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Abstract

Cavity-enhanced laser radiation, coupled to molecular-beam bolometric detection

has been used to study the spectroscopy of acetylenic molecules embedded in

helium nanodroplets. The 2ν1 transition (CH stretch overtone) of HCN, DCCH

NCCCH, CH3CCH, CF3CCH, (CH3)3CCCH, (CH3)3SiCCH, has been investi-

gated in the 1.5µm spectral region by means of a color center laser coupled to

a resonant buildup cavity, which enhances the laser power experienced by the

molecules in the beam by up to a factor of 400, thus overcoming the weakness

of the (dipole forbidden) transitions. All molecules are observed to rotate freely

in the liquid cluster environment, with strongly enhanced moments of inertia,

but with negligible matrix induced shifts (less than 1 cm−1). We show that this

enhancement is largely accounted for by hydrodynamic effects, which we have

modeled and numerically calculated.

While in the gas phase the rotational lines have instrument-limited widths (a

few MHz), in the droplets we have observed linewidths ranging from 600MHz

for (CH3)3SiCCH to 2.8GHz for (CH3)3CCCH. To investigate the nature of the

broadening (which was widely believed to be homogeneous), we have performed a

series of infrared (IR) saturation experiments on the 2ν1 transition. We have also

thoroughly investigated NCCCH by means of microwave (MW) single-resonance

experiments (on rotational transitions) and double-resonance (MW-MW and MW-
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IR) experiments. The results demonstrate that the spectral features of molecules

in He droplets are inhomogeneously broadened, and allow an estimate of the

importance of the different broadening contributions. In particular, MW-IR mea-

surements show that the size of the cluster greatly affects the way rotational

energy is relaxed. Large clusters seem to follow a “strong collision model” where

memory of the initial rotational state is completely lost after each “relaxation”

event, while for smaller clusters relaxation rates are probably affected by the lower

density of states available for the dissipation of energy.
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“Ma voi,” gridai quasi in un impeto di ribellione, “perché non

prendete posizione, perché non mi dite dove sta la verità?”

Guglielmo stette alquanto in silenzio, sollevando verso la luce la

lente alla quale stava lavorando. Poi la abbassò sul tavolo e mi mostrò,

attraverso la lente, un ferro da lavoro:

“Guarda,” mi disse, “cosa vedi?”

“Il ferro, un poco più grande,”

“Ecco, il massimo che si può fare è guardare meglio.”

Umberto Eco, Il nome della rosa

When you collect marine animals there are certain flat worms so

delicate that they are almost impossible to capture whole, for they

break and tatter under the touch. You must let them ooze and crawl

of their own will onto a knife blade and then lift them gently into your

bottle of sea water. And perhaps that might be the way to write this

book—to open the page and to let the stories crawl in by themselves.

John Steinbeck, Cannery Row



Chapter 1

Introduction

1.1 Historical background

When dealing with the condensed phases of light, weakly interacting particles

(rare gas atoms, H2, D2), one usually refers to de Boer’s quantum parameter

λ, defined as λ = h̄/(σ
√
mε), where m is the mass of the particle, and σ, ε the

length and energy scale of its binary interaction potential. By loosely interpreting

h̄/
√
mε as a de Broglie wavelength and σ as the interparticle separation we can see

that when λ → 1, we can expect the quantum nature of the particles to become

relevant. As one of the consequences, the particles may be delocalized, even at

zero temperature. Among atoms and molecules, the largest values of λ pertain to

the two stable isotopes of helium: 3He (0.491) and 4He (0.427) [1], and are high

enough that liquid helium (unlike any other substance) will not solidify, under

standard pressure conditions, even at 0K.

Since 3He is a fermion and 4He a boson, it should not be a surprise that their

condensates exhibit different properties. In particular 4He exhibits the property

of superfluidity at temperatures 103 times higher than 3He. In what follows we

will always be concerned with the superfluid phase of 4He (He II) and will only
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refer to its normal phase (He I) and/or to 3He to remark the differences between

a superfluid and a very cold normal fluid.

At atmospheric pressure 4He liquifies at 4.215K and behaves as a normal liquid;

it is only upon further cooling that a phase transition occurs and helium becomes

superfluid. The early history of superfluidity starts in 1908, when Kammerling-

Onnes successfully liquified helium, and consists in the exploration of the several

anomalous properties that were later to be rationalized as manifestations of super-

fluidity. In 1911 an anomalous behavior of the density as a function of temperature

was observed, suggesting the existence of a phase transition which was later named

“λ transition”, after the peculiar shape of the specific-heat curve. The transition

temperature (2.18K) is conventionally known as Tλ (often “λ point”).

Discovery of the then mysterious “creeping” of films of superfluid helium dates

back to 1922, but it is not until 1938 that superfluidity was finally discovered as

the frictionless flow of He II through narrow capillaries. A contradiction arose with

the observation that the viscosity of liquid helium, as measured by the damping

of rotation of bodies immersed in the liquid, is quite finite.

During the same years, the first theoretical models, whose concepts are still

in use today, were devised: London [2] proposed that there was a connection

between the “λ transition” and Bose-Einstein condensation of He atoms into the

zero momentum state; along the same line of thought, Tisza [3] proposed the two

fluid model, which could actually rationalize the “viscosity contradiction”. It was

thereby assumed that liquid He II is actually composed of two fluids: a “normal

fraction” (of density ρn) having finite viscosity and entropy, and a “superfluid

fraction” (of density ρs) having zero viscosity and entropy. Although it is tempting

to associate the superfluid fraction with the Bose-Einstein condensate fraction of

helium atoms in the zero momentum state, the two values are numerically very
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different (except at 0K and at Tλ [4]). Moreover the distinction between the two

components is fictitious, since individual He atoms cannot be tagged as belonging

to the normal or to the superfluid fraction.

Landau justified the two fluid model in terms of a weakly interacting gas of

excitations in a strongly interacting fluid of bosons. Superfluidity is then a con-

sequence of the peculiar shape of the excitations’ dispersion-curve, which forbids

creation of excitations below a critical velocity vc. The viscosity is then due to

scattering of thermally populated excitations. With this approach, ρn as a func-

tion of temperature can actually be calculated from the density of excitations.

Experimental confirmation of Landau’s prediction was to come much later, in

1959 when the excitations’ dispersion-curve of He II was measured by neutron

scattering; it was Cohen and Feynman who first pointed out the feasibility of the

experiment, against the common misbelief that multiple scattering of neutrons

would have washed out the diffraction peak [4].

Introduction of impurities1 in liquid helium as a probe of its superfluid phase,

had been attempted many years before: starting in 1943, positively and negatively

charged impurities were generated by irradiation of liquid He with X-rays and

radioactive sources [5]; it should be mentioned here that in dense He gas the

negative charge carrier is a free electron [6], and the predominant positive carrier

a He+2 ion [7].

The “golden age” of charged impurities is often considered to start in the late

50s. The main findings were that in liquid He, atoms cluster around a positive

ion and form a large (≈12 Å diam) solid structure commonly called a “snowball”;

an electron becomes instead confined inside a cavity in the liquid (≈ 35 Å diam,

1The terms “impurity”, “dopant”, and “foreign species” will be used in this work as syn-

onyms.
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commonly called a “bubble” [8]) formed by repulsive exclusion forces. Perhaps

the most intriguing outcome of that research stems from the fact that an electron

bubble is a simple object whose effective mass is entirely due to hydrodynamic

effects; the excellent agreement between experimental measurements and theoret-

ical predictions of the latter quantity, confirms that ideal fluid equations correctly

describe the superfluid down to the angstrom scale [9]. The fact is particularly

relevant to this thesis because the model presented in Chapter 4 does require

the validity of hydrodynamics on the atomic scale, which we infer by quantum

mechanical arguments. Excited neutral impurities (He∗, He∗2, generated e.g., by

electron bombardment) have also been studied, and the body of literature is pro-

hibitively large; reviews can be found in Refs. [9–11]. It is relevant to this thesis

to point out a study where the rotationally resolved spectrum of He∗2 in He II was

observed [12], and yielded the same rotational constants as in the gas phase. No

differences, however, were reported between He I and He II [13]; we shall see that

for heavier and more strongly interacting molecules, free rotation is unique to the

superfluid phase.

We have so far discussed the so called “intrinsic” impurities, a term implying

that they are generated rather than injected in liquid He (electrons are histor-

ically included in this class). Injection of “extrinsic” impurities (foreign atoms

or molecules) is an experimental challenge: 1.4 ppm of 3He are normally present

in liquid 4He; any other atoms or molecules would quickly diffuse through the

liquid and freeze solid on the walls of the container. Doping of bulk liquid he-

lium with “extrinsic” impurities is therefore based on a continuous supply of

the atom/molecule to be studied. Alkali, and alkali-earth, ions were generated

by evaporation from a hot filament and drawn into the liquid by an electric

field [14, 15]. Gaseous atoms and molecules have been introduced in superfluid
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helium by directing a supersonic beam into the liquid; this method is viable for

rare gases [16], light molecules (H2, D2, N2) [17], and, in combination with a stan-

dard microwave discharge, for reactive atomic species (such as nitrogen) [16]. A

similar procedure has been used for metal atoms, either generated in an oven or

laser-sputtered from a surface. It essential in this case that the atoms be ionized

to be accelerated into the liquid; neutrals can be obtained by recombination with

electrons, inside the liquid. Laser ablation of the target material directly immersed

in the liquid (and addition of a second laser to fragment the larger aggregates) al-

lows greater densities of neutral atoms, and it is by this technique that most if not

all of the spectroscopic investigations of atoms in He II have been performed [10].

As impressive as the record of investigated species is—covering about 20 elements

of the periodic table—it mostly consists of metal atoms. Other than a few metal

dimers/trimers, no molecules have ever been investigated. The reason for this is

that laser ablation is a rather specific process; in particular, molecules would not

survive the intense laser fields involved, without fragmenting.

A valid alternative to dispersing the species of interest in bulk liquid helium is

the use of a helium nanodroplet2 beam, where each droplet is doped with one (or

a few) foreign atom(s)/molecule(s). With this approach, the effects of high mo-

bility in liquid helium are counteracted by confining each impurity in an isolated

environment where neither aggregation with other impurities, nor condensation

onto the walls of the container, can take place. The main technical requisite is

the ability to efficiently attach impurities to a droplet in a controlled way; as we

2The more generic term cluster, originally used in the literature to identify aggregates of 102–

104 He atoms, is being superseded by nanodroplet which emphasizes two fundamental features of

these objects: their nanometer scale (as opposed to smaller aggregates of a few atoms only or to

larger macroscopic drops), and their liquid state (as opposed to other, solid, rare gas clusters).
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are going to see soon, this makes the technique suitable for a vast class of species,

ranging in size and complexity from simple electrons to large molecules such as

amino acids and fullerenes.

Production of He droplets dates back to 1961 [18], as a curiosity, the main

investigation focusing on production and use of hydrogen droplets as fuel pellets

for nuclear fusion reactions. Collisions of He droplets, both with surfaces [19] and

foreign atoms [20, 21], have been thoroughly investigated by Gspann, who also

demonstrated production of metastable [22] and negatively charged droplets [23],

and first predicted the 3He and 4He droplets internal temperatures (0.15K and

0.4K respectively [24]) based on classical evaporation theory. Shortly after, it was

demonstrated that it is possible to use spectroscopy to monitor the attachment of

an impurity to a rare gas cluster (often referred to as the pickup technique [25–27]),

giving rise to the field of spectroscopy of doped helium droplets. It’s important to

remember that the pickup approach is not limited to materials that are gaseous

at room temperature, because a column density of only ∼10−2 Pa cm is necessary.

