − 4 π ρP

∫ ∞

0

dr r2 gPD(r) [sin(∆V (r) t) ]

− 4 π ρ2
P

∫ ∞

0

∫ ∞

0

dr1 dr2 h(r1, r2) [sin(∆V (r1) t) cos(∆V (r2) t)

+ cos(∆V (r1) t) sin(∆V (r2) t)

− sin(∆V (r1) t) − sin(∆V (r2) t) ] ,

(3.10)

with

h(r1, r2) = r1 gPD(r1) r2 gPD(r2)

∫ |r1 + r2|

|r1− r2|
s [gPP(s) − 1 ] ds .

The output of the FFT is a complex function of frequency. The real portion of

this complex function is obtained and then convoluted with a standard Gaussian slit

function. The final output is the simulated line shape function. Since eqs. (3.2), (3.9)

and (3.10) depend on both the radial distribution functions and the ground-state and

excited-state intermolecular potentials, we will discuss these below.

3.4.3 Radial distribution function

After significant investigation, our group determined that the most stable calculation

technique for obtaining the radial distribution functions was the analytical solution of
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the Ornstein-Zernike relation within the Percus-Yevick (PY) closure [87]. Although

this solution for a binary system yields four coupled integro-differential equations, di-

lute solutions (i.e., ρD ¿ ρP) allows these equations to be reduced to the calculation of

the perturber/dopant radial distribution function gPD(r) and the perturber/perturber

radial distribution function gPP(r). This analytical solution is given by [32,87]

gPD(r) = r−1 e−β Vg(r) YPD(r)

gPP(r) = r−1 e−β V ′g(r) YPP(r) ,

(3.11)

where

YPD(r) =

∫ r

0

dt
dYPD(t)

dt
,

YPP(r) =

∫ r

0

dt
dYPP(t)

dt
,

(3.12)

with

d

dr
YPD(r) = 1 + 2 π ρP

∫ ∞

0

dt
(
e−β Vg(t) − 1

)
YPD(t)

×
[
e−β V ′g(r + t) YPP(r + t)

− r − t

|r − t| e−β V ′g(|r− t|) YPP(|r − t|) − 2 t

]
,

d

dr
YPP(r) = 1 + 2 π ρP

∫ ∞

0

dt
(
e−β V ′g(t) − 1

)
YPP(t)

×
[
e−β V ′g(r + t) YPP(r + t)

− r − t

|r − t| e−β V ′g(|r− t|) YPP(|r − t|) − 2 t

]
,

(3.13)

and with Vg and V ′
g being the ground state perturber/dopant and ground state per-

turber/perturber intermolecular potentials.
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3.4.4 Intermolecular potentials

Eqs. (3.2), (3.7) - (3.13) are explicitly dependent on the excited-state and ground-

state perturber/dopant intermolecular potentials through ∆V (r), and are implic-

itly dependent on the perturber/perturber and perturber/dopant ground-state inter-

molecular potential via gPP(r) and gPD(r). Thus, these simulations require one to

develop a single set of ground-state and excited-state intermolecular potential pa-

rameters for each system. A standard Lennard-Jones 6-12 potential, or

V (r) = 4 ε

[(σ

r

)12

−
(σ

r

)6
]

, (3.14)

was chosen for the atomic perturber/perturber ground-state intermolecular inter-

actions, and non-polar dopant/perturber ground-state intermolecular interactions.

The ground-state molecular perturber/perturber intermolecular potential was a two-

Yukawa potential, or

V (r) = − κ0 ε

r

[
e− z1 (r−σ) − e− z2 (r − σ)

]
. (3.15)

The ground-state polar dopant/perturber intermolecular interactions were modeled

using a modified Stockmeyer potential

V (r) = 4 ε′
[(

σ′

r

)12

−
(

σ′

r

)6
]
− 1

r6
αPµD

2 , (3.16)

which can be rewritten in standard Lennard-Jones 6-12 potential form [32], with

ε = ε′
[
1 +

αP µD
2

4 ε′ σ′6

]2

, σ = σ′
[
1 +

αP µD
2

4 ε′ σ′6

]−1/6

.

The modified Stockmeyer potential includes orientational effects via an angle average

that presumes the free rotation of the polar dopant molecule. An exponential-6
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potential, given by

V (r) =
ε

1− (6/γ)

{
6

γ
eγ(1−χ) − χ−6

}
, (3.17)

was chosen for the excited-state dopant/ground-state perturber interactions. In eqs.

(3.14) - (3.17), ε is the well depth, σ is the collision parameter, αP is the perturber

polarizability, µD is dopant dipole moment, χ ≡ r/re (where re is the equilibrium

distance), and γ is the potential steepness.

The Lennard-Jones parameters for the atomic fluids and the modified Stockmeyer

parameters for the CH3I/Ar and CH3I/Kr interactions were identical to the param-

eters used to model accurately the perturber-induced shift of the dopant ionization

energy for methyl iodide in argon [32–34, 89], krypton [32, 35, 89] and xenon [36, 89].

The parameters κ0, z1, z2, ε and σ in eq. (3.15) are adjusted to give the best fit to

the phase diagram of the perturber [89]. The parameters ε, σ, χ and γ in eq. (3.17)

are adjusted by hand to give the “best” fit to the experimental absorption spectra of

the dopant low-n Rydberg states in each of the fluids investigated here.



Chapter 4

Atomic perturbers

4.1 Xe low-n Rydberg states in Ar

4.1.1 Xe absorption

The Xe 6s and 6s′ Rydberg states (where s and s′ denote the J = 3/2 and J = 1/2

angular momentum core state, repsectively) were experimentally measured in dense

argon. As is discussed in Section 2.4.1, when Xe interacts with Ar, ground and excited

state dimers form. These dimers are evidenced by blue satellite bands that arise on the

higher energy side of the primary Rydberg transition. The Xe 6s Rydberg transition

has two such blue satellite bands corresponding to eqs. (2.25)-(2.26), whereas the

Xe 6s′ Rydberg transition has a single blue satellite band corresponding to eq. (2.25)

(cf. Fig. 2.5) [42–44]. The absence of the ground state XeAr dimer to XeAr eximer

transition [i.e., eq. (2.26)] for the Xe 6s′ Rydberg state may be caused by an extremely

short lifetime preventing our ability to detect the transition or by the XeAr eximer

decomposing during the excitation.

Figs. 4.1 and 4.2 present selected experimental Xe 6s and 6s′ Rydberg transitions

doped into supercrtical argon at non-critical temperatures and along an isotherm near

the critical isotherm offset by the argon number density. It can be clearly seen that

the Rydberg transitions broaden as a function of the argon number density. The

43
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Figure 4.1: Selected absorption spectra for the Xe 6s Rydberg transition at (a)
non-critical temperatures and (b) on an isotherm (i.e., −121.8◦C) near the criti-
cal isotherm. The data are offset vertically by the argon number density ρAr. The
transition energy is E0 = 8.424 eV for the unperturbed Xe 6s Rydberg transition.
While all spectra have been normalized to 1 for future comparison with simulated
line shapes, the integrated intensity is independent of argon number density.

Figure 4.2: Selected absorption spectra for the Xe 6s′ Rydberg transition at (a)
non-critical temperatures and (b) on an isotherm (i.e., −121.8◦C) near the critical
isotherm. The data are offset vertically by the argon number density ρAr. The transi-
tion energy is E0 = 9.557 eV for the unperturbed Xe 6s′ Rydberg transition. While all
spectra have been normalized to 1 for future comparison with simulated line shapes,
the integrated intensity is independent of argon number density.
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maximum of the absorption band also shifts first slightly to the red and then strongly

to the blue, similar to the original observations of Messing, et al. [45, 46]. Since the

ground state interaction between Xe and Ar (or XeAr and Ar) is attractive, the ground

states are stabilized by the argon solvent shell. The slight red shift observed at low

argon number densities indicates that the xenon excited states (either Xe∗ or Xe∗Ar)

are also stabilized by the argon solvent shell. As the density increases, however, argon

begins to shield the optical electron from the xenon cationic core, thereby decreasing

the binding energy of the optical electron (cf. Fig. 2.4 as a visualization aid). Thus, as

the density of argon increases the energy of the excited state also increases, leading to

a blue shift in the transition energy at higher densities. Comparing Fig. 4.1a and 4.2a,

the overall blue shift of the 6s Rydberg transition band is much larger than that of

the 6s′ band at the triple point liquid density of argon. This difference in overall shift

is caused by the difference in the core state of the cation, since the J = 1/2 core state

has a permanent quadrupole moment. This permanent quadrupole moment increases

the interaction of the cationic core and the optical electron, thereby implying that

the optical electron is less perturbed by the argon solvent shell.