Hence, the technique is well suited for all species that cannot easily sustain a high

vapor pressure, such as metal atoms and thermolabile molecules.

In 1992 vibrational spectroscopy on SF6, performed with line-tunable CO2

lasers, was used to show that absorption lines are narrow compared to those ob-

tained in conventional matrices [27] and that by pickup of more than one molecule

per droplet, molecular complexes can be formed [28]. In a breakthrough experi-

ment carried out in Göttingen, which made use of a continuously-tunable diode

laser, rotationally resolved spectra were later obtained [29,30] demonstrating free

rotation (albeit with reduced rotational constants, i.e., increased moments of iner-

tia) of the dopant molecule and allowing the measurement of the droplet’s temper-

ature. The latter was found to be 0.37K, in excellent agreement with the value of
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0.4K computed by Brink and Stringari in 1990 [31]. The superfluid nature of the

droplets above a critical size (≈60 atoms) has also been recently elegantly demon-

strated through spectroscopy of OCS in 4He, 3He and mixed droplets [32]. As we

shall see, there is an intimate connection between superfluidity and the character-

istic spectra we observe. In particular, superfluidity is a necessary condition for

coherent rotation of the solvated molecule, and superfluid hydrodynamics can be

effectively used to quantitatively explain the reduced moments of inertia.

The unique properties of He droplets have been further studied and exploited

in several recent experiments, in which the excitation spectrum of the superfluid

has been seen [33–35], large metallic clusters have been synthesized [36], and ion-

ization mechanisms have been studied [37]. In particular, it has been recently

demonstrated that He droplets have an enormous potential as ultracold matrices

for the production of metastable aggregates of atoms (e.g., spin-polarized alkali

dimers and trimers [38,39]) and the self-assembly of metastable molecular super-

structures (e.g., linear chains of up to 7 HCN molecules [40], and planar rings of

6 H2O molecules [41]).

1.2 Current issues

Exploitation of the droplets’ unusual cooling and trapping ability is a promising

and indeed rapidly growing field. A large part of its success stems from the

possibility to apply to doped He droplets most of the methods and concepts of

high-resolution spectroscopy. In other words, if the He droplets introduce only

small perturbations to the spectrum of the free system (true in most cases, so

far, but somewhat depending on the property being measured), the observed

spectra can be analyzed with well established techniques, and a large amount of
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information on the system (notably, the structure) can be extracted in a rather

straightforward way. This is particularly true for rotational and ro-vibrational

spectra, the benchmark against which most molecular models (in the gas phase)

are tested.

As mastery of the He droplet technique increases, attention has shifted to more

complex dopants, such as fullerenes [42,43], molecules of biological interest [44,45]

and radicals or ions (see below). As complexity increases, the ability to obtain

information on the dopants by “automated” processing of their spectra is progres-

sively impaired. Two factors mainly contribute to “degrading” of ro-vibrational

spectra of dopant molecules in He droplets: reduced rotational constants and in-

creased linewidths. Rotational constants decrease, compared to the free molecule

values, because of the added inertia of the surrounding medium; notably this effect

is more pronounced for larger molecules, which already have small rotational con-

stants, and for which the structural information provided by the spectrum would

be more desirable. An increase of linewidth was indeed expected, as a consequence

of the reduced lifetime of the molecular states under investigation; however, as

the list of sampled molecules grew, an intimate connection between spectral line

broadening and the finite size of He droplets became apparent [46]. The initial

picture of a He droplet as a perfect thermostat where molecules sit, cold and undis-

turbed, is now being replaced by that of a confining potential where molecules

rattle and tumble, pushing their way through an ideal liquid environment (or, as

some view it, through a vacuum with peculiar properties [47]).

In spite of spectral degradation, the great advantage of helium nanodroplet

isolation (HENDI) spectroscopy remains the possibility of producing a large flux

of cold molecules. In a droplet, even large molecules will cool to ≈ 0.4K; in

contrast, in a supersonic expansion (the technique commonly used to produce
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cold free molecules), the same can only be achieved for small molecules at a high

dilution level (the latter is needed to avoid condensation of the seeded molecules).

1.3 This work

Helium droplet research in most laboratories is carried out with a “chemical”

approach in mind, the ultimate goal being the use of He droplets to stabilize

species that would otherwise be too rare, too short-lived, or just impossible to

produce. Successful examples include the high-spin alkali metal trimers [39], the

HCN [40] and water [41] polymers mentioned above, or even the more exotic

alkali–He excimers, which form after laser excitation of an alkali atom residing on

the surface of a He droplet [48].

With this in mind, the work done in this thesis has focussed on refining the

“diagnostic” capabilities of helium droplet spectroscopy, with obvious ramifica-

tions on the dynamics of excited molecules in the superfluid medium. That this is

an essential step, should be evident from the following considerations. First, if one

wants to know that the droplets have been successfully loaded with the species of

interest, and that the experimental parameters are optimized to that purpose, a

spectral fingerprint is obviously necessary. Second, if one wants to trigger a chem-

ical reaction by exciting the reactants with radiation, the most suitable transition

has to be found. Finally, since a pulse of radiation (or a tailored sequence of

pulses) would have to be used, knowledge of the dynamics after excitation is also

desirable.

As we said, the presence of the helium does somewhat perturb the spectrum

of the species under investigation. A valid strategy is then to learn the effects

and mechanisms of the perturbation from “normal” molecules, whose spectrum
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in the gas phase is accurately known, and subsequently transfer this knowledge

to the more exotic complexes that are created exclusively in He droplets. Ideally,

this can be done to such an extent that the absorption spectra of exotic molecules

in He droplets can be predicted, prior to observation, from accurate simulations,

just as it currently done for most molecules in the gas phase.

In this thesis, the effects of helium droplets on the ro-vibrational spectra of

acetylenic molecules (the definition loosely includes HCN) are studied. Specifi-

cally, the first overtone of the ≡CH stretch (2ν1) is investigated. It is shown that

the effective rotational constants and line shifts can be quantitatively predicted

by calculations that are well within the capabilities of a modern workstation. Fur-

ther, the dynamics of motion inside the droplet, is studied for one of the molecules

of the set (cyanoacetylene) by means of microwave-microwave (purely rotational)

and microwave-infrared (≡CH stretch fundamental, ν1) double-resonance spec-

troscopy. It is found that line-broadening is predominantly inhomogeneous, and

almost certainly originates from the motion of the molecule inside the droplet. It

is also shown that exchange between different inhomogeneous classes occurs on

the nanosecond time scale, thus making hole-burning impossible with cw sources.

Arguably, pulsed sources of radiation operating in the 100 ps range would be opti-

mal to further pursue double-resonance spectroscopy, as well as to trigger chemical

reactions, in helium droplets.

This thesis project merges two branches of research that have been indepen-

dently conducted in our laboratory for more than a decade: helium droplets spec-

troscopy, and high resolution spectroscopy applied to intramolecular dynamics.

Obviously, this project relies on the knowledge accumulated, and the many tech-

nological advances made in that lapse of time, by former members of this group. In

fact, laser spectroscopy in He droplets was born in this group (David Schutt’s the-
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sis, 1992) with the first spectra of SF6. The original schemes of the cluster source

and of the dopant pickup cell have been used almost unmodified in the present

experimental setup. Also, in Schutt’s project, the problem of the perturbation

induced by the droplet on the dopant molecule is first attacked. A high level of

expertise has subsequently been reached with investigation of the electronic tran-

sitions of alkali atoms on the surface of He droplets, both in the frequency (John

Higgins, 1998) and time domain (James Reho, 2000). In particular those studies

show the versatility of He droplets to produce unusual complexes and study their

laser-initiated chemical dynamics. On the other side, a large part of the present

thesis is devoted to the investigation of the ≡CH stretch overtone in He droplets.

As such, this work is the continuation of work on the same mode, both in isolated

molecules (Brooks Pate, 1992) and van der Waals complexes (Erik Kerstel, 1993).

Those experiments are indispensable to the present project: not only they con-

tribute to our expertise on intramolecular dynamics, but often they are the sole

source of a gas-phase spectrum of the transition being measured in He droplets.

Finally, the recording of the spectra of the ≡CH stretch overtone in He droplets

with sufficient signal-to-noise ratio would have been simply impossible without the

use of a power buildup cavity, which was originally introduced (and perfected) for

the study of gas-phase intramolecular vibrational relaxation of overtone stretches

(Joan Gambogi, 1995; Andrea Callegari, 1998).

1.4 Outline of the thesis

Chapter 2 contains a detailed description of the experimental apparatus used to

perform all of the experiments presented in this thesis, with the exception of one

experiment performed in collaboration with the group of Roger E. Miller at the
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University of North Carolina, which is the subject of a separate chapter. Further-

more, those modifications of the experimental apparatus which were necessary

to perform a specific experiment are presented in the corresponding chapter. In

describing the experimental procedures, particular attention is paid to the pro-

duction of a droplet beam and the optimization of molecule pickup; the concept

of beam depletion as a detection method, making use of an optothermal detector

(bolometer), is also presented. The problem of small transition strength, exac-

erbated by line broadening, poses a key challenge, which is met by minimizing

mechanical and laser-induced noise on the detector. Also essential is the use of a

resonant cavity to increase (×400) the effective laser power interacting with the

droplet beam. The latter part of the apparatus is only briefly described, because

it pre-existed the current experiment [49] and has not been modified.

Chapter 3 contains the recorded spectra of the 2ν1 transition for the following

molecules: hydrogen cyanide (HCN), monodeuteroacetylene (DCCH), cyanoacety-

lene (NCCCH), propyne (CH3CCH), trifluoropropyne (CF3CCH), 3,3-dimethyl-

butyne [tert-butylacetylene (CH3)3CCCH, hereafter TBA], and trimethylsilylacety-

lene [(CH3)3SiCCH, hereafter TMSA]; this more than doubles the number of

molecules (the other ones being SF6, water, ammonia, OCS) for which a ro-

vibrational spectrum was ever measured in liquid He. With one exception, we

fit the measured spectra to those of rotors of the appropriate symmetry, and ex-

tract the values of several spectroscopic constants (in particular, band shifts and

rotational constants). In addition, we have taken saturation measurements for

HCN, propyne, and TMSA, from which we deduce the homogeneous linewidth

for these molecules. The results presented in this chapter are important because

they substantially increase the number of molecules for which HENDI spectra are

available, and because we show that the spectra can be analyzed quantitatively by
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numerical simulations. In this chapter we also address the question of solvation

effects on vibrational energy relaxation, motivated by the extensive knowledge

previously acquired in our group for the same set of molecules in the gas phase.

Chapter 4 deals in detail with the contribution of He II to the effective moment

of inertia of a molecule rotating inside the droplet, and develops a hydrodynamic

model to estimate its value. This is the most significant contribution of this

thesis work on two counts. First, while it was already known that the increased

moments of inertia of molecules in He droplets must originate from the additional

motion of the helium in the vicinity of the molecule, the only models previously

proposed were either heuristic [29,32] or too simplified [46]. The model proposed

in this thesis is based on simple equations, firmly supported by basic physical

principles. With a manageable computational cost, even for large droplets, it

allows one to accurately estimate many important quantities, such as the velocity

of the fluid at each point and the amount of kinetic energy and angular momentum

carried by the fluid. Second, the model is of general validity, and only requires

the previous knowledge of the He–molecule pair potential, which can nowadays

be accurately calculated (see Appendix A). For this reason the method is, in

principle, applicable to any molecule and has the potential to become a powerful

predictive tool. We only applied it to linear molecules because the associated

symmetry makes the problem easily tractable, and more suitable for testing. It’s

barely necessary to mention here that, in the case of gas phase molecules, the

combination of rotational spectroscopy and isotopic substitution is a technique of

primary importance for structural analysis.