However, since the blue satellite bands also broaden and shift with increasing argon

density, the primary Xe transition becomes indistinguishable at medium to large argon

number densities. Thus, the argon-induced energy shift of the primary Xe transition

cannot be investigated directly using these data. Therefore, to probe perturber critical

effects on the dopant excited states, we must first accurately simulate the absorption

spectra over the entire argon density range at non-critical temperatures and on an

isotherm near the critical isotherm.
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Table 4.1: Intermolecular potential parameters for eqs. (3.14) and (3.16) used to
simulate the Xe 6s and 6s′ line shapes in Ar.

ε/kB (K) re (Å) γ
Ar/Ara 119.5 3.826b –
Xe/Ar 200.0 4.265b –

XeAr/Ar 195.0 4.310b –
Xe 6s/Ar 300.0 5.20 16
Xe 6s′/Ar 400.0 4.98 16

Xe(6s)Ar/Ar 250.0 5.25 16
aParameters obtained from Ref. [32].

bFor a Lennard-Jones 6-12 potential [i.e., eq. (3.14)], σ = 2−1/6re.

4.1.2 Line shape simulations

In order to simulate accurately the absorption spectra at high density, any line shape

simulation has to include the primary transition, denoted a in Fig. 2.5 and given

by eq. (2.24), as well as the two XeAr dimer transitions that yield the blue satellite

bands, denoted b and c in Fig. 2.5 and given by eqs. (2.25) and (2.26), respectively.

For the simulation of Xe in Ar, we chose to use eq. (3.14) for the ground state Ar/Ar,

Xe/Ar, and XeAr/Ar interactions and eq. (3.17) for the Xe∗/Ar and Xe∗Ar/Ar

interactions. We also required that the simulation use a single set of intermolecular

potential parameters for the entire argon density range at non-critical temperatures

and along the critical isotherm. All intermolecular potential parameters except the

Ar/Ar ground state parameters were adjusted by hand to give the best simulated line

shape in comparison to the experimental data. The values of these parameters are

given in Table 4.1 [57].

The relative intensities of the simulated bands were set by comparison to the

absorption spectra of Xe doped into argon at argon number densities where all bands

could be clearly identified. Experimentally, at low argon number densities, the ratio
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Figure 4.3: Photoabsorption spectrum (solid line, relative units) of the Xe 6s tran-
sition doped into Ar at an argon number density of ρAr = 1.47 × 1021 cm−3 and a
temperature of 23.6◦C. a corresponds to eq. (2.24), b to eq. (2.25), and c to eq. (2.26).
The dashed line is the complete simulation, while the dotted lines represent the indi-
vidual simulation using eq. (3.2) with the intermolecular potential parameters given
in Table 4.1. For the primary transition a, E0 = 8.437 eV. For the bands b and c,
E0 = 8.4345 eV and 8.432 eV, respectively.

of heights between the b band and the primary transition is 0.2 for both the Xe 6s

and 6s′ Rydberg states in Ar. For the Xe 6s Rydberg state in Ar, the ratio of heights

between the c band and the primary transition is 0.45. Although for concentrated

Xe systems, the ratio of heights for the blue satellite bands to the primary transition

would increase with decreasing temperature or increasing perturber number density,

this is not the case for the very dilute Xe/Ar system investigated here (i.e., [Xe] <

10 ppm for all argon number densities). Therefore, we can assume that the intensity

ratio of the blue satellite bands to the primary transitions stays constant at different

temperatures and different argon densities. An example of a complete simulation is

shown in Fig. 4.3.

Figs. 4.4a and 4.4b show a comparison between the simulated line shapes (dotted

lines) and the experimental absorption spectra (solid lines) for the Xe 6s transition



4. ATOMIC PERTURBERS 48

at non-critical temperatures (cf. Fig. 4.4a) and on an isotherm (−121.8◦C) near the

critical isotherm (cf. Fig. 4.4b). A similar graph for the Xe 6s′ transition is shown

in Fig. 4.5. Clearly, the simulated spectra closely match the experimental spectra

for all densities. Both the simulated and experimental line shapes show a slight red

shift at low argon number densities, followed by a strong blue shift at high argon

number densities. With these accurate line shape simulations, moment analyses can

be performed on the primary transition in order to investigate perturber critical

point effects, as well as to discuss trends in solvation of different dopant electronic

transitions in the same simple atomic fluid.

4.1.3 Discussion

A line shape analysis was performed on the accurate simulations of the primary Xe

6s and 6s′ Rydberg transitions in order to determine the average argon induced shift

∆(ρAr) of the primary transition, as approximated from the first moment [i.e., eq.

(2.22)]. This moment analysis is shown in Fig 4.6 as a function of reduced argon

number density ρr, where ρr = ρAr/ρc with ρc ≡ 8.076 × 1021 cm−3 [79]. Fig 4.6b

shows an enhanced view of the perturber critical region with a critical effect in ∆(ρAr)

clearly apparent. The absence of the red shift observed by Messing, et al. [45,46] (cf.

Fig. 2.6) results from our performance of a moment analysis on a blue degraded band,

instead of a direct non-linear least square analysis using a Gaussian fit function on

the primary transition. In other words, while the peak of the primary transition red

shifts slightly at low argon densities, the first moment of the band does not, due to

the perturber induced broadening.
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Figure 4.4: Selected photoabsorption spectra (–, relative scale) and simulated line
shapes (· · · ) for the Xe 6s Rydberg transitions at (a) non-critical temperatures and
(b) on an isotherm (i.e., −121.8◦C) near the critical isotherm. The data are offset
vertically by the argon number density ρAr. The transition energy is E0 = 8.424 eV
for the unperturbed Xe 6s Rydberg transition.
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Figure 4.5: Selected photoabsorption spectra (–, relative scale) and simulated line
shape (· · · ) for the Xe 6s′ Rydberg transitions at (a) non-critical temperatures and
(b) on an isotherm (i.e., −121.8◦C) near the critical isotherm. The data are offset
vertically by the argon number density ρAr. The transition energy is E0 = 9.557 eV
for the unperturbed Xe 6s′ Rydberg transition.
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Figure 4.6: (a) The argon induced shift ∆(ρAr), as approximated by eq. (2.22), of
the primary transition for the Xe 6s and 6s′ Rydberg states as a function of argon
number density ρAr at (•) non-critical temperatures and (◦) along an isotherm near
the critical isotherm. (b) An expanded view of ∆(ρAr)The solid lines are a visual aid.
See text for discussion.

General trends emerged in the behavior of the simulated line shape as a function of

the intermolecular potential parameters. For instance, we observed that the strength

of the asymmetric blue broadening of a band increases with increasing ∆re ≡ r
(g)
e −r

(e)
e

[where r
(i)
e is the equilibrium dopant/perturber distance for either the ground state

dopant (i = g) or the excited state dopant (i = e)]. However, the overall perturber-

induced energy shift of the band depended on the ground state intermolecular po-
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tential well depth ε(g) as well as ∆re. The slight red shift at low perturber number

densities, however, was controlled by the excited state intermolecular potential well

depth ε(e). Comparison of Figs.4.4a and 4.5a shows that the 6s Rydberg state broad-

ens and shifts to higher energies more quickly than does the 6s′ state. Since both

transitions are excited from the same ground state (implying that the ground state

intermolecular potential parameters remain unchanged), ∆re must decrease and ε(e)

increase in order to simulate the Xe 6s′ Rydberg state in argon correctly. These gen-

eral trends proved helpful when determining the intermolecular potential parameters

for new systems.

Messing, et al. [45, 46] concluded that the argon induced energy shift is density

dependent and temperature independent. However, both our experimental absorp-

tion spectra and the line shape simulations show a distinct temperature dependence

near the argon critical point. To test the sensitivity of the perturber critical point

effect, we extracted the perturber dependent shift ∆(ρAr) of the simulated primary

Xe 6s transition in supercritical argon near the critical density along three different

isotherms (i.e., Tr = 1.01, 1.06 and 1.11, where Tr = T/Tc with Tc = −122.3◦C).