Chapter 5 presents single- and double-resonance (purely rotational) microwave

spectroscopy data for NCCCH in He droplets. Because of the role of energy relax-

ation inside the droplet, in our detection scheme, it was not a priori obvious that
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these spectra could actually be detected. Indeed, the magnitude of the observed

signal sets an upper limit (tens of ns) on the rotational relaxation time. A com-

bination of different experiments was used to bracket this time within the 2–20 ns

range. Saturation measurements of the R(4) line clearly demonstrated that, at

least for this molecule, the lines are dominated by inhomogeneous broadening.

Surprisingly, the double-resonance spectra did not exhibit the narrow (homoge-

neous) lines that were initially expected. This was explained with rapid (i.e., faster

than rotational relaxation) migration within the manifold of states responsible for

the inhomogeneous broadening. These measurements have opened the way to the

microwave-infrared double resonance experiments reported in Chapter 6, and have

shown that purely rotational spectroscopy might become the most valid tool for

the investigation of the motion of light molecules in He droplets [50].

Chapter 6 presents the results of an experiment performed in collaboration

with the group of Roger E. Miller at the University of North Carolina. These MW-

IR double-resonance measurements, carried out on NCCCH, nicely complement

the MW-MW double resonance data of Chapter 5, in that the use of an infrared

laser eliminates the need of sequentially absorbing a large number of low energy

MW photons to obtain a measurable signal. Furthermore, the IR laser can be

tuned through the entire rotational manifold of the band, thus providing additional

information on the rotational relaxation of the molecule. Particularly remarkable

is the fact that the population transfer induced by the microwave pump radiation

is quickly distributed among all rotational levels, with a pattern that depends on

the average size of the droplets. In order to explain the observed patterns, we

have to assume that at large droplet sizes a “strong collision” regime holds. That

is: the rotational state of the NCCCH molecule is completely randomized in a

single “relaxation event”. Note that this assumption does not require knowledge
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of the actual relaxation mechanism, but by exclusion we can identify the latter

as the interaction between the molecule and the surface modes of the droplet

(ripplons). Most of the experimental observations presented in this Chapter were

unexpected. Indeed, the models we propose are not fully satisfactory at explaining

them quantitatively, but they clearly indicate the direction for future treatment.
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Chapter 2

Experimental

2.1 Production: Droplet source

All the experiments have been carried out using a helium droplet spectrometer,

which was built by modifying an existing optothermal detection molecular beam

spectrometer, previously used to study IVR in isolated molecules [1]. A schematic

of the apparatus is presented in figure 2.1.

A beam of 4He nanodroplets is obtained from the free expansion of research

grade (99.9999%) helium gas through a 5µm nozzle at a backing pressure of

1500 psi (10.2MPa). The nozzle is attached to the cold stage of a closed-cycle re-

frigerator (Cryodyne, Mod. 1020 CP), and is temperature-stabilized (better than

± 0.05K) by a PID temperature controller (Lake Shore, Mod. 321). The tempera-

ture of the nozzle, Tn, can be set to any value in the range 35–16K, which leads to

droplets with mean size N̄ ranging from 750 to 18000 atoms, respectively [2] (See

Figure 2.2). A smaller refrigerator (Cryodyne, Mod. 22) is used to precool the He

gas, in order to reduce the thermal load on the main refrigerator, and also to con-

dense (before it reaches the nozzle) any impurity that may be present in the gas

line. For fixed source conditions, the droplet size distribution is believed to follow
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a log-normal distribution with a spread (standard deviation) of ≈ 0.6 N̄ [3]. As-

suming that the average density of the droplets, ρ̄0, matches the bulk liquid value

(0.0218 Å−3, at saturated vapor pressure and 0.38K temperature [4]), the droplets

have a radius of 0.22N 1/3 nm and thus have a cross section of 0.15N 2/3 nm2.

2.2 Dopant pickup

The droplet beam is collimated by a 500µm skimmer, about 1 cm from the nozzle.

After collimation, the droplets are seeded with the molecule of interest by pass-

ing them through a small (2.5 cm long) gas pickup cell that contains ∼ 0.05Pa of

the appropriate gas [5–7]. Pickup will deflect the small droplets from the beam
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Figure 2.1: Schematic of the experimental apparatus. B: bolometer; BUC: buildup

cavity; CS: cold shield; DP1, DP2: diffusion pumps; LHe: liquid helium; N: nozzle;

OF: optic fiber; P: pickup cell; R: closed-cycle refrigerator.
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axis, but the large droplets will continue with little change in direction (e.g., for

pickup of HCN, we estimate an average deflection of ∼ 4/N rad). It is worth

to remark that, once past the seeding region, the droplets are, effectively, iso-

lated systems. Because of the very low temperature of the nanodroplets, the

ro-vibrational spectrum of a typical molecule spans ∼ 1 cm−1; in general then,

the spectra of molecular complexes formed in He droplets are shifted enough that

they do not overlap with the spectrum of the single molecule. Hence, pickup of

more than one molecule per droplet will only decrease the intensity of the single-

molecule spectrum, without affecting its shape. For this reason, high purity of

the dopant gas is desirable but not essential. Previous work has demonstrated

that the number of solutes in each droplet approximately follows a Poisson dis-

tribution [8], as expected if each pickup event is statistically independent. Under
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Figure 2.2: Average 4He droplet size, N̄ , as a function of nozzle temperature, for

a 5µm nozzle and a stagnation pressure of 1500 psi.
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this assumption, the single-molecule signal is maximum when the mean number

of pickup events is one per droplet, at which value, only a fraction of 1/e (37%)

of the droplets will contain a single solute molecule.

The initial internal energy of the molecules and their translational energy

(relative to the droplet), as well as the energy of solvation (the latter is ∼ 300K

for HCN) are believed to be rapidly dissipated into the droplet and result in

evaporation of He atoms (each taking off 5.5–7K [9]) leading to a microcanonical

system cooled to 0.38K. A rough estimate gives about 200–250 evaporated He

atoms due to pickup of one room temperature HCN molecule.

All the compounds used in this experiment were bought at their highest com-

mercially available purity [10], with two exceptions. Hydrogen cyanide (HCN) was

obtained from the reaction of potassium cyanide with stearic acid, and cyanoacety-

lene was synthesized according to the method of Ref. [11]. In both syntheses, the

gaseous product of the reaction was collected in a cold trap, and no further purifi-

cation was performed. The FTIR spectra of both samples were obtained to check

that the species of interest was the dominant component.

2.3 Excitation: Laser and buildup cavity

Downstream from the pickup region, the doped droplets orthogonally cross a

resonant Fabry-Pérot cavity where they interact with an infrared laser beam.

In the wave number region from 6500 to 6570 cm−1 covered in this study, the

circulating laser power is enhanced by a factor of about 400 inside the cavity.

The laser radiation is provided by a NaOH F-Center laser [12], and is coupled

to the buildup cavity via fiber optics. A more detailed description of the cavity

setup has been reported previously [13]. The laser is scanned under computer
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control, as previously described [1]. For absolute frequency calibration purposes,

a reference spectrum is simultaneously recorded in a White-type multipass cell

filled with 0.5Torr acetylene, and is later fit against a standard [14]. A home-

built wavemeter is used to get a coarse reading of the laser wavelength in real

time. Relative frequency calibration is obtained with a temperature-stabilized

scanning confocal étalon (150MHz free spectral range).

2.4 Detection: Beam depletion and bolometer

Beam depletion detection is accomplished by monitoring the total on-axis flux of

helium by means of a liquid-helium-cooled semiconducting bolometer with a de-

tectivity of 7.7×105V/W and a noise equivalent power of 3.5–4.5×10−14W/
√
Hz,

as specified by the manufacturer [15]. The absolute beam flux can be estimated

by mechanically chopping the molecular beam: assuming Tn = 20K and the beam

velocity to be
√
5kTn [16], we estimate from the measured signal that ∼ 1013 He

atoms per second are striking the bolometer. A crude estimate based on the gas

flux from an ideal supersonic source [16], neglecting beam attenuation effects and

assuming unity accommodation coefficient, gives ∼ 1015 atoms/s impinging on the

bolometer.

When the laser is tuned to a vibrational resonance, the molecule/droplet sys-

tem absorbs radiation, leading to vibrational relaxation inside the droplet, which

is followed by the evaporation of 4He atoms (∼ 1300/photon at 6500 cm−1 if the

He atoms evaporate at the temperature of the droplet). These evaporating atoms

will carry away little net momentum (the rms value is ∼ 0.05% of the droplet

momentum, for N = 5000), and thus all but the smallest droplets are expected

to continue on to reach the detector. In the laboratory frame the evaporating
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atoms trace a forward cone of ∼ 0.1 rad, and largely miss the detector. The IR

spectrum of a solute in He droplets is detected as the depletion of bolometer sig-

nal as a function of the laser frequency. To achieve this, the laser is chopped

at a frequency of 307Hz (which corresponds to a minimum of the noise spectral

density), and the signal it induces is demodulated with a lock-in amplifier. We

observe a significant background signal, due to laser radiation that scatters from

the buildup cavity and heats the detector. Since this background is by necessity

modulated at the chopping frequency, it is not filtered out by the lock-in. While

photons instantly reach the detector, it takes ∼ 1ms for a He droplet to travel

from the interaction region to the detector. This corresponds to a phase lag of

almost exactly 90◦, which can be exploited, by finely adjusting the phase of the

lock-in, to eliminate the background signal with only modest loss in the true beam

depletion signal. The operating temperature of the detector (∼ 1.6K) is kept be-

low the He superfluid transition (∼ 2K) to eliminate mechanical noise induced by

the boiling of helium. Furthermore, a JFET preamplifier [17] has been mounted

on the bolometer cold finger to lower the output impedance of the bolometer from

∼ 12MΩ (dynamic) to 500Ω, thus reducing the microphonic noise induced by the

refrigerators.

2.5 Sensitivity

With this apparatus, we obtained a typical signal to noise ratio of 70/
√
Hz when

observing the spectrum of propyne inside helium droplets. For the sake of compar-

ison, roughly the same signal-to-noise ratio can be inferred from visual inspection

(assuming comparable acquisition rates) for the fundamental of the ν3 vibrational

band of SF6, measured in Ref. [18] via mass spectrometric detection. However,
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the CH overtone studied in this work has an integrated power absorption cross

section ≈ 1300 times smaller than that of the SF6 ν3 fundamental [19,20], our lines

are ≈ 5 times wider, and the interaction region (i.e., time spent by the molecule

in the laser field) is 2000 times shorter than in the apparatus of Ref. [18]. This

more than 107 fold disadvantage is partly compensated by the fact that the laser

power circulating in our cavity is about 250 000 times higher than the laser power

used in Ref. [18]. Thus, we can conclude that bolometric detection is ∼ 50 times

more sensitive than mass spectrometric detection.
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Chapter 3

Overtone spectroscopy of the

≡CH chromophore in He droplets

3.1 Introduction

In Helium Nanodroplet Isolation (HENDI) Spectroscopy [1, 2], a beam of he-

lium nanodroplets, seeded with one or more guest molecules, is interrogated by

laser spectroscopy using beam depletion or fluorescence detection. This technique

combines many of the advantages of conventional cryogenic matrix isolation spec-

troscopy (i.e., the stabilization of unstable species) with those of molecular beam

spectroscopy (i.e., the absolute isolation of the molecule under study). Using this

new method it is now possible to study novel chemical species [3–5], and to elu-

cidate the properties of liquid helium [6] and its interactions with atomic and

molecular impurities [7–10].

While the absolute isolation achieved in a molecular beam is desirable because

very detailed static and dynamic information can so be obtained via high reso-

lution spectroscopy, molecules in the condensed phase are of course a chemically

more interesting system. Disorder, hindered mobility, and strong interactions, all

contribute however to degrade the spectral resolution, thus limiting the amount
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of information that can be obtained spectroscopically from condensed systems. In

this respect, the study of intramolecular dynamics, which is an important theme

of modern chemical physics research is no exception. While many important de-

tails of the nature of intramolecular dynamical processes in the gas phase are

becoming established [11, 12], far less is known about what happens in the con-

densed phase. In particular there is interest in establishing how the dynamics of

the isolated molecule is modified when symmetry, angular momentum, and energy

constraints can be lifted by the (perhaps weak) interaction with a solvent. Since

superfluid helium is a highly uniform, weakly interacting medium, its potential in

this respect is quite clear.

A recent investigation of the ν3 fundamental vibration of SF6-doped droplets

has shown the possibility of obtaining rotationally resolved spectra, and of mea-

suring the temperature of the system, which turns out to be 0.38K [13, 14]. In

the same experiment, it was observed that the spectral lines could be adequately

described by Lorentzian line shapes, confirming the initial assumptions that the

solvation effects would be dominated by homogeneous broadening mechanisms.

On the other hand, the recent observation of pure rotational transitions in the mi-

crowave spectrum of cyanoacetylene embedded in helium droplets [15] and a very

recent microwave-infrared double-resonance experiment on the same system [16]

have shown unambiguously that the line profiles, at least for that molecule, are

dominated by inhomogeneous broadening mechanisms, which are likely to arise

from the motion of the impurity inside the droplet [17].

For gas phase molecules, two factors are most important in determining the

intramolecular dynamics after vibrational excitation: the density of low-order res-

onances through which vibrational energy can be dissipated to the “bath” states,

and their coupling to the initially prepared state (the “bright” state). The pres-



CHAPTER 3. OVERTONE SPECTROSCOPY IN He DROPLETS 30

ence of the liquid helium environment has two consequences: first, it provides a

bath with a very high density of states, whose coupling to molecular vibrations is

however unknown (one can speculate that the coupling should be weak for high

frequency modes, and grow stronger for the low frequency ones). The second con-

sequence is that liquid helium may change the coupling between the internal states

of the molecule, particularly in the case of weakly bound complexes. The group of

R. E. Miller at the University of North Carolina (hereafter, the UNC group) has

recently published the first results in this exciting new frontier, in which they stud-

ied the solvent-mediated vibrational relaxation of the HCN dimer molecule [18].

This is the first experiment where two different chromophores within the same

liquid-helium-solvated molecule (the “free” and “hydrogen bonded” CH stretches)

have been observed. The “internal” CH stretch turns out to relax 40 times faster

than in the gas phase, and its vibrational frequency is red shifted, with respect

to the gas phase, by 4 cm−1, that is, an order of magnitude larger than the shift

of the “external” CH stretch (0.25 cm−1). The UNC group rationalizes this ob-

servation by suggesting two main mechanisms. In the first, the helium might

act as a confining potential, reducing the amplitude of the dimer bending mo-

tion, making the dimer more linear and effectively increasing the strength of the

hydrogen-bond. In the second, the additional polarizability associated with the

liquid helium may give extra stability to the dimer, again increasing the strength

of the hydrogen bond by shortening it. A further, important feature of those

spectra is that the “free” CH spectrum is clearly asymmetric—a signature of in-

homogeneous broadening—while the “internal” CH stretch is well described by a

Lorentzian (40 times broader than in the gas phase), which leads to believe that

the width of the latter line is lifetime limited.

In this Chapter, we report work done over the past two years [19], in which
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we have greatly expanded the number of molecules whose rotationally resolved

HENDI spectra have been observed, also studying the effects of the liquid He

solvent on intramolecular vibrational relaxation (IVR). In addition to HCN, we

have selected a set of substituted acetylene compounds and we have measured

the spectrum of their acetylenic CH stretch in the first overtone. This mode is

very convenient because it is extremely well localized and its characteristics (force

constant, anharmonicity,...) are almost independent of the substituent. In re-

cent times, our laboratory has thoroughly investigated the gas phase dynamics of

these and other related molecules; this allows us to base the present study on a

firm understanding of the dynamics in absence of the interactions with helium.

Given the broad span, in size and complexity, covered by our set of molecules,

their first overtone gas phase spectra range from fully resolved (with no IVR) for

small molecules, through intermediate (still eigenstate-resolved, but with signifi-

cant IVR) to statistical (with irreversible IVR) at the large molecule limit [20–28].

The Wilson notation will be used to label vibrational normal modes. Standard

symbols will be used for the molecular constants (see, e.g., Ref. [29]); a bar over

a symbol will indicate the average of the ground state and vibrationally excited

state values.

3.2 Results

3.2.1 HCN

Hydrogen cyanide is the simplest molecule containing the ≡C-H stretching mode

chromophore that is common to all the molecules considered in this study. It has

a very sparse set of vibrational energy levels in the region of the first overtone,
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2ν1, and thus does not display any IVR in the isolated molecule. For the same

reason, solvation in liquid He is not expected to greatly change this picture. Since

the maximum energy for elementary excitations (∼ 20K [30]) is much smaller

than the vibrational level separation in HCN (the closest known vibrational levels

below 2ν1 are [0,33,2], [0,31,2], and [0,0,3], at distances of 223, 252, and 291 cm−1,

respectively [31]), vibrational energy dissipation into the He bath is a high-order

process, and as such, strongly suppressed in comparison to the heavier molecules
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Figure 3.1: R(0) line of HCN at different droplet sizes. The spectra shown have

been recorded at nozzle temperatures from 19K (top trace) to 33K (bottom trace)

at 1K intervals. The shift is measured from the asymptotic limit: 6521.434 cm−1

(see Fig. 3.3)
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discussed later. For this reason we decided a priori that HCN would be a good

yardstick to measure vibrational relaxation in 4He for our series of molecules.

We scanned the HCN spectrum in the region of the gas phase 2ν1 transition.

Only one transition was observed, with a width much less than the expected

separation of rotational lines. Figure 3.1 shows this transition as a function of

nozzle temperature, which, as discussed above, determines the mean size of the

droplets. The integrated intensity of the spectrum as a function of mean droplet

size is shown in Figure 3.2. The observed dependence can be only qualitatively

justified, since many factors contribute to it:

• as the pressure in the pickup cell is kept constant, the probability of one

pickup per droplet decreases rapidly, away from the optimal droplet size.

• small droplets have a smaller chance of surviving the pickup event.

• the average droplet size, N̄ , grows approximately as 1/T 4
n , while the total

He flux only grows as 1/
√
Tn, hence the number of available He droplets

decreases with increasing size.

• the droplet beam kinetic energy, which is ultimately the quantity detected

by the bolometer, is linear with Tn, hence detection efficiency decreases with

increasing size.

We have assigned this transition to the R(0) line of the 2ν1 vibrational band.

Because of the low temperature of He nanodroplets (0.38K) it is expected that

only the J = 0 rotational level will have significant population, unless the effective

rotational constant in the droplet is considerably smaller than in the gas phase.

The UNC group has observed the ν1 fundamental of HCN using an apparatus of

similar design, which uses a 3µm F-center laser to excite the droplets [32]. An
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important additional feature of their machine is the ability to apply a large static

electric field in the region where the molecules interact with the laser. The field

can be used to induce transition intensity in the zero-field-forbidden Q(0) line,

thus allowing the rotational constant of HCN (in the ν1 state) to be measured

as 1.175 cm−1 (35.225GHz) [32]. From this rotational constant, neglecting the

small change with vibrational excitation, the estimated population of the J = 1

level at 0.38K is 0.04%, consistent with our failure to detect any ro-vibrational

transitions from any but the ground rotational state.

The R(0) transition in Fig. 3.1 is seen to narrow and shift to lower wave

number as the average droplet size, N̄ , is increased. Similar behavior has also been

reported for the ν3 transition of SF6 [33]. Both experiments [34] and theory [9,35]

indicate that rotational constants should not change with droplet size, at least

for fully solvated molecules. Thus we can exclude a variation of the rotational

constant as the cause of the observed shift.
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Figure 3.2: Normalized integrated intensity of the R(0) line of HCN as a function

of average droplet size, N̄ .
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If ν is the position of the R(0) line, as measured by its center of mass, a simple

model based on the energetics of solvation (see Sec. 3.3.1) predicts ν(N̄)−ν(∞) ∝

N̄−1. Figure 3.3 shows a set of experimental values of ν(N̄), and the best fit to

the formula ν(N̄) = ν(∞) + a/(N̄ − N̄0); the quantity N̄0 has been added to the

original model of Sec. 3.3.1 as an extra parameter to compensate for our imperfect

knowledge of the droplet size as a function of Tn. The best fit parameters are:

ν(∞) = 6521.434±0.001 cm−1, a = 42±2 cm−1, N̄0 = 350±30. N̄0 is just a “first

order correction” to the estimated value of N̄ , but it can also be interpreted as the

number of He atoms evaporated from a droplet upon pickup of an HCN molecule.

It is interesting to observe that our estimate of the latter quantity (Chapter 2) is

very close to the best fit value of N̄0.

Because the transition frequency varies with droplet size, we can anticipate

that the spread of droplets sizes produced at any given source condition would

lead to an inhomogeneous broadening in the spectrum. Using the log-normal
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Figure 3.3: Shift of the center of gravity of the HCN R(0) line as a function of

average droplet size.
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droplet size distribution inferred from previous work [33,36], we can predict what

the line shape would be if there were no other sources of line broadening. In

Figure 3.4, the observed and predicted line shapes, at Tn = 23K (N̄ = 4500) are

compared. One can see that the droplet-size-induced linewidth is only a fraction of

the total linewidth, hence other sources of broadening must be present. Also, the

linewidth induced by the droplet-size distribution grows larger at smaller droplet

sizes, but so does the total width; as a consequence, the ratio between the two

remains approximately constant.

Figure 3.5 shows the R(0) line behavior as a function of the laser power incident

on the molecular beam (P ). If the line was homogeneously broadened, the avail-

able power would be insufficient to saturate the transition, and the signal would

be expected to increase linearly with P . Instead a sub-linear power dependence is

3000200010000-1000-2000
relative frequency [MHz]

Figure 3.4: Predicted line shape of the HCN R(0) transition, at N̄ = 4500, as-

suming the finite droplet-size distribution as the sole source of broadening. Also

shown is the observed line shape at the same droplet size.
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observed, clearly demonstrating the presence of saturation and of inhomogeneous

broadening. Quantitative information can be extracted from the integrated inten-

sity of the R(0) line (IR0) as a function of P (Figure 3.6, bottom curve). For this

purpose we used a simple model for the saturation of an inhomogeneous line (see

Section 3.5), which predicts the following functional form:

IR0(P ) ∝ P
√

1 + P/Psat
(3.1)

The best fit to this functional form gives a saturation power Psat = 2±0.7W, from

which (see Section 3.5) a homogeneous linewidth of 17± 6MHz can be estimated.