These data are shown in Fig. 4.7a and clearly show that the critical effect is ex-

tremely sensitive to temperature and can be easily missed if the temperature of the

system is not maintained close to the critical isotherm. If we return to the line shape

equation [i.e., eq. (3.2)], we observe that the two-body interaction term A1(t) and

the three-body interaction term A2(t) depend on the difference between the excited

state and ground state intermolecular potentials and on the perturber/dopant radial

distribution function. Since the potential difference will not depend dramatically
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Figure 4.7: (a) The calculated argon induced shift ∆(ρAr) doped into supercritical
argon plotted as a function of reduced argon number density at a reduced temperature
Tr = 1.01 (◦), 1.06 (•) and 1.11 (N). (b) The local densities (ρlocal = gmax ρbulk) of the
first argon solvent shell around a central Xe atom plotted as a function of reduced
argon number density at a reduced temperature Tr ' 1.01 (◦), 1.06 (•) and 1.11 (N).
The solid lines are provided as visual aid.

on temperature, the critical point effect must be dominated by changes in the per-

turber/dopant radial distribution function gPD(r). In Fig. 4.7b, we plot the local

density of the first solvent shell as a function of the bulk reduced argon number

density on the same three isotherms. The Tr = 1.01 isotherm shows a much larger

density deviation near the critical density in comparison to the other two isotherms.

Thus, the argon induced blue shift is caused by the first perturber shell shielding

the cationic core from the optical election. This increase in shielding decreases the

binding energy of the electron, thereby increasing the excitation energy.

4.2 CH3I low-n Rydberg states in Ar, Kr and Xe

4.2.1 CH3I absorption

The CH3I 6s and 6s′ Rydberg states doped into supercritical argon, krypton and

xenon were investigated both experimentally and theoretically [58] from low per-

turber number density to the density of the triple point liquid, at both non-critical
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temperatures and on an isotherm near (i.e., +0.5◦C) the critical isotherm of the per-

turber. The CH3I 6s and 6s′ Rydberg states show perturber-induced energy shifts and

broadening similar to that observed for the Xe low-n Rydberg states in supercritical

argon. The peak positions of the absorption spectra shift to the red slightly and then

strongly to the blue as a function of perturber number densities. This is similar to

the behavior for CH3I in dense rare gases observed by Messing, et al. [47,48]. Unlike

Xe, which forms heterogenous dimers in argon, the CH3I/perturber interactions are

weaker. Thus, CH3I does not possess blue satellite bands caused by dimer or excimer

formation. However, CH3I does possess a strong vibrational transition on the blue

side of the adiabatic transition. Fig. 2.7 shows the absorption of both the 6s and 6s′

Rydberg states of CH3I and clearly illustrates the vibrational state, which represents

the CH3 group deformation vibrational band ν2. Figs. 4.8 - 4.10 present selected

photoabsorption spectra for the CH3I 6s Rydberg transition doped into supercrtical

argon, krypton and xenon, while similar graphs for the CH3I 6s′ transition are shown

in Figs. 4.11 - 4.13. Experimental spectra of CH3I in Xe at number densities between

5.0 × 1021 cm−3 and 7.0 × 1021 cm−3 could not be obtained, because of the large

density deviation induced by small temperature fluctuations (≈ 2.0 × 1021 cm−3 for

a 0.001◦C temperature change) in this density region.

The experimental absorption of CH3I low-n Rydberg transitions show that as

the perturber number density increases, the ν2 vibrational band broadens and shifts

until it merges with the adiabatic transition. Therefore, determining the perturber

induced shift ∆(ρP) of the adiabatic transition from a simple moment analysis of

the spectra presented in Figs. 4.8 - 4.13 is not possible, and we must perform an
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accurate line shape analysis of these data in order to extract ∆(ρP) and investigate

the perturber critical effect. However, some qualitative information can be gleaned

from Figs. 4.8 - 4.13. First, the rate of the broadening and the rate of shift for both the

adiabatic transition band and the ν2 vibrational transition band differ dramatically

for different perturbers. However, the CH3I 6s and 6s′ transitions have almost the

same perturber induced shift, which differs from the behavior observed for the Xe in

Ar system previously presented.

Figure 4.8: Selected photoabsorption spectra for the CH3I 6s Rydberg transition in
argon at (a) non-critical temperatures and (b) on an isotherm (−121.8◦C) near the
critical isotherm. The data are offset vertically by the argon perturber number density
ρAr. The transition energy is E0 = 6.154 eV for the unperturbed CH3I 6s Rydberg
transition. While all spectra have been normalized to 1 for future comparison to
simulated line shapes, the integrated intensity is independent of ρAr.
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Figure 4.9: Selected photoabsorption spectra for the CH3I 6s Rydberg transition
in krypton at (a) non-critical temperatures and (b) on an isotherm (−63.3◦C) near
the critical isotherm. The data are offset vertically by the krypton number density
ρKr. The transition energy is E0 = 6.154 eV for the unperturbed CH3I 6s Rydberg
transition. While all spectra have been normalized to 1 for future comparison with
simulated line shapes, the integrated intensity is independent of ρKr.

Figure 4.10: Selected photoabsorption spectra for the CH3I 6s Rydberg transition
in xenon at (a) non-critical temperatures and (b) on an isotherm (17.0◦C) near the
critical isotherm. The data are offset vertically by the xenon number density ρXe. The
transition energy is E0 = 6.154 eV for the unperturbed CH3I 6s Rydberg transition.
While all spectra have been normalized to 1 for future comparison with simulated
line shapes, the integrated intensity is independent of ρXe.
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Figure 4.11: Selected photoabsorption spectra for the CH3I 6s′ Rydberg transition in
argon at (a) non-critical temperatures and (b) on an isotherm (−121.8◦C) near the
critical isotherm. The data are offset vertically by the argon number density ρAr. The
transition energy is E0 = 6.767 eV for the unperturbed CH3I 6s′ Rydberg transition.
While all spectra have been normalized to 1 for future comparison with simulated
line shapes, the integrated intensity is independent of ρAr.

Figure 4.12: Selected photoabsorption spectra for the CH3I 6s′ Rydberg transition
in krypton at (a) non-critical temperatures and (b) on an isotherm (−63.3◦C) near
the critical isotherm. The data are offset vertically by the krypton perturber number
density ρKr. The transition energy is E0 = 6.767 eV for the unperturbed CH3I 6s′

Rydberg transition. While all spectra have been normalized to 1 for future comparison
with simulated line shapes, the integrated intensity is independent of ρKr.
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Figure 4.13: Selected photoabsorption spectra for the CH3I 6s′ Rydberg transition
in xenon at (a) non-critical temperatures and (b) on an isotherm (17.0◦C) near the
critical isotherm. The data are offset vertically by the xenon perturber number density
ρXe. The transition energy is E0 = 6.767 eV for the unperturbed CH3I 6s′ Rydberg
transition. While all spectra have been normalized to 1 for future comparison with
simulated line shapes, the integrated intensity is independent of ρXe.

4.2.2 Line shape simulations

Although CH3I in the rare gases does not form dimers or excimers, the accurate sim-

ulation of the low-n Rydberg transitions must include both the adiabatic transition,

given by eq. (2.27) and denoted a in Fig. 2.7, as well as one quantum of the CH3

deformation vibrational transition ν2 in the excited state, given by eq. (2.28) and

denoted b in Fig. 2.7. For all of the simulations presented here, we again chose eq.

(3.14) for the ground-state perturber/perturber intermolecular interactions. All of the

ground-state dopant/perturber interactions, on the other hand, were approximated

with eq. (3.16). The excited-state dopant/ground state perturber interactions were

again modeled using eq. (3.17). All intermolecular potential parameters except the

Ar/Ar, Kr/Kr, Xe/Xe, CH3I/Ar, and CH3I/Kr ground state potential parameters

were adjusted by hand to give the best simulated line shape in comparison to our ex-
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Figure 4.14: Photoabsorption spectra (solid line, relative intensity units) of the CH3I
6s transition doped into Ar at an argon number density of ρAr = 1.89 × 1021 cm−3

and a temperature of −79.8◦C. a corresponds to eq. (2.27) and b to eq. (2.28). The
dashed line is the complete simulation, while the dotted lines represent the individual
simulation using (3.2) with the intermolecular potential parameters given in Table
4.2. For the adiabatic transition a, E0 = 6.154 eV. For the vibrational transition b,
E0 = 6.291 eV.

perimental absorption spectra. (The Ar/Ar, Kr/Kr, Xe/Xe, CH3I/Ar, and CH3I/Kr

ground-state potential parameters used are in accord with those employed in our

earlier studies of the quasi-free electron energy in rare gas perturbers [32].) Table

4.2 gives the values for all intermolecular potential parameters used in the line shape

simulations presented here. The relative intensities of the simulated bands were fixed

by comparison to the absorption spectra of CH3I at perturber number densities where

all bands (i.e., the adiabatic and vibrational transitions) could be clearly identified.

Experimentally, at low perturber number densities the ratio of the vibrational band

intensity to the adiabatic transition intensity is 0.22 for both the CH3I 6s and 6s′

Rydberg states in all three perturbers. An example of a complete simulation of CH3I

low-n Rydberg state is shown in Fig. 4.14.
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Table 4.2: Intermolecular potential parameters for all dopant/perturber systems.