The intracavity power inside the buildup cavity was estimated from the power

incident onto the cavity, assuming a gain factor of 400. Obvious sources of error

which have not been included in this estimate (approximate knowledge of the
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Figure 3.5: Saturation behavior of the HCN R(0) line. The spectra shown have

been recorded at Tn = 23K. The intracavity laser power is, from bottom to top,

1.5, 3.6, 6.1, 12, 17, 27W, corresponding to the data points in Fig. 3.6.
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gain factor, and of the coupling to the cavity) will result in a correspondingly

inaccurate estimate of the saturation power and of the homogeneous linewidth.

What is important to observe is that the estimated homogeneous linewidth is

narrower than the observed linewidth by more than an order of magnitude.

A moderate increase of the line width, as measured by its second central mo-

ment (Figure 3.6, top curve), is observed at high P . If this width increase was due

to power broadening of the inhomogeneous line shape, it should become observ-

able, given our estimate of the homogeneous linewidth, at much higher P . One

alternative explanation is that the saturation power is not the same for the whole

line, but rather increases at the wings. As a consequence, the intensity of the line

would grow faster at the wings than at the center.
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Figure 3.6: Saturation behavior of the HCN R(0) line as a function of intracavity

power, P , (see Fig. 3.5). Squares: normalized integrated intensity, and fit to the

“inhomogeneous” model of Section 3.5. Circles: square root of the second central

moment of the peak.
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3.2.2 DCCH

We also attempted to observe the ν1+ν3 band of HCCH, which in the local mode

picture corresponds to two quanta of vibration in one CH bond; despite repeated

attempts, no such spectrum could be detected. In order to establish that this was

not due to some artifact related to the chemical instability of the molecule, we also

investigated DCCH, which has a ≡CH stretching overtone in the same spectral

region with an estimated band strength approximately one half that of the ν1+ν3

band of HCCH. Figure 3.7 shows the spectrum obtained. As in the case of HCN,

we observe only a single line, which we interpret to be the R(0) line of the 2ν1

vibrational band. Also using HENDI spectroscopy, the UNC group successfully

observed, in the 3µm region, the R(0) line both for HCCH (ν3, asymmetric CH

stretch), and DCCH (ν1, CH stretch) [37,38]; the former turns out to be ∼ 4 times

broader than the latter. Our current hypothesis is that the presence of the 2ν1

state just 54 cm−1 below the ν1+ν3 state, greatly facilitates energy exchange with
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Figure 3.7: Overtone spectrum of DCCH, recorded at Tn = 25K. The thick line

is the best fit to a Lorentzian curve.
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the droplet, thereby decreasing the lifetime of the transition, and making it too

broad to be detected.

It is interesting to observe that HCN and DCCH are quite similar molecules,

in size and structure, yet their spectra in He droplets are remarkably different: the

R(0) line of HCN is visibly asymmetric and is split into two components. The same

line in DCCH can be nicely fit with a Lorentzian shape (centered at 6571.076 cm−1

and with a FWHM of 920MHz). We believe the difference is due to the polar

versus non-polar nature of the two molecules, as suggested by experimental [32]

and theoretical [17] investigation of HCN in He droplets.

3.2.3 NCCCH

NCCCH is a linear molecule whose gas phase spectrum in the region of the sec-

ond overtone (3ν1) was previously studied in this laboratory [28]. The density of

vibrational states (≈ 31/cm−1) placed this spectrum in the intermediate regime

of IVR; in the first overtone the density of states is low enough that no IVR is

expected. It was therefore possible that in the liquid He environment, where strict

intramolecular energy conservation is no longer required, solvent-mediated vibra-

tional energy transfer could lead, already in the first overtone, to an accelerated

relaxation of the optically excited state, thus causing additional line broadening.

Figure 3.8 shows the 2ν1 spectrum observed at Tn = 26K, for which N̄ = 2700

is estimated. As in the case of the ν3 band of OCS [8], the spectrum clearly dis-

plays the rotational structure of a linear molecule, but with considerably reduced

rotational constants. Except for overall broader lines, the spectrum has remark-

able similarities with that measured for the fundamental (ν1) transition [16], in

particular the pronounced asymmetry of the R(0) and P(1) lines. For this reason,
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Table 3.1: Molecular constants from the fit of the NCCCH spectrum displayed in

Fig. 3.8. Units are MHz, unless otherwise indicated.

ν0 (cm−1) B̄ ∆B D̄J T (K)

Free 6551.980(2)a 4549b -14.14(5)a 5.4×10−4 b · · ·

In 4He 6551.804(1) 1552(2) -44(1) 4.7(1) 0.391(2)

aFrom Ref. [39]. bGround state value, truncated (from Ref. [40]).
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Figure 3.8: NCCCH overtone spectrum, recorded at Tn = 26K. The thick line is a

fit to a linear rotor, with the parameters of Table 3.1. The inset shows the FWHM

linewidths, which are also free parameters of the fit; a spline fit is superimposed

as a guide to the eye.
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just as in Ref. [16], we fit these two lines with the convolution of a Lorentzian and

a half exponential, and use a simple Lorentzian to fit all other features.

The entire spectrum is fit as a whole, with the intensity (integrated area) and

position (center of gravity) of each line dictated by a linear rotor Hamiltonian.

The free parameters of the fit are the Lorentzian linewidths, the decay constant

of the exponential (for the R(0) and P(1) lines only), the rotational temperature,

and the parameters of the Hamiltonian up to third order. Table 3.1 gives the

spectroscopic constants determined by the least squares fit, along with the statis-

tical uncertainties (1σ) of the parameters. For all the fits performed in this work,

long term fluctuations of dopant pressure are not accounted for, when estimating

the accuracy of the measured signal. As a result, the uncertainties on the fitting

parameters, particularly the droplet temperature, are most likely underestimated.

The full width at half maximum of each line as a function of the transition num-

ber, m, is plotted in the inset of Fig. 3.8. The estimated temperature (0.39K)

is in agreement with prior observations. One interesting feature of the spectrum

is that the linewidth of the rotational lines decreases with increasing rotational

quanta, is minimum at |m| = 3, and then increases again. The same has been

observed for the ν1 band [16].

Figure 3.9 shows the spectrum of NCCCH recorded for different values of the

average droplet size. As in the case of HCN, a moderate broadening at small

droplet sizes can be observed.

3.2.4 CH3CCH

Propyne is the first molecule we studied for which evidence of (limited) IVR was

observed in the gas phase spectrum of the first overtone, 2ν1. In that spectrum,
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Figure 3.9: NCCCH overtone spectrum, recorded at Tn = 26K, 23K, 21.5K, 19K,

17K (top to bottom).

the K = 0 sub-band showed no evidence of IVR, but sub-bands with higher K

did [26]. The IVR dynamics of this molecule has been extensively studied, over

a wide range of overtone and combination states [23–26]. Because for the gas

phase 2ν1 transition, the density of states is high enough that the onset of IVR

is observed, one could in principle expect solvent-induced effects to be visible in

this case.

Figure 3.10 shows the measured spectrum, acquired at Tn = 24.5K. The spec-

trum clearly displays a Q branch in addition to the P, and R branches. While

the A rotational constant of propyne is sufficiently large that one would expect no

thermal population in the K 6= 0 levels (and thus no Q branch), quantum sym-

metry effects have to be taken into account. The C3v symmetry of the molecule,

in connection with the symmetry of the nuclear wave function, insures that two
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symmetry modifications (A and E) of the rotational wave function are present,

associated to K = 0, 3, 6, . . ., and K = 1, 2, 4, 5, . . ., respectively. For an isolated

molecule, only very weak spin–rotation coupling of different rotational levels can

induce relaxation between the two modifications, and this can be expected to take

far longer than the few hundred microseconds elapsing between the pickup and

optical interrogation in our experiments. For example, a timescale of several hours

has been measured for nuclear spin relaxation of methane in an argon matrix [41].

Hence at 0.38K both the K = 0 and K = 1 states, and only these two, will be

populated. Similar “conservation of nuclear spin species” has been observed in

the spectrum of SF6 in He droplets [13].
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Figure 3.10: Propyne overtone spectrum, recorded at Tn = 24.5K. The thick line

is a fit to a symmetric top, with the parameters of Table 3.2. The inset shows the

FWHM linewidths, which are also free parameters of the fit.



CHAPTER 3. OVERTONE SPECTROSCOPY IN He DROPLETS 45

Due to the rather large rotational constants and slightly narrower lines, this

molecule gives the best resolved rotational spectrum. The rotational lines are in

this case quite symmetric, and are best fitted by Lorentzian shapes. As we did

for NCCCH, we fit the entire spectrum as a whole, this time using a symmetric-

top Hamiltonian. Although there is no a priori reason to assume that the same

symmetry should be used as that of the gas phase molecule, this has, so far, proven

to be correct for almost all the molecules studied (for an exception, see Ref. [42]).

This is another consequence of the weakness of the perturbation induced by the

liquid He environment.

In order to perform the fit, it is necessary to assume a partition of populations

between the A and E modifications. In the limit of long nuclear spin relaxation

time, the room temperature equilibrium partition should apply. By including the

proper degeneracy over nuclear spin and rotational states, one obtains equal pop-

ulations for the two modifications. Table 3.2 shows the spectroscopic parameters

determined from the fit. Note that, even though the K structure in the higher

transitions is not resolved, the position of the Q branch (to which only K = 1

contributes) relative to the R(0) and P(1) lines (to which only K = 0 contributes)

dictates the value of ∆(A − B). The Q branch shows an unresolved set of lines

which, in the fit, we constrain to have the same width, independent of J . Given

the small value of ∆B and the low number of populated rotational levels, the

whole Q branch is only ≈ 150MHz broader than each of the lines contributing

to it. Likewise, ∆(A − B) 6= 0 leads to a splitting, too small to be observed,

between the K = 0 and K = 1 lines in the R and P branch. The global fit

is shown in Figure 3.10 as a thick solid line. A droplet temperature of 0.394K

is estimated from it. Note that with these fit parameters the R branch has a

bandhead, and as a consequence the R(3) and R(4) lines overlap and cannot be
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Table 3.2: Molecular constants from the fit of the propyne spectrum displayed in Fig. 3.10. Units are MHz, unless

otherwise indicated.

ν0 (cm−1) B̄ ∆B D̄J D̄JK ∆(A− B) T (K)

Free 6568.1716(2)a 8546b -45.59(8)a 0.0029b 0.16b 569(9)a · · ·

In 4He 6567.965(1) 2151(2) -78(1) 14.6(1) -59(4) -104(6) 0.394(2)

aFrom Ref. [26]. bGround state values, truncated, from Ref. [43].
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resolved [also, the R(5) line overlaps with the R(2)]. For this reason the R(3),

R(4), R(5) lines have been constrained to share the same linewidth parameter in

the fit. The FWHM linewidths are plotted versus the transition number in the

inset of Figure 3.10. Note the behavior, somewhat similar to that of NCCCH, and

the peculiar narrowness of the Q branch.

Since it is narrower, intense, and only slightly overlapping with the neighboring

lines, the Q branch was chosen to test the saturation behavior of propyne. In

contrast to the case of HCN, a linear dependence of the IR signal as a function of

laser power was found up to an intracavity power of 27W, indicating negligible

saturation over the available range of laser intensity. By comparison with the HCN

R(0) line, assuming for simplicity the same transition strength, the homogeneous

linewidth of propyne must be at least 30 times broader than that of HCN.

3.2.5 CF3CCH

Trifluoropropyne is the first molecule in the present study for which extensive

IVR was previously observed in the gas phase 2ν1 spectrum [22]. The lowest J

transitions were found to consist of very dense “clumps” of lines, and the measured

density of states in the R(0) transition was found to be consistent with the total

density of vibrational energy levels of A1 symmetry. Finally, the spacing statistics

of the states was of the type expected for a spectrum with chaotic dynamics.