ε/kB (K) re (Å) γ
Ar/Ar 119.5 3.826a –
Kr/Kr 172.7 4.031a –
Xe/Xe 229.0 4.552a –

CH3I/Ar 162.2 4.572a –
CH3I/Kr 196.7 4.676a –
CH3I/Xe 297.46 4.896a –

CH3I 6s/Ar 110.0 6.300 12.75
CH3I 6s/Kr 245.0 6.200 11.30
CH3I 6s/Xe 400.0 6.390 10.25

CH3I 6s ν2/Ar 150.0 6.300 12.15
CH3I 6s ν2/Kr 225.0 6.300 10.75
CH3I 6s ν2/Xe 360.0 6.500 9.50

CH3I 6s′/Ar 110.0 6.300 12.75
CH3I 6s′/Kr 245.0 6.200 11.30
CH3I 6s′/Xe 400.0 6.290 10.25

CH3I 6s′ ν2/Ar 150.0 6.300 12.15
CH3I 6s′ ν2/Kr 225.0 6.300 10.75
CH3I 6s′ ν2/Xe 360.0 6.350 9.50

aFor a Lennard-Jones 6-12 potential, σ = 2−1/6re.

Figs.4.15 - 4.20 present a comparison between the simulated line shapes (dotted

lines) and the experimental absorption of the low-n CH3I Rydberg transitions in the

atomic perturbers at non-critical temperatures and on an isotherm near the critical

isotherm of the perturber. As was true for Xe in Ar, the simulated spectra closely

match the experimental spectra for all densities. Both the simulated and experimental

line shapes show a slight red shift at low perturber number densities, followed by a

strong blue shift at high perturber densities. Given the accuracy of the simulated

line shapes, simulated spectra for CH3I in Xe in the region where experimental data
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were unobtainable are also presented in Figs. 4.17 and 4.20. We should note here

that we were able to model the CH3I 6s and 6s′ Rydberg states in Ar using the same

set of intermolecular potential parameters for both states. This behavior was also

observed for the CH3I 6s and 6s′ Rydberg states in Kr. With identical potential

parameters, the perturber induced shift ∆(ρP) will be the same for the 6s and 6s′

states. The independence of ∆(ρP) on the dopant cationic core state is different from

that observed for Xe low-n Rydberg states in Ar and will be discussed in more detail

below. The accurate line shape simulations allow ∆(ρP) for the adiabatic transitions

to be extracted using eq. (2.22).

4.2.3 Discussion

As with Xe in Ar, the accurate line shape simulations allow a moment analysis to be

performed on the CH3I low-n adiabatic Rydberg transition to obtain the perturber

induced shift ∆(ρP) from eq.(2.22). The first moment of the simulated CH3I 6s adia-

batic transition is plotted as a function of the reduced perturber number density ρr in

Fig. 4.21 and in Fig. 4.22 for the 6s and 6s′ transition, respectively. The first moment

of the simulated adiabatic band does not red shift at low perturber density, as was

originally stated by Messing, et al. [47,48]. This absence of a red shift is again caused

by the blue degradation of the adiabatic transition, which places the average energy

(i.e., the first moment) of the band to the high energy side of the absorption maxi-

mum. The ground state interaction between CH3I and the perturber is attractive, and

therefore the ground state of the dopant is stabilized by the perturber solvent shell.

The slight red shift of the absorption maximum observed at low perturber number

densities is indicative of the stabilization of the CH3I excited states by the perturber
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Figure 4.15: Selected photoabsorption spectra (—, relative units) and simulated line
shapes (· · · ) for the CH3I 6s Rydberg transition in argon at (a) non-critical tempera-
tures and (b) on an isotherm (−121.8◦C) near the critical isotherm. The data are off-
set vertically by the argon number density ρAr. The transition energy is E0 = 6.154 eV
for the unperturbed CH3I 6s Rydberg transition. The variation between experiment
and simulation is caused by other vibrational transitions and by perturber-dependent
lifetime broadening not modeled here.
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Figure 4.16: Selected photoabsorption spectra (—, relative units) and simulated line
shapes (· · · ) for the CH3I 6s Rydberg transition in krypton at (a) non-critical tem-
peratures and (b) on an isotherm (−63.3◦C) near the critical isotherm. The data
are offset vertically by the krypton number density ρKr. The transition energy is
E0 = 6.154 eV for the unperturbed CH3I 6s Rydberg transition. The variation be-
tween experiment and simulation is caused by other vibrational transitions and by
perturber-dependent lifetime broadening not modeled here.
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Figure 4.17: Selected photoabsorption spectra (—, relative units) and simulated line
shapes (· · · ) for the CH3I 6s Rydberg transition in xenon at (a) non-critical tempera-
tures and (b) on an isotherm (17.0◦C) near the critical isotherm. The data are offset
vertically by the xenon number density ρXe. The transition energy is E0 = 6.154 eV
for the unperturbed CH3I 6s Rydberg transition. The variation between experiment
and simulation is caused by other vibrational transitions and by perturber-dependent
lifetime broadening not modeled here.
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Figure 4.18: Selected photoabsorption spectra (—, relative units) and simulated line
shapes (· · · ) for the CH3I 6s′ Rydberg transition in argon at (a) non-critical tempera-
tures and (b) on an isotherm (−121.8◦C) near the critical isotherm. The data are off-
set vertically by the argon number density ρAr. The transition energy is E0 = 6.767 eV
for the unperturbed CH3I 6s′ Rydberg transition. The variation between experiment
and simulation is caused by other vibrational transitions and by perturber-dependent
lifetime broadening not modeled here.
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Figure 4.19: Selected photoabsorption spectra (—, relative units) and simulated line
shapes (· · · ) for the CH3I 6s′ Rydberg transition in krypton at (a) non-critical tem-
peratures and (b) on an isotherm (−63.3◦C) near the critical isotherm. The data
are offset vertically by the krypton number density ρKr. The transition energy is
E0 = 6.767 eV for the unperturbed CH3I 6s′ Rydberg transition. The variation be-
tween experiment and simulation is caused by other vibrational transitions and by
perturber-dependent lifetime broadening not modeled here.
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Figure 4.20: Selected photoabsorption spectra (—, relative units) and simulated line
shapes (· · · ) for the CH3I 6s′ Rydberg transition in xenon at (a) non-critical temper-
atures and (b) on an isotherm (17.0◦C) near the critical isotherm. The data are offset
vertically by the xenon number density ρXe. The transition energy is E0 = 6.767 eV
for the unperturbed CH3I 6s′ Rydberg transition. The variation between experiment
and simulation is caused by other vibrational transitions and by perturber-dependent
lifetime broadening not modeled here.
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solvent shell. As the density increases, however, perturber molecules begin to shield

the optical electron from the CH3I cationic core, thereby increasing the excitation

energy of the optical electron. Thus, as the perturber density increases, the energy of

the excited state also increases, leading to a blue shift at higher perturber densities.

The 6s and 6s′ Rydberg states correspond to an optical electron in the same

Rydberg orbital, but with the cation in a different core state: J = 3/2 for s and

J = 1/2 for s′, where J is the total angular momentum of the core. In our investigation

of ∆(ρP) for Xe in Ar (cf. Section 4.1), we found that ∆(ρP) of the 6s transition is

0.2 eV larger than that for the 6s′ transition, indicating that the change in the core

quadrupole moment affects the dopant/perturber interactions in a dense perturbing

medium. However, ∆(ρP) for the CH3I 6s and 6s′ Rydberg transitions near the triple

point density are identical to within experimental error for the perturbers argon and

krypton, and differ only slightly (i.e., 30 meV) for CH3I in xenon. The insensitivity

of these CH3I/perturber systems to the change in the CH3I cationic core is probably

caused by the large permanent dipole moment of CH3I, which masks the effect of the

quadrupole moment. Xenon, however, is extremely sensitive to electric fields because

of its large polarizability. Therefore, the slight difference between the xenon induced

shifts of the CH3I 6s and 6s′ Rydberg transitions may well be caused by small changes

in the permanent dipole moment of CH3I influencing changes in the induced dipole

or local quadrupoles in the xenon perturber.

A critical point effect on the 6s and 6s′ transition energies is also apparent in Figs.

4.21 and 4.22 for all three perturbers. The CH3I 6s adiabatic transition in argon is

blue-shifted by 20 meV near the critical temperature and critical density, while those
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Figure 4.21: (a) The perturber induced shift ∆(ρP), as approximated by a moment
analysis [i.e., eq. (2.22)], of the simulated primary transition for the CH3I 6s Rydberg
state as a function of the reduced perturber number density ρr for argon, krypton and
xenon. (•), simulations obtained at noncritical temperatures; (◦), simulations near
the critical isotherm. (b) An expanded view of ∆(ρP) near the perturber critical point.
ρc = 8.0× 1021 cm−3 for argon, ρc = 6.6× 1021 cm−3 for krypton and ρc = 5.0× 1021

cm−3 for xenon [32]. The solid lines provide a visual aid. See text for discussion.
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Figure 4.22: The perturber induced shift ∆(ρP), as approximated by a moment anal-
ysis [i.e., eq. (2.22)], of the simulated primary transition for the CH3I 6s′ Rydberg
state as a function of the reduced perturber number density ρr. See the caption of
Fig. 4.21.
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in krypton and xenon are blue-shifted by 30 meV and 15 meV, respectively. Identical

results are obtained for the CH3I 6s′ adiabatic transitions in argon and krypton.

However, a smaller critical effect of 5 meV is observed for the CH3I 6s′ transition in

xenon, which is related to the smaller overall blue shift of the CH3I 6s′ transition in

comparison to the 6s transition.

In the low to medium density range, the energy of the absorption maximum for the

6s and 6s′ CH3I Rydberg states has a larger red shift in xenon, which is caused by the

larger xenon polarizability. The CH3I Rydberg states also broaden more quickly in

xenon. This increased broadening is probably due to a combination of increased xenon

polarizability and an increase in the probability of collisional de-excitation due to the

size of xenon. However, ∆(ρP) is larger for argon than for krypton and xenon. This

change is caused by an overall decrease in the total number of perturber atoms within

the first solvent shell surrounding the CH3I dopant as the perturber atoms become

larger. The variation in the critical point effect, with krypton having a larger effect

than argon and xenon, is caused by the strength of the perturber/CH3I interactions

in comparison to the perturber/perturber interactions, coupled with the differences

in the ground-state and excited-state dopant/perturber interaction potentials. The

CH3I/Kr ground state potential well depth is close (i.e., 24 K) to the Kr/Kr potential

well depth. This implies that the CH3I/Kr interactions near the krypton critical point

will be comparable to the Kr/Kr interactions, thereby leading to a large increase in

the local perturber density near the critical point of the perturber, and a larger critical

point effect. Similarly, the critical point effect decreases as one goes from krypton to
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argon to xenon because the difference in well depth for all intermolecular potentials

increases.

4.3 Conclusions

In this chapter, we have shown that a semi-classical line shape simulation can be

used to model a wide variety of dopant/atomic perturber systems with an appropri-

ate choice of intermolecular potentials. We also illustrated that a single choice of

intermolecular potentials was sufficient to simulate accurately the line shapes across

the entire perturber density range at non-critical temperatures and along the critical

isotherm. Using these simulations, we were able to extract the perturber induced shift

of the primary electronic transitions, which allowed us to observe a perturber critical

effect for the first time. The understanding of perturber effects on atomic and molecu-

lar transitions in dense atomic fluids has led to valuable insights into dopant/perturber

intermolecular interactions. We have also shown that the local perturber structure

around the dopant molecule strongly influences the strength of the perturber critical

point effects on dopant electronic transitions. In the next chapter, we will extend our

analysis to dopant/molecular perturber systems.



Chapter 5

Molecular perturbers

5.1 Xe 6s Rydberg state in CF4

The Xe 6s Rydberg state doped into supercritical CF4 [59] was investigated both

experimentally and theoretically from low CF4 number density to the density of the

triple point liquid, at non-critical temperatures and on an isotherm (i.e., −44.9◦C)

near the CF4 critical isotherm. The Xe 6s Rydberg state shows a similar perturber-

induced energy shift and broadening as that observed in the previous Xe/atomic per-

tuber systems. However, no ground state dopant/perturber dimers or dopant/perturber

excimers are formed in this system, as evidenced by the lack of satellite bands. Our

group also attempted to measure the Xe 6s′ Rydberg transition in supercritical CF4.

The Xe 6s′ Rydberg state shows similar perturber-induced energy shifts at low to

medium CF4 number densities. Regretably, the ultrahigh purity CF4 contains a ni-

trogen impurity that becomes concentrated enough to absorb light at higher CF4

number densities. (The change in the nitrogen concentration is caused by the fact

that the number density of CF4 is increased by adding perturber gas containing the

nitrogen impurity.) As the CF4 number density increases, the Xe 6s′ transition shifts

to higher energies, which moves this transition into the region where the nitrogen

73
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Table 5.1: Intermolecular potential parameters for eqs. (3.14) and (3.17) used to
simulate the Xe 6s line shapes in CF4.

ε/kB (K) re (Å) γ
CF4/CF4 181.02 4.708 a –
Xe/CF4 199.34 4.629a –

Xe 6s/CF4 135.0 6.55 12.25
aFor a Lennard-Jones 6-12 potential [i.e., eq. (3.14)], σ = 2−1/6re.

absorption occurs. Thus, the Xe 6s′ Rydberg state cannot be fully studied over the

entire perturber density range. Because we lack a complete data set for the Xe 6s′

transition, we chose not to show these data here.

Without blue satellite bands or vibrational transitions, the Xe 6s Rydberg state

simulation only involves the primary Rydberg transition [i.e., eq. (2.24)]. For all the

simulations presented here, we chose the Lennard-Jones 6-12 potential [i.e., eq. (3.14)]

for both the ground-state CF4/CF4 intermolecular interaction and the ground-state

Xe/CF4 interaction. The excited-state Xe/ground-state CF4 interaction was again

modeled using the exponential-6 potential [i.e., eq. (3.17)]. All intermolecular po-

tential parameters were adjusted by hand to give the best simulated line shape in

comparison to our experimental absorption spectra. Table 5.1 gives the values for all

intermolecular potential parameters used in the line shape simulation presented here.

Figs. 5.1a and 5.1b show a comparison between the simulated line shapes (dotted

lines) and the experimental absorption spectra (solid lines) for the Xe 6s transition

at non-critical temperatures (cf. Fig. 5.1a) and on an isotherm (−44.9◦C) near the

critical isotherm (cf. Fig. 5.1b). The simulated spectra closely match the experi-

mental spectra for all densities. With these accurate line shape simulations, moment

analyses can be performed on the Xe 6s transition to investigate perturber critical
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Figure 5.1: Selected photoabsorption spectra (–, relative scale) and simulated line
shapes (· · · ) for the Xe 6s Rydberg transition at (a) non-critical temperatures and
(b) on an isotherm (i.e., −44.9◦C) near the critical isotherm. The data are offset
vertically by the CF4 number density ρCF4

. The transition energy is E0 = 8.424 eV
for the unperturbed Xe 6s Rydberg transition. The variation between experiment and
simulation may be caused by perturber-dependent lifetime broadening not modeled
here. While all experimental spectra have been normalized to 1 for comparison with
the simulated line shapes, the integrated intensity is independent of ρCF4

. The obvious
bumps on the 6s Rydberg absorbance band at high CF4 number densities are caused
by the strong absorption of a nitrogen impurity.
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Figure 5.2: (a) The CF4 induced shift ∆(ρCF4
) of the Xe 6s transition as a function of

reduced number density ρr at (•) non-critical temperatures and (◦) along an isotherm
(i.e., −44.9◦C) near the CF4 critical isotherm. In order to aid comparison between all
data sets, we chose to keep the same energy and reduced density scale, even though
this prevents the final density point from showing on this graph. (b) An expanded
view of ∆(ρCF4

) near the CF4 critical point. ρc = 4.309×1021cm−3 for CF4 [83–86].
The solid lines are a visual aid. See text for discussion.

point effects. The average CF4 induced shift ∆(ρCF4
) of the Xe 6s transition as a

function of reduced CF4 number density is shown in Fig. 5.2. Fig. 5.2b shows an

enhanced view of the perturber critical region with a total critical point effect of ∼

10 meV. The reason for such a small critical point effect will be discussed later in this

chapter.

5.2 CH3I low-n Rydberg states in CH4

The CH3I 6s and 6s′ Rydberg states doped into supercritical CH4 [59] were inves-

tigated both experimentally and theoretically from low CH4 number density to the

density of the triple point liquid, at non-critical temperatures and on an isotherm

(i.e., − 81.5◦C) near the CH4 critical isotherm. The CH3I 6s and 6s′ Rydberg states

show similar perturber-induced energy shifts and broadening as that observed in the



5. MOLECULAR PERTURBERS 77

CH3I/atomic pertuber systems discussed in Section 4.2. Both the adiabatic transi-

tion and the vibrational transition broaden and shift as the number density of CH4

increases. In comparison to the atomic perturber systems, both the CH3I 6s and 6s′

Rydberg transitions in CH4 broaden faster on both the low energy and high energy

side of the transition bands. This increased broadening is caused by the interaction

of the vibrational and rotational degrees of freedom in the perturber with those in

the excited state dopant, creating more pathways for energy distribution during the

dopant/perturber interaction. Moreover, the CH3I line shapes distinctly change near

the critical density and temperature of the perturber (cf. Figs. 5.3b and 5.4b below).