Figure 3.11 shows the spectrum measured in He droplets. Because A ∼ B, the

Q branch is much more intense (relative to the P and R branches) than in the

case of propyne. Because of the much smaller rotational constants and increased

linewidth, the P and R branches are only partially resolved. Nevertheless, a global

fit of the whole spectrum is still possible, as long as the populations of rotational
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Table 3.3: Molecular constants from the fit of the trifluoropropyne spectrum displayed in Fig. 3.11. Units are MHz,

unless otherwise indicated.

ν0 (cm−1) B̄ ∆B D̄J D̄JK Ā− B̄ ∆(A− B) T (K)

Free 6557.872(5)a 2878b -7.75(10)c 2.7×10−4 b 6.3×10−3 b 2841b 8.0(1)c · · ·

In 4He 6557.496(1) 1065(2) -26(1) 2.38(5) -7(2) 1945(45) 17(3) 0.393(3)

aExtrapolated from Ref. [22]. bGround state values, truncated, from Ref [44]. cTwice the ν1

value, from Ref. [22].



CHAPTER 3. OVERTONE SPECTROSCOPY IN He DROPLETS 49

levels are reliably constrained by the molecular parameters. As in the case of

propyne, the spectrum has been simulated as that of a symmetric top, using

Lorentzian line shapes. Since both H and F atoms have nuclear spin 1/2, the

same considerations made for propyne also hold for trifluoropropyne. In this case

too, equal populations in the A and E modification have been assumed; unlike the

case of propyne, now the value of the rotational constant A is low enough that

levels with K > 1 are thermally populated. The relative intensity of the Q branch

then allows an estimate of the A rotational constant to be made, despite the

fact that the position of the transitions does not depend upon this spectroscopic

constant.
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Figure 3.11: Trifluororopyne overtone spectrum, recorded at Tn = 23K. The thick

line is a fit to a symmetric top, with the parameters of Table 3.3. The inset shows

the FWHM linewidths.
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The spectroscopic parameters of the fit are given in Table 3.3, and the fit is

plotted in Fig. 3.11. The widths of individual lines are plotted versus the transition

number, m, in the inset of the figure. In order to obtain an accurate partition of

populations, all the levels with J up to 11 and K up to 8 have been included, but

unresolved high-J transitions (|m| ≥ 5) within the same branch are constrained

to share the same linewidth parameter. As in the case of propyne, the Q branch

is narrower than its immediate neighbors.

Interestingly, the value of the A rotational constant is about 50% of the gas

phase value. So far it was observed that heavy molecules with high non-sphericity

undergo a much larger reduction of rotational constants (typically 1/3 of the gas

phase value), while light, quasi-spherical molecules undergo little or no change at

all. This intermediate case is discussed in Sec. 3.3.3.

3.2.6 (CH3)3SiCCH and (CH3)3CCCH

(CH3)3SiCCH (TMSA) and (CH3)3CCCH (TBA) have been shown to display

“large molecule limit” (i.e., statistical) IVR in the gas phase spectra of both

ν1 and 2ν1. For both molecules, the lines of the 2ν1 band were found to have

a Lorentzian shape with homogeneous line widths of 50 and 1400MHz respec-

tively [21] (with some additional inhomogeneous broadening due to the K struc-

ture). It is commonly believed that the total density of states, as opposed to

the density of low-order resonances, is the relevant quantitiy in determining IVR

rates. The much narrower linewidth for TMSA, despite a 50-fold larger density

of states [20], and despite the fact that the two molecules are otherwise extremely

similar, convincingly demonstrated the limitation of this assumption.

The 2ν1 spectrum of TMSA is shown in Figure 3.12, along with the best fit
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simulation as a symmetric top. Another, less intense spectrum, clearly identifiable

as that of a symmetric top (most likely a dimer of TMSA), appears to the red

of it. Since the two spectra partly overlap, we chose to fit them simultaneously,

but we will describe their fit separately, starting with that of TMSA. As before,

nuclear spin symmetry has to be taken into account. Due to the presence of the

three equivalent methyl groups, the symmetry group is no longer C3v, but the

much more complicated G162. The nuclear spin weights for this class of molecules

have been calculated by Lehmann and Pate [45], and will be used here.

Even for this extremely heavy, highly anisotropic molecule, the spectrum
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Figure 3.12: Trimethylsilylacetylene overtone spectrum, recorded at Tn = 23K.

The thick line is a fit to a symmetric top, with the parameters of Table 3.4. The

inset shows the FWHM linewidths. The weak spectrum to the red is assigned to

a dimer of TMSA (see text and Table 3.5).
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clearly shows the remnants of a resolved rotational structure. It was in fact

possible to use the widths of the Q and R branch lines as free parameters in the

fit. Due to lack of resolution in the P branch, the corresponding line widths had

to be constrained to a fixed value. The latter has been arbitrarily set at 700MHz

(FWHM), which best reproduces the barely resolved structure of the P branch.

In order to properly evaluate the partition function, all states with J up to 13

and K up to 11 have been included. In order to limit the number of free pa-

rameters in the fit, all the high-J transitions of the R branch (m ≥ 8) share the

same linewidth parameter. Quite to our surprise, Lorentzian line shapes gave us

a poor fit. Therefore we choose a Voigt profile (Gaussian width 496 ± 15MHz,

Lorentzian width 300 ± 16MHz) for the Q branch, and Gaussian line shapes for

the P and R branches. From this observation we deduce that for this molecule

line broadening is predominantly inhomogeneous. As in the case of propyne, the

linewidths are approximately constant with J , with the difference that in that

case the broadening mechanism was predominantly homogeneous.

Table 3.4 gives the constants determined from the fit. The rotational temper-

ature (0.47K) is slightly higher than usually observed. Even conceding that we

may be somewhat underestimating the uncertainty on the rotational temperature,

our data are not consistent with the usual value of 0.38K.

It is also remarkable that the lines are substantially narrower than even those

of HCN and DCCH. Power-dependent measurements of the Q branch of this

spectrum, analogous to those shown in Figs. 3.5 and 3.6 clearly demonstrated

that we could saturate this transition. The saturation power is estimated to be

∼ 10± 5W.

The less intense spectrum to the red of the TMSA spectrum clearly belongs

to a highly symmetric, heavy rotor, which is likely a van der Waals complex
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Table 3.4: Molecular constants from the fit of the trimethylsilylacetylene spectrum displayed in Fig. 3.12. Units are

MHz, unless otherwise indicated.

ν0 (cm−1) B̄ ∆B D̄J D̄JK Ā− B̄ ∆(A− B) T (K)

Free 6520.305a 1962b -6.8a 2.5×10−4 b · · · 1204c ≈ −∆B a · · ·

In 4He 6521.170(1) 431(1) 1.0(2) 0.469(7) 1.1(1) 392(12) -4.4(6) 0.475(3)

aFrom Ref. [21]. bGround state values, from Ref. [46]. cCalculated from A of (CH3)3SiH [47].
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Table 3.5: Molecular constants from the fit of the assumed (TMSA)2 spectrum

displayed in Fig. 3.12. Units are MHz, unless otherwise indicated.

FWHM

ν0 (cm−1) B̄ Ā− B̄ P,R branches Q branch

6520.833(1) 85(2) 35(5) 720(10) 615(50)

containing TMSA. In order to fit it, we assume that the complex has the same

symmetry and rotational temperature as TMSA itself. While these assumptions

are not totally justified, they are reasonable for the amount of information that

we want to extract from this spectrum. The parameters of the fit are reported in

Table 3.5.

From the measured B̄ constant we can roughly estimate the size of this com-

plex: if we assume the same mass as TMSA, its gyration radius is 2.25 larger

than that of TMSA, while if we assume a mass twice as large, the gyration radius
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Figure 3.13: Tert-butylacetylene overtone spectrum, recorded at Tn = 22K.
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is 1.6 times larger than that of TMSA. If this spectrum was due to a complex

between an impurity present in the experimental chamber and TMSA, the most

likely candidates would be N2, O2 or water, which are very light partners and

therefore not consistent with the above estimates. For this reason we tentatively

assign the spectrum to a dimer of TMSA.

The 2ν1 spectrum of TBA is shown in Figure 3.13. In this case, no fit is

possible, due to lack of rotational resolution and to a rather intense background

(evidenced by the sloping baseline and by the unphysical fact that the intensity

of the P branch appears to be greater than that of the R branch). The band

center, and an estimate of the linewidth can still be extracted; we obtain: ν0 =

6558.196(3) cm−1; Q-branch width = 2800MHz (FWHM). We note that unlike

TMSA which has the narrowest lines, TBA has the largest line width of all the

molecules considered in this study.

3.3 Discussion

3.3.1 Solvation shifts

Table 3.6 lists the solvent-induced shifts of the vibrational band origins. For both

HCN and DCCH, we only observe one transition; the vibrational origins can only

be calculated if we have estimates of the rotational constant of the molecules in

liquid He droplets. The rotational constant of HCN in the ν1 level (35.225GHz)

has been recently determined by the UNC group, as already mentioned. More

recently, we have observed the millimeter wave J = 0 → 1 transition of HCN

in He droplets at 72.14GHz [34]. From these data, we can produce a first-order

formula for the rotational constant as a function of the vibrational quanta, v, in the
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Table 3.6: Summary of the spectral features of the ≡CH chromophore

ν0 (cm−1)
Shift FWHM

Molecule Free In 4He (cm−1) (MHz)

HCN 6519.610a 6519.140 -0.470 930 (500b)

DCCH 6569.410c 6569.35d -0.06d 920

NCCCH 6551.980 6551.804 -0.176 970

CH3CCH 6568.172 6567.965 -0.207 1020

CF3CCH 6557.865 6557.496 -0.369 1580

TBA 6557.025 6558.196 1.171 2800 (1400e)

TMSA 6520.305 6521.170 0.865 675 (625e)

aRef. [31]. bEstimated width of the narrower of two components. cRef. [48].

dOnly R(0) observed. See text for the estimate of this value. eGas phase value

FWHM subtracted.

ν1 mode: B/GHz = 36.07 − 0.845 v, which gives Bv=2 = 34.38GHz. For DCCH,

we can also estimate the value of B (more crudely) from the spectrum of the ν3

fundamental of HCCH, measured in 4He droplets by the UNC group. Because of

the symmetry of HCCH, both J ′′ = 0 and J ′′ = 1 remain populated, and so the

position of the J ′ = 0, 1, 2 levels in the excited state has been determined. From

the J ′ = 0, 1 spacing, the effective rotational constant in the 4He droplet can be

estimated (30.08GHz). From this quantity, the increase in moment of inertia ∆I

(relative to the bare molecule) can be estimated. By assuming the same ∆I for

DCCH, we can then estimate the rotational constant of DCCH in 4He droplets.

As a result of these approximations, the solvent shift for DCCH is estimated with

less accuracy than for the other molecules.

For most of the molecules, we see a small shift to a lower wave number. This is
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consistent with the shifts observed for other stretching modes of molecules in He

droplets. In contrast, the two molecules with tert-butyl groups have positive shifts,

which previously had only been observed for bending modes. The solvent-induced

shift of vibrational transitions are known to include contributions of opposite sign.

The presence of a solvent hinders the vibrational motion, via short-range repulsive

forces, and causes a blue shift of the transition. On the other side, vibrational

excitation normally increases the long-range, attractive interactions (induction

and dispersion) between the molecule and the solvent, and causes a red shift of

the transition.