As discussed in Section 4.2, accurate modeling of the CH3I low-n Rydberg state

absorption spectra requires the simulation of both the adiabatic transition and the

vibrational transition ν2, which are denoted a and b in Fig. 2.7, respectively. For all

of the simulations, we chose the two-Yukawa potential in eq. (3.15) for the ground

state CH4/CH4 intermolecular interactions. Although either the Lennard-Jones 6-12

potential or the two-Yukawa potential with proper parameters can be used to simulate

the experimental CH3I line shapes in CH4, the two-Yukawa form showed a better fit to

the quasi-free electron energy and the equation of state [39,89]. (We should note here

that the insensitivity of these calculations to the ground state perturber/perturber

intermolecular potential arises because this potential is only necessary to calculate the

perturber/perturber radial distribution function used in the third order interaction

term of eq. (3.2).) Again, the ground-state CH3I/CH4 interaction is taken to be the

modified Stockmeyer intermolecular potential in the Lennard-Jones 6-12 form [i.e.,

eq. (3.14)], and the excited-state CH3I/CH4 interaction is a standard exponential-6
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Table 5.2: Intermolecular potential parameters for eqs. (3.15), (3.14) and (3.17) used
to simulate the CH3I absorption line shapes in CH4.

ε/kB (K) re (Å) γ κ0 (Å) z1 (Å−1) z2 (Å−1)
CH4/CH4 141.5 3.704a – 8.50 0.90 4.25

CH3I/CH4 195.80 4.243a – – – –
CH3I 6s/CH4 145.0 6.55 10.10 – – –

CH3I 6s ν2/CH4 105.0 6.65 9.95 – – –
CH3I 6s′/CH4 145.0 6.55 10.10 – – –

CH3I 6s′ ν2/CH4 105.0 6.65 9.95 – – –
aFor a two-Yukawa potential [i.e., eq. (3.15)] and

a Lennard-Jones 6-12 potential [i.e., eq. (3.14)], σ = 2−1/6re.

potential [i.e., eq. (3.17)]. All the intermolecular potential parameters are adjusted

manually to achieve the best fit to the experimental absorption spectra, and these

parameters are presented in Table 5.2. The intensity of the simulated vibrational

transition relative to that of the adiabatic transition is again taken to be 0.22.

Fig. 5.3 shows a comparison between the simulated line shapes (dotted lines)

and the experimental absorption spectra (solid lines) for the CH3I 6s transition at

non-critical temperatures (cf. Fig. 5.3a) and on an isotherm (−81.5◦C) near the

critical isotherm (cf. Fig. 5.3b). Similar data are presented in Figs. 5.4a and 5.4b

for the CH3I 6s′ transition in CH4. Clearly, the simulated spectra closely match

the experimental spectra for all perturber densities. (There are slight differences in

the simulated line shapes and the experimental data near the critical density and

temperature. These differences are probably caused by increased perturber-induced

lifetime broadening due to the large correlation length of the solvent and the added

degrees of freedom in the solvent.) With these accurate line shape simulations, mo-

ment analyses were performed on the CH3I 6s and 6s′ Rydberg transitions in order

to investigate perturber critical point effects. The average CH4 induced shift ∆(ρCH4
)
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Figure 5.3: Selected photoabsorption spectra (–, relative scale) and simulated line
shapes (· · · ) for the CH3I 6s Rydberg transitions at (a) non-critical temperatures
and (b) on an isotherm (−81.5◦C) near the critical isotherm. The data are offset
vertically by the CH4 number density ρCH4

. The transition energy is E0 = 6.154 eV
for the unperturbed CH3I 6s Rydberg transition. The variation between experiment
and simulation is caused by other vibrational transitions and by perturber-dependent
lifetime broadening not modeled here. While all experimental spectra have been
normalized to 1 for comparison with the simulated line shapes, the integrated intensity
is independent of ρCH4

.
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Figure 5.4: Selected photoabsorption spectra (–, relative scale) and simulated line
shapes (· · · ) for the CH3I 6s′ Rydberg transitions at (a) non-critical temperatures
and (b) on an isotherm (−81.5◦C) near the critical isotherm. The data are offset
vertically by the CH4 number density ρCH4

. The transition energy is E0 = 6.767 eV
for the unperturbed CH3I 6s′ Rydberg transition. The variation between experiment
and simulation is caused by other vibrational transitions and by perturber-dependent
lifetime broadening not modeled here. While all experimental spectra have been
normalized to 1 for comparison with the simulated line shapes, the integrated intensity
is independent of ρCH4

.
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of the CH3I adiabatic transitions as a function of reduced CH4 number density are

shown in Fig. 5.5. Fig. 5.5b enlarges the perturber critical region where a significant

critical point effect (∼ 50 meV) appears. The reasons for this large critical point

effect will be discussed later in this chapter.

Figure 5.5: (a) The CH4 induced shift ∆(ρCH4
) of the CH3I 6s and 6s′ Rydberg

transitions as a function of reduced number density ρr at (•) non-critical temperatures
and (◦) along an isotherm near the critical isotherm. (b) An expanded view of ∆(ρCH4

)
near the CH4 critical point. ρc = 6.068×1021cm−3 for CH4 [82]. The solid lines are a
visual aid. See text for discussion.
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Table 5.3: Intermolecular potential parameters for eqs. (3.14) and (3.17) used to
simulate the CH3I 6s line shapes in CF4.

ε/kB (K) re (Å) γ
CF4/CF4 181.02 4.708 a –

CH3I/CF4 256.01 5.016 a –
CH3I 6s/CF4 185.0 6.84 12.10

CH3I 6s ν2/CF4 135.0 6.84 11.90
CH3I 6s′/CF4 185.0 6.84 12.10

CH3I 6s′ ν2/CF4 135.0 6.84 11.90
aFor a Lennard-Jones 6-12 potential [i.e., eq. (3.14)], σ = 2−1/6re.

5.3 CH3I low-n Rydberg states in CF4

The CH3I 6s and 6s′ Rydberg states doped into supercritical CF4 [59] were measured

from low CF4 number density to the density of the triple point liquid, at various

non-critical temperatures and on an isotherm (i.e., −44.9◦C) near the CF4 critical

temperature. All absorption spectra were compared to a full line shape simulation

that included the adiabatic transition and a dominant vibrational transition (denoted

by a and b, respectively, in Fig. 2.7). A Lennard-Jones 6-12 potential was used for the

ground state CF4/CF4 interaction, since we do not have enough experimental data for

the quasi-free electron energy in CF4 [89] to independently fix this intermolecular po-

tential. The modified Stockmeyer potential in a Lennard-Jones 6-12 form was used for

the ground state CH3I/CF4 interaction. We again employed a standard exponential-6

potential for all of the excited-state CH3I/CF4 interactions. All intermolecular po-

tential parameters (cf. Table 5.3) were manually varied to achieve the best fit to the

experimental spectra. The ratio between the intensity of the vibrational transition

and that of the adiabatic transition was again maintained at 0.22.
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Figs. 5.6 and 5.7 show a comparison between the simulated line shapes (dotted

lines) and the experimental absorption spectra (solid lines) for the CH3I 6s and 6s′

transitions at non-critical temperatures (cf. Figs. 5.6a and 5.7a) and on an isotherm

(−44.9◦C) near the critical isotherm (cf. Figs. 5.6b and 5.7b). The simulated spectra

again closely match the experimental spectra for all perturber number densities. The

accurate line shape simulations allow us to perform a moment analysis on the primary

Rydberg transition in order to determine the average perturber-induced energy shift.

The average CF4 induced shift ∆(ρCF4
) of the CH3I 6s and 6s′ transitions as a function

of reduced CF4 number density is shown in Fig. 5.8a. Fig. 5.8b presents an enhanced

view of the perturber critical region with a critical point effect of ∼ 25 meV.