More specifically, the blue shift is caused by the following effect: As the CH

stretch is excited, the bond length increases, much faster than the solvent can

respond, and the H atom pushes against the repulsive wall of the H–He poten-

tial. This increases the effective force constant of the mode, relative to the free

molecule, and thus raises the vibrational frequency. This effect is the largest for

low frequency bending vibrations, both because they have small force constants

and because they involve large displacements against the solvent. One would like

to assume that the “blue shift” for the acetylenic CH stretch be approximately

constant across the series of molecules studied. Indeed, this mode is very localized,

and as such, not greatly affected by the series of very different substituents we

span: It is then plausible that the motion of the H atom “into” the He, caused by

vibrational excitation, stays the same regardless of the substituent. However the

assumption of constant blue shift is only reasonable if also the density of He in the

direction of the CH motion is approximately the same for all the substituents; in

reality it is known that the van der Waals interaction between the molecule and

the helium is strong enough to induce the formation, around the solute, of a highly

inhomogeneous solvent shell, whose structure and density change drastically from
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molecule to molecule (Chapter 4). Therefore we neither have a quantitative model

for the blue shift, nor can assume that it is approximately constant for the series

of molecules studied here.

The red shift is easier to model because it depends on long-range interac-

tions, whose functional form is known. Also, information can be extracted from

the droplet-size dependence of the shift, for which short-range effects cancel out.

Normally, the interaction between the molecule and the solvent atoms is treated

as pairwise additive, and only the leading term of the long-range molecule-atom

interaction (of the form −C6/r
6) is retained [49]. Further, it is assumed that the

molecule is confined near the center of the droplet, which has been predicted to be

the case, based on the energetics of solvation [17]. It is then easy to demonstrate

that the absolute red shift ∆νr is given by:

∆νr = −∆C6

∫

ρ(r)

r6
dr (3.2)

where ρ(r) is the density of the droplet and ∆C6 the change in C6 upon vibrational

excitation. With the asymptotic value of ∆νr taken as 0, the dependence on

droplet size is given by the “excluded volume” model [50]:

∆νr(N) =

(

4

3
πρ0

)2
∆C6

N
(3.3)

which is minimum (redmost) for N → ∞; this formula is the equivalent of the

one introduced in Sec. 3.2.1. We have made the tacit assumption that the first

solvation layers around the molecule do not change with droplet size, so that

the deviation from the asymptotic value is due solely to the “missing long range

interaction” as the amount of He interacting with the molecule is decreased; note

that this allows us to replace ρ(r) with its average value for the pure droplet, ρ0.

We will now analyze the 3 mechanisms that contribute to ∆C6. Note that usu-

ally the permanent dipole moment µ and polarizability α of a molecule increase
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upon vibrational excitation, hence all the contributions to ∆C6 listed below are

usually positive. We will also give the numerical results for HCN, and demonstrate

that the observed shift must result from partial cancellation of larger red and blue

shifts. We take the He–HCN interaction parameters mostly from Atkins and Hut-

son [51], experimental dipole moments from Smith et al. [52], and polarizability

derivatives from Dion et al. [53]; we calculate ρ(r) for a HCN·He1000 droplet by

use of a Density Functional method [9]. The three separate contributions are:

1. The dynamic dipole-induced dipole effect discussed by LeRoy [49] gives

∆C6 = ∆v αHe 2µ
2
01, where ∆v is the change in vibrational quantum number,

αHe the static polarizability of He, and µ01 the transition dipole moment for

the fundamental (ν1) transition. For HCN we obtain an absolute red shift

∆νr = 0.14 cm−1, and a droplet-size dependence ∆νr(N) = (0.25/N) cm−1.

2. The change of permanent dipole moment upon vibrational excitation gives

∆C6 = αHe(µ
2
v=2 − µ2v=0). For HCN we obtain ∆νr = 1.67 cm−1, ∆νr(N) =

(3.04/N) cm−1.

3. The change in polarizability upon vibrational excitation gives ∆C6 ≈ C6∆α/α.

For HCN, keeping into account the angular dependence of ∆C6, we obtain

νr = 4.98 cm−1, ∆νr(N) = (10.4/N) cm−1

In total, we have an absolute red shift of ≈ 6.8 cm−1, which is more than ten times

larger than the experimental value (≈ 0.5 cm−1). Since our estimate cannot be off

by an order of magnitude, we have to conclude that red and blue shifts are, at

least for HCN, of comparable magnitude and nearly cancel out. The droplet-size

dependence of the shift sums out to ≈ (14/N) cm−1, which is a factor of 3 smaller

than our experimental value (Sec. 3.2.1). The discrepancy may come from an
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incorrect estimate of either the droplet size (which is based on scaling laws) or

the value of ∆C6. In conclusion, one can see that the various contributions to

the red shift would be straightforward to calculate, from quantities that can in

principle be obtained via accurate ab initio calculations. Such calculations are

necessary if the cause of the surprising blue shift observed for TMSA and TBA

is to be determined; at present too many factors (polarizability, dipole moment,

molecular volume, and He density in the nearest solvation shells) are known with

insufficient precision.

3.3.2 Spectral broadening and solvent-mediated vibrational

relaxation

We chose the molecules studied in this experiment with the goal of studying the

effect of the He superfluidity on the intramolecular vibrational relaxation. A

few reasonable assumptions can be made: (1) That the observed mode has a

strongly local character, virtually independent of the substituent. (2) That direct

interaction between the CH stretch and the He does not significantly accelerate

the relaxation. (3) That a molecule with well separated modes, such as HCN,

would exhibit the narrowest lines, whose width would be an accurate measure

of solvent-induced effects. Condition (1) is certainly true for the acetylenic CH

stretch, whose spectral parameters (harmonic frequency, anharmonicity) in the gas

phase are largely independent of the molecule it belongs to. The intramolecular

relaxation rate of the mode, which is the quantity we want to study, does of course

depend on the molecule. Condition (2) is supposed to hold because of the large

mismatch between the high frequency of the CH stretch and the low frequency of

the He modes. Further, the superfluid properties of the droplet preserve rotational
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coherence, which suggests that dephasing effects should be minimal for vibrations

too. Condition (3) is based on the assumption that for a molecule with well

separated modes, which does not exhibit intramolecular relaxation in the gas

phase, no further intramolecular relaxation would be induced by the helium, for

the same reasons given at point 2.

With the R(0) line of HCN as a yardstick, one would interpret any extra

width in the larger molecules as evidence of intramolecular vibrational relaxation.

The latter would occur because the presence of the helium increases either the

coupling to, or the density of, molecular states into which vibrational energy is

relaxed. This analysis, however, is complicated by the fact that the R(0) line of

HCN is clearly broadened by inhomogeneous mechanisms, whose effects need to

be factored out. Inhomogeneous broadening was originally not expected, because

of the superfluid state of the solvent, but several facts demonstrate that it is

indeed present, if not dominant: (1) We can saturate the HCN R(0) transition. If

the line were homogeneously broadened, the saturation power would be at least

30 times larger than what we measured in Section 3.2.1. The model presented

in Section 3.5 lets us estimate an homogeneous width of 17MHz, compared with

a total linewidth of almost 1GHz. (2) In the large droplet limit, the line is

clearly asymmetric and split into at least two transitions. In the fundamental

transition, measured by the UNC group [32], the line is narrower by more than a

factor of 2 and the two components of the transition are more clearly separated.

(3) Inhomogeneous broadening of comparable magnitude has been observed for

the purely rotational transitions of NCCCH in He droplets [15].

Lehmann has devised a quantitative model in which the confined motion of

HCN inside a finite-size He droplet combines with the thermal spread of trans-

lational velocities to produce inhomogeneous broadening of rotational lines [17].
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The hydrodynamic part of this model appears to correctly predict the R(0) line

shape, and shows that the two peaks arise from the splitting of the triply degen-

erate J = 1 state, as experimentally verified [32], but the line width is a factor of

6.5 narrower than the experimental measurement in the fundamental [32]. Given

our estimate of the homogeneous linewidth of the R(0) line in the overtone, most

of the linewidth difference between the ν1 and the 2ν1 transition must be due to

increased inhomogeneous broadening. We note that the model of Ref. [17] does

not deal with vibrationally excited molecules, but contains quantities (such as the

C6 HCN–He interaction coefficients) which do change upon vibrational excitation.

These changes would probably increase the amount of inhomogeneous broadening

without modifying its functional form, thus giving a better agreement between

theory and experiment.

We will proceed with the hypothesis that inhomogeneous broadening is roughly

the same for all the molecules considered here. Also, we assume that the relaxation

rate of those molecules which in the gas phase exhibit either no IVR or fast IVR,

is not measurably affected by solvation in He. The first case (no IVR) has been

justified above; the second (fast IVR) is a restatement of the idea that direct

interaction between the CH stretch and the He does not affect the relaxation

rate. The IVR rate of molecules in an intermediate condition will instead be

affected by solvation in He. For example, in the gas phase, the 2ν1 transition of

propyne is barely below the threshold for IVR: solvation in He will increase the

density of states (including the low-order resonances, which control the rate of the

relaxation) and, as a consequence, the width of the spectral features will increase.

Note that we are implicitly assuming that the couplings between the states are

not greatly affected by the helium, particularly in the case of the (high energy)

states participating in low-order resonances. Indeed, if the couplings did increase
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significantly upon solvation, we would expect homogeneous lines that are one or

more orders of magnitude larger than what we observe here. For sake of compari-

son, the strongly coupled OH stretch of propynol, has, already in the fundamental

an IVR lifetime in the gas phase of ≈ 62 ps, i.e., an order of magnitude faster than

that of the acetylenic CH stretch in the same molecule [54].

We have taken saturation measurements for one molecule in each class, which

allows us to estimate the corresponding homogeneous linewidth: for HCN we get

17MHz which is close both to our experimental resolution and the to limit one

obtains from the rotational lifetime of NCCCH in He [15]. For TMSA we obtain

85MHz, consistent with the 50MHzmeasured for the gas phase molecule. Finally,

for propyne we get a lower limit of ∼ 500MHz. Even if these data are scarce and

of limited accuracy, they are consistent with our initial hypothesis that solvation

in He will accelerate the relaxation only for molecules in the intermediate IVR

regime.

Table 3.6 shows the observed widths of the transitions. For HCN we list

two widths, the observed FWHM of the line and the width of the “narrower”

feature, assuming that the line is in fact the sum of two transitions. For NC-

CCH, we list the narrowest of the observed widths. By extrapolation from the

molecules whose homogeneous linewidths we know, it can be seen that in all cases

it is reasonable to assume more or less a constant inhomogeneous contribution in

the 500–1000MHz range. Given our present inability to account quantitatively

for the inhomogeneous linewidth (even in the simplest case of HCN) any state-

ment about the changes in solvent-induced vibrational relaxation for this series

of molecules should be taken with extreme caution. Still, the data are consistent

with very modest solvent-induced vibrational relaxation and/or changes in the

intramolecular IVR rates, somewhat amplified for molecules on the threshold for
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IVR dynamics. Ultimately, we expect that the concepts used to treat IVR in the

gas phase will prove to be transferable to vibrational dynamics inside liquid He,

without strong modifications.

3.3.3 Rotational constants

In this section we will not follow the practice, standard in ro-vibrational spec-

troscopy, of directly reporting the values of the molecular constants extracted

from the measured spectra. Instead, in Table 3.7, we list the measured moments

of inertia. We choose this approach because moments of inertia are additive quan-

tities, hence it is physically meaningful to speak of the contribution of the solvent

to the moment of inertia. Centrifugal distortion constants, where available, were

reported in previous sections and will be qualitatively discussed here.