5.4 Discussion

The low-n Rydberg state transitions in supercritical molecular fluids show similar

behavior to that seen in atomic fluids. The first moment ∆(ρP) of the simulated

adiabatic transitions are plotted as functions of the reduced perturber density ρr in

Figs. 5.2, 5.5 and 5.8. All of these graphs illustrate a perturber-induced blue shift

from low density to the density of the triple point liquid with a striking change in

the shift near the critical density and temperature of the perturber. The first solvent

shell of the perturber shields the optical electron from the cationic core. Thus, as the

perturber number density increases, the low-n Rydberg state excitation energy shifts

more to the blue. Near the perturber critical point region, the local density of the

perturber increases due to increased perturber fluctuations. Thus, the low-n Rydberg

state excitation energy shifts more to the blue near the critical point. As mentioned

previously, the experimental spectra also show that the low-n Rydberg transitions
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Figure 5.6: Selected photoabsorption (–, relative scale) and simulated line shapes
(· · · ) for the CH3I 6s Rydberg transition at (a) non-critical temperatures and (b)
on an isotherm (−44.9◦C) near the critical isotherm. The data are offset vertically
by the CF4 number density ρCF4

. The transition energy is E0 = 6.154 eV for the
unperturbed CH3I 6s Rydberg transition. The variation between experiment and
simulation is caused by other vibrational transitions and by perturber-dependent
lifetime broadening not modeled here. While all experimental spectra have been
normalized to 1 for comparison with the simulated line shapes, the integrated intensity
is independent of ρCF4

.
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Figure 5.7: Selected photoabsorption spectra (–, relative scale) and simulated line
shapes (· · · ) for the CH3I 6s′ Rydberg transition at (a) non-critical temperatures
and (b) on an isotherm (−44.9◦C) near the critical isotherm. The data are offset
vertically by the CF4 number density ρCF4

. The transition energy is E0 = 6.767 eV
for the unperturbed CH3I 6s′ Rydberg transition. The variation between experiment
and simulation is caused by other vibrational transitions and by perturber-dependent
lifetime broadening not modeled here. While all experimental spectra have been
normalized to 1 for comparison with the simulated line shapes, the integrated intensity
is independent of ρCF4

.
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Figure 5.8: (a) The CF4 induced shift ∆(ρCF4
) of the CH3I 6s and 6s′ Rydberg

transitions plotted as a function of reduced number density ρr at (•) non-critical
temperatures and (◦) along an isotherm near the critical isotherm. (b) An expanded
view of ∆(ρCF4

) near the CF4 critical point. ρc = 4.309×1021cm−3 for CF4 [83–86].
The solid lines are a visual aid. See text for discussion.
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broaden faster in molecular perturbers when compared to atomic perturbers, although

the perturber induced shift is comparable.

When comparing the average perturber induced shift ∆(ρP) between atomic per-

turbers and molecular perturbers, we observe that the perturber CF4 shifts both

the atomic and molecular Rydberg transitions to a larger extent than do the other

perturbers. According to the law of corresponding states, all gases should deviate

from ideal behavior to approximately the same degree, when reduced variables are

used. Since all of the gases in this investigation are highly symmetric, the reduced

density at the triple point should be similar for them all. This is indeed the case for

the rare gases and methane, where the reduced triple point density is approximately

2.65± 0.05. However, the reduced triple point density of CF4 is 3.00. Moreover, the

compressibility factor for CF4 at high densities is significantly smaller than that for

Ar and CH4, indicating that CF4 is a more attractive gas at high densities. Thus,

CF4 is more compressible and, therefore, is packed closer together at high densities

in comparison to the other gases in this study. This higher compressibility should

lead to larger local perturber densities in CF4 around a dopant molecule, which will

yield a larger overall blue shift. The weak critical point effect is caused by the low

overall critical density of CF4. Although there is a significant enhancement of the

local CF4 density around the excited dopant when CF4 is near the critical point, the

bulk critical density is 4.28 × 1021 cm−3. Thus, any enhancement at these densities

does not yield a large shift.

Explaining the behavior of the methane induced shift ∆(ρP) of the dopant Ryd-

berg states in comparison with the atomic gases, however, requires a more complex
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argument. As we saw with the atomic systems, the perturber dependent behavior of

the 6s and 6s′ CH3I Rydberg states is insensitive to the changing quadrupole of the

dopant cationic core. This is probably caused by the large permanent dipole moment

of CH3I masking the effect of the quadrupole moment. However, comparison of the

data in Figs. 4.21 and 4.22 with those in Fig. 5.5 indicates that CH3I/CH4 behaves

in a manner similar to CH3I in Kr. Although the intermolecular potential parame-

ters for these two systems are distinctly different, methane and krypton have similar

critical densities (i.e., ρc = 6.068× 1021 cm−3 for Kr and ρc = 6.587× 1021 cm−3 for

CH4) and similar polarizabilities. Thus, the polarizability of the perturber influences

the overall shift ∆(ρP). Just as the large critical effect in krypton was driven by the

similarities between the well depth of the CH3I/Kr and Kr/Kr interactions, the well

depth of the CH3I/CH4 and CH4/CH4 interactions are also comparable. We would,

however, predict from this simple argument that the CH3I/Kr system should have

a larger critical effect, since the difference between the well depths is smaller. How-

ever, the CH3I/CH4 system has the stronger critical point effect. This larger effect

is caused by the fact that the excited state CH3I/CH4 interaction is also comparable

to the ground state CH4/CH4 interaction. Thus both the ground and excited state

CH3I are strongly stabilized in the supercritical fluid.

5.5 Autocorrelation function study

We have presented experimental and theoretical investigations of the low-n Rydberg

states in atomic and molecular perturbers. In the line shape simulation used in this

work, the autocorrelation function, given by eq. (3.1), is always truncated to the sec-

ond term in the density expansion. This second term represents the interaction of
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a single dopant molecule with two perturber molecules, or a three-body interaction.

Egorov, et.al. [53] simulated the 6s Rydberg state doped into low density argon with

the autocorrelation function truncated to the first term, which represents the inter-

action of a single dopant with a single perturber (i.e., two-body interactions), but

assumed that the three-body correlation would be necessary to model line shapes at

higher perturber number densities. The accurate intermolecular potentials obtained

in our investigations allow us to probe the truncation effect in a more detailed manner.

We have chosen to perform this investigation using the CH3I 6s Rydberg state doped

into CH4, instead of argon, because the broadening and critical effects are larger in

CH4 in comparison to Ar.

Fig. 5.9 presents selected simulated line shapes with the autocorrelation function

truncated to the first term A1 (dotted lines) and to the second term A2 (solid lines)

at non-critical temperatures [c.f. Figs. 5.9(i)- (iii)] and near the critical isotherm [c.f.

Fig. 5.9(iv)]. For the simulations at non-critical temperatures, the line shapes ob-

tained by assuming only two-body interactions are identical to those obtained from

the assumption of both two-body and three-body interactions, even at high perturber

number densities. However, near the critical point, the simulated line shape contain-

ing both two-body (i.e., A1) and three-body (i.e., A2) interactions is broader than

the line shape simulated under the assumption of only two-body interactions. Thus,

the increasing correlation length of the perturber near the critical point requires the

inclusion of three-body interactions in order to model accurately the dopant absorp-

tion line shape. However, as originally predicted by Messing, Raz and Jortner [45,47],

the perturber-induced energy shift ∆(ρP) depends only on two-body interactions (cf.



5. MOLECULAR PERTURBERS 90

Figure 5.9: Comparison of the simulated line shapes for the CH3I 6s adiabatic Ry-
dberg transition in CH4 calculated from eq. (3.2) with the autocorrelation function
truncated to the second term A2 (grey solid line) and truncated to the first term
A1 (black dashed line). The CH4 densities ρCH4

presented are (i) the low density
1.16 × 1021 cm−3; (ii) 6.61 × 1021 cm−3, which is near the critical density; and (iii)
the density 1.48 × 1022 cm−3, which is near the density of the triple point liquid at
non-critical temperatures. A single critical temperature calculation at 6.01 × 1021

cm−3 is presented in (iv).

Fig. 5.10), even along the critical isotherm. Moreover, truncation of the autocorre-

lation function to include only two-body interactions significantly reduces the cal-

culation time (from 30 − 60 minutes to 1 − 5 minutes/density point). Thus, future

investigations should use the truncated calculation to simulate the dopant absorp-

tion line shapes of low-n Rydberg states at non-critical temperatures when adjusting

intermolecular potential parameters, and only use the three-body interactions when

calculating line-shapes near the critical point of the perturber.
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Figure 5.10: Comparison of the first moment of the simulated adiabatic transition
for CH3I in CH4 calculated from eq. (3.2). The open and closed markers represent
the autocorrelation function truncated to the second term A2 and first term A1,
respectively. (¤, N) are data obtained at non-critical temperatures, while (◦, H) are
data obtained on an isotherm near the critical isotherm. The solid lines are provided
as a visual aid.

5.6 Conclusions

In this chapter, we have presented investigations of various dopant low-n Rydberg

states in symmetric molecular perturbers. We showed that the appropriate choice

of intermolecular potentials and parameters allowed us to accurately simulate the

experimental line shapes. The perturber-induced energy shift ∆(ρP) in molecular

perturbers showed trends similar to those observed in atomic perturbers. However,

the large compressibility of CF4 leads to a larger than expected shift, while the strong

CH3I/CH4 interactions yielded the largest critical effect observed in these studies.

Finally, we showed that two-body interactions are sufficient to model the dopant
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absorption line shapes for all perturber densities and temperatures except near the

critical point of the perturber.



Chapter 6

Conclusion

In this work, the structure of low-n Rydberg states doped into supercritical fluids

was investigated in a myriad of perturbers. Both the experimental absorption spectra

and full line shape simulations over the entire perturber density range at non-critical

temperatures and along isotherms near perturber critical isotherms were presented

for all dopant/perturber systems. These accurate line shape simulations allowed

us to extract the perturber-induced energy shift ∆(ρP) from the simulated primary

low-n Rydberg transitions. These shifts showed a striking critical point effect in all

dopant/perturber systems.

In all of the systems presented here, the dopant low-n Rydberg states are extremely

sensitive to the nature of the perturbing fluid. When these states are doped into su-

percritical fluids, the surrounding perturbers interact with the central dopant causing

shifts both in the dopant ground state energy and in the excited state energy. At low

perturber number densities, the dopant/perturber interaction stabilizes the dopant

ground state and the low-n Rydberg state. As the perturber density increases, per-

turber/dopant interactions causes the formation of a perturber solvent shell around

the dopant core, thereby inducing local perturber density inhomogeneities. This sol-

vent shell begins to shield the optical electron from the cationic core. Therefore, the

93
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dense perturber fluid increases the dopant excitation energy, resulting in a blue shift

of the abosrption band, which is observed experimentally. The local density of the

first perturber solvent shell is almost proportional to the perturber bulk density at

non-critical temperatures. However, near the critical isotherm and critical density

of the perturber, the dopant/perturber interactions strengthen due to the increased

perturber/perturber correlation length. This increased order yields a corresponding

increase of the local density in the solvent shell that, in turn, leads to a stronger

shielding of the optical electron from the cationic core. Thus, increased blue shifts

of the low-n absorption bands are observed in all dopant/perturber systems near the

critical point of the perturber. The area of this critical effect is demarcated by the

turning points that bound the saddle point in the critical isotherm.

For fluids with similar compressibilities, the structures of low-n dopant Rydberg

states in the perturbing fluid show systematic behaviors. At non-critical tempera-

tures, ∆(ρP) is determined by the polarizability and size of the perturbing fluid. The

larger the polarizability and, therefore, the larger the size, the smaller the perturber-

induced energy shift of the dopant absorption bands. This is caused by the number

of atoms that can exist between the quasi-free electron and the dopant cationic core,

coupled with the strength of the shielding. The large overall energy shift observed in

the dopant low-n Rydberg states perturbed by CF4, on the other hand, was caused

by the larger compressibility of CF4 in comparison to the other gases in this study.

This larger compression implies that CF4 is closer together on average at high per-

turber number densities than are the other perturbers studied, which increases the

local density of CF4 and, therefore, increases the blue shift in this perturber.
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The critical point effect, on the other hand, is dominated by the similarity of

the perturber/perturber interaction with the dopant/perturber ground state and

dopant/perturber excited state interactions, coupled with the overall local density

of the system. In krypton, the well depth of the ground state perturber/perturber

intermolecular potential and the dopant/perturber intermolecular potential shows

greater similarity in comparison to that in Ar and Xe. Moreover, the excited state

CH3I/Kr interaction is slightly stronger than the ground state Kr/Kr interaction.

These facts dictate that the largest critical point effect for CH3I in atomic perturbers

is in Kr. Similarly, the largest overall critical effect was observed in CH3I/CH4. This

large critical effect is caused by both the ground state and excited state CH3I/CH4

interactions having strengths comparable to the CH4/CH4 interaction. Although the

excited state CH3I/CF4 interactions are comparable in strength to the CF4/CF4 in-

teractions, the ground state CH3I/CF4 interactions are not close to those of CF4/CF4.

Similarly, the Xe/CF4 ground state interactions are comparable to the ground state

CF4/CF4 interactions, but the excited state Xe/ground state CF4 interactions are

weaker. Moreover, the bulk critical density in CF4 is small in comparison to the rest

of the perturbers investigated here. This results in the CF4 critical effect on ∆(ρP)

being the smallest one observed.

These data sets also allowed us to generate a consistent set of intermolecular po-

tential parameters for various dopant/perturber systems, which are summarized in

Table 6.1. Several general trends in these parameters can be observed. For atomic

perturbers, the steepness of the exponential-6 intermolecular potential (i.e., γ) used

to model the dopant excited state/perturber intermolecular interaction decreases with
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Table 6.1: A summary of the intermolecular potential parameters used to simulate
the absorption line shapes in various perturbers.

ε/kB (K) re (Å) γ
Ar/Ar 119.5 3.826 –
Kr/Kr 172.7 4.031 –
Xe/Xe 229.0 4.552 –

CH4/CH4
a 141.5 3.704 –

CF4/CF4 181.02 4.708 –

Xe/Ar 200.0 4.265 –
XeAr/Ar 195.0 4.310 –
Xe/CF4 199.3 4.629 –

CH3I/Ar 162.2 4.572 –
CH3I/Kr 196.7 4.676 –
CH3I/Xe 297.5 4.896 –

CH3I/CH4 195.8 4.243 –
CH3I/CF4 256.0 5.016 –

Xe 6s/Ar 300.0 5.20 16.00
Xe 6s/CF4 135.0 6.55 12.25

CH3I 6s/Ar 110.0 6.30 12.75
CH3I 6s/Kr 245.0 6.20 11.30
CH3I 6s/Xe 400.0 6.39 10.25

CH3I 6s/CH4 145.0 6.55 10.10
CH3I 6s/CF4 185.0 6.84 12.10

Xe 6s′/Ar 400.0 4.98 16.00
CH3I 6s′/Ar 110.0 6.30 12.75
CH3I 6s′/Kr 245.0 6.20 11.30
CH3I 6s′/Xe 400.0 6.29 10.25

CH3I 6s′/CH4 145.0 6.55 10.10
CH3I 6s′/CF4 185.0 6.84 12.10

Xe(6s)Ar/Ar 250.0 5.25 16.00

CH3I 6s ν2/Ar 150.0 6.30 12.15
CH3I 6s ν2/Kr 225.0 6.30 10.75
CH3I 6s ν2/Xe 360.0 6.50 9.50

CH3I 6s ν2/CH4 105.0 6.65 9.95
CH3I 6s ν2/CF4 135.0 6.84 11.90

CH3I 6s′ ν2/Ar 150.0 6.30 12.15
CH3I 6s′ ν2/Kr 225.0 6.30 10.75
CH3I 6s′ ν2/Xe 360.0 6.35 9.50

CH3I 6s′ ν2/CH4 105.0 6.65 9.95
CH3I 6s′ ν2/CF4 135.0 6.84 11.90

a Two-Yukawa potential with κ0 = 8.50 Å, z1 = 0.90 Å−1, and z2 = 4.25 Å−1.
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increasing perturber size and polarizability. This trend is reversed in molecular per-

turbers, were the larger, more compressible CF4 has a steeper repulsive component in

comparison to CH4. The excited vibrational states of CH3I always have exponential-6

potentials with a smaller γ in comparison to the CH3I adiabatic transition in the same

perturbing gas. Moreover, the vibrational states always have an equilibrium collision

radius that is identical or larger than the collision radius of the adiabatic transition.

The excited state collision radii are always larger than the ground state collision radii,

as one would expect. However, the interaction strength of the excited state (as gauged

by the well depth) can be stronger or weaker than that for the ground state of the

same system. These changing interactions are what dominate the variations observed

in the critical effects for each of the dopant/perturber systems investigated here.

An understanding of the structure of low-n Rydberg states in supercritical fluids

is an important tool in the investigation of solvation effects, since these studies can

yield accurate dopant/perturber ground state and excited state intermolecular po-

tentials. We conclude from the present work that the absorption line shapes can be

adequately simulated within a simple semi-classical line shape analysis. However, this

work focused on highly symmetric perturbers. Future studies should concern more

asymmetric perturbers and polar perturbers. Such an extension will require changing

the calculation techniques involved in determining the radial distribution functions

as well as the type of Fourier transform used to simulate the line shape. Since the

excited state is sensitive to the structure of the perturbing fluid, we anticipate that

multi-site intermolecular potentials and angular dependent intermolecular potentials
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will need to be used as the perturber complexity increases, in order to model the full

line shape accurately.
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