Some definitions: I is the moment of inertia of the bare molecule, ∆I its change

upon vibrational excitation; Ieff and ∆Ieff are the corresponding quantities for the

molecule solvated in He; Is = Ieff − I is the moment of inertia associated with the

solvent, and ∆Is = ∆(Ieff−I) = ∆Ieff−∆I its change upon vibrational excitation.

Unless otherwise indicated, the value of I (and similarly Ieff) is the average of the

ground and vibrationally excited states values, and has been obtained via the

formula: I · B̄ = 505379.05MHz · uÅ2
.

It can be readily seen that the solvation in 4He makes the moment of iner-

tia larger than in the gas phase, and that the effect is more pronounced as the

molecules get larger and more anisotropic. The same behavior has been observed

in the vibrational spectra of other molecules studied in He droplets, and has been

discussed in the literature [8, 9, 13, 35, 42]. In simplified terms, the helium in the

first solvation shell(s) is behaving (depending on the point of view) either as a
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Table 3.7: Moments of inertia and their variation upon vibrational excitation,

and/or solvation in He droplets. I is the moment of inertia of the bare molecule,

∆I its change upon vibrational excitation; Ieff and ∆Ieff are the corresponding

quantities for the molecule solvated in He; Is = Ieff − I is the moment of inertia

associated with the solvent, and ∆Is = ∆(Ieff − I) = ∆Ieff −∆I its change upon

vibrational excitation. Unless otherwise indicated, the value of I (and similarly

Ieff) is the average of the ground and vibrationally excited states values, and has

been obtained via the formula: I · B̄ = 505379.05MHz · uÅ2
. Entries have been

arbitrarily truncated. Units are uÅ
2
.

Molecule I ∆I Ieff ∆Ieff Is ∆Is

HCN 11.49 0.166 14.35 0.688 2.86 0.522

DCCH 17.11 0.227 19.56a · · · 2.45b · · ·

NCCCH 111.10 0.345 325.63 9.232 214.54 8.886

CH3CCH 59.14 0.315 234.95 8.520 175.81 8.204

CF3CCH
c 175.60 0.481 474.53 11.585 298.93 11.104

CF3CCH
d 88.37 · · · 167.90 · · · 79.53 · · ·

TBA 188.35 0.404 · · · · · · · · · · · ·

TMSA 257.56 0.445 1172.57 -2.721 915.01 -3.166

aCalculated as I + Is.
bAssumed to be the same as for HCCH [37]. cRotation

around B axis. dRotation around A axis.
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liquid hindering the motion of the solute molecule, or as a solid rotating with

it. In both cases it causes an increase of the moment of inertia. It has been

established that the very lightest rotors have only a small increase (+ 0–25%) in

moment of inertia upon solvation in 4He, both because they tend to have weakly

anisotropic interactions, and because their rotation is very fast (i.e., because the

helium cannot adiabatically follow the rotational motion [35]). For heavier (i.e.,

slower) and more anisotropic molecules, the helium density is believed to adi-

abatically follow the rotation of the solute molecules, and the increase is sub-

stantial (+ 200–300%). We have recently solved the hydrodynamic equations for

superfluid 4He surrounding a rotating solute molecule, from which we obtained

a hydrodynamic contribution to the moments of inertia [9]. The agreement with

experiment is excellent for all the heavy molecules that could be analyzed (likely

within the accuracy limits of density functional theory in estimating the true He

density profiles). HCN and DCCH are intermediate between fully decoupled and

fully coupled molecule-superfluid motion and for them the hydrodynamic model

predicts values of Is larger than those measured experimentally [9].

Rotation of trifluoropropyne around its symmetry axis is an interesting case

of mixed behavior, because of the high value of the gas phase A constant (which

makes trifluoropropyne a slow rotor), combined with a low anisotropy. The bal-

ance of these two facts is reflected in the increase of the corresponding moment

of inertia (+ 90%), which is intermediate between the two classes into which all

other molecules fall.

With the exception of TMSA, the value of ∆Is is, when available, always

positive, and larger than the corresponding gas-phase quantity, ∆I. Vibrational

excitation causes a slight distortion of the solute molecule (which increases the vol-

ume of liquid displaced) and a slight increase of the He–solute interaction (which



CHAPTER 3. OVERTONE SPECTROSCOPY IN He DROPLETS 67

results in a higher density of the first solvation layer). Both of these effects cause

∆Is to increase, the second effect being in all likelihood larger than the first. The

small negative ∆Is observed for TMSA is difficult to rationalize. Notice how-

ever, that TMSA, and TBA (for which ∆Is could not be measured), are the only

molecules exhibiting blue shifts upon solvation in He; a blue shift and a negative

∆Is are both consistent with a decreased molecule–He interaction in the vibra-

tionally excited state. Also notice that this decrease in interaction only needs to

occur locally, in a region where the density of the solvation shell is high, such as

(likely) the “bay” between the methyl groups and the CC triple bond. As in the

case of many other quantities measured in this work, very accurate (but feasible)

calculations would be needed to confirm this picture. Finally, the particularly

large value of ∆Is for HCN has to be interpreted as an amplification effect due to

the fact that coupling between the He and fast rotor improves as the rotor slows

down [9,34].

The last molecular constant to consider is the centrifugal distortion constant

DJ whose value in He is a few MHz for all our molecules. Such a dramatic increase

(a factor of ∼ 104) relative to the gas phase value was already observed for OCS

and SF6. In a recent paper on the OCS spectrum, Grebenev et al. attempted to

estimate this constant, considering the weak binding of He to the OCS molecule,

and obtained a result ∼ 50 times smaller than the observed value [55]. Notice that

even the sign of the DJ value is surprising. As discussed above, it is expected

that as a molecule rotates faster, the He will have greater difficulty to “follow”

the rotational motion; as a result the hydrodynamic inertia will decrease, which

expressed in terms of a rotational Hamiltonian corresponds to a negativeDJ value!

Further, it should be noted that faster rotational motion reduces the solvation

energy, as the helium effectively interacts with a “rotationally averaged molecule”.
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Based upon these considerations, it appears inevitable that the large positive

DJ values obtained from the fit will only describe the low rotational quantum

number levels of the spectrum; we can anticipate that at some J value, the energy

level spacing will begin to increase faster than what predicted by a rigid rotor

formula. In particular, this must happen before we get to a J value such that

BJ(J+1)−DJJ
2(J+1)2 < 0, otherwise levels with higher J would be energetically

favored! Unfortunately, it appears that the low temperature of liquid He droplets

results in negligible rotational population for levels where this “uncoupling” of

molecular rotation and hydrodynamic motion will occur.

For the low rotational state regime explored by existing experiments, density

functional theory will likely provide a new way to estimate the DJ constant: At

present, the density profile of the helium solvating a molecule has been found

by minimizing the static energy, i.e., by neglecting the energy of hydrodynamic

motion [9]. If this correction is added perturbatively to the density functional, we

will get a moment of inertia that is slightly dependent on J , i.e., an estimate for

DJ . Such calculations are planned for the near future.

3.4 Summary

Rotationally resolved spectra of the acetylenic CH stretch in the first overtone have

been measured for the following molecules embedded in a superfluid He droplet:

HCN, DCCH, NCCCH, CH3CCH, CF3CCH, (CH3)3CCCH and (CH3)3SiCCH.

Several spectroscopic parameters have been extracted from the spectra, including

the band shift upon solvation, the effective rotational constants, and the homo-

geneous and inhomogeneous line widths. The latter two quantities have been

discussed in the attempt to determine the influence of the superfluid He envi-
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ronment on intramolecular vibrational relaxation (IVR). Although more data are

needed to draw a definite conclusion, our results seem to indicate that a strong,

inhomogeneous broadening is always present, and is in fact approximately con-

stant across our series of molecules. If the homogeneous line width is taken as a

measure of the IVR rate, our data seem to indicate that the latter undergoes, upon

solvation, modest increases which are larger the larger is the molecule. Finally, we

have tried to quantitatively account for most of the observables we measured, and

we have shown that in most cases accurate models are available to this purpose.

These models are in general computationally demanding (more so for those quan-

tities which result from small variations, or near cancellation, of larger quantities),

but well within the current capabilities of molecular modeling; it is our hope that

the results presented here stimulate further activity in this direction.

3.5 Saturation model

We describe here the model used to predict the saturation behavior of an inho-

mogeneously broadened line given our experimental geometry. The model was

used to fit the saturation data of the R(0) line of HCN (Sec. 3.2.1) and TMSA

(Sec. 3.2.6). Since we want to know the absolute magnitude of the saturation

power, we need estimates of the laser power circulating inside the buildup cavity,

and of the strength of the transition been observed.

The first estimate is made by measuring the laser power immediately before

the interface with the vacuum chamber; this value is then rescaled by our typical

coupling losses (×0.65) and gain inside the cavity (×400).

For the second estimate we assume:

1. That the vibrational transition intensity of HCN in the droplet is the same
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as that measured in the gas phase (S = 1.4× 10−19 cm) [56].

2. That doped droplets can absorb at most one IR photon during the transit

time through the spot of the laser beam (T1 = 0.7 µs).

3. That the inhomogeneous broadening in the spectrum is static on that time

scale of transit through the laser spot so that the same subset of molecules

is pumped the entire time.

Numerical simulation of inhomogeneous saturation behavior under these assump-

tions leads to the following relationship between homogeneous width (∆ν) and

saturation power (Ps):

∆ν =
1.7SPs√
2hνπ1.5vω0

c (3.4)

where c is the speed of light, hν is the energy of the transition, S is the integrated

line strength, v the droplet velocity, and ω0 is the waist (radius) of the laser beam

inside the buildup cavity. The saturation power is obtained from a fit of the line

intensity I(P ) versus circulating power P , according to the equation:

I(P ) =
aP

√

1 + P/Ps
(3.5)

where a and Ps are the fit parameters. The parameters for the HCN R(0) line

are: hν = 6521 cm−1, Ps = 2W (from fit), v = 500m/s (beam velocity at 23K),

and ω0 = 172µm [57]. The weakest assumption in this model is likely that the in-

homogeneous shifts are static. Our microwave double resonance measurements in

NCCCH have indicated that the T1 time for microwave absorption is ≈ 10 ns [15].

In our model, if we reduce T1, we will have to decrease the homogeneous width

by the same factor, so the above estimate is likely to be only an upper bound.
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Chapter 4

A Superfluid Hydrodynamic

Model for the Enhanced

Moments of Inertia of Molecules

in Liquid 4He ∗

4.1 Introduction

The spectroscopy of atoms and molecules dissolved in He nanodroplets provides

both a new way to study microscopic dynamics of this unique quantum fluid [1],

and a very cold matrix (0.4 K [2]) to create and study novel species [3–5]. Re-

cent experiments have demonstrated that even heavy and anisotropic molecules

display rotationally resolved vibrational spectra with a structure reflecting the

gas phase symmetry of the molecule. However, the rotational constants required

to reproduce the spectra are often substantially reduced from those of the iso-

lated molecule. For example, the ν3 vibrational band of SF6 dissolved in He

nanodroplets (first observed by Goyal et al. [6] and later rotationally resolved and

∗This chapter has been published in Phys. Rev. Lett., 83, 5058 (1999); (E) 84, 1848 (2000)

by C. Callegari, A. Conjusteau, I. Reinhard, K. K. Lehmann, G. Scoles, and F. Dalfovo.
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analyzed by Hartmann et al. [2,7]) indicates that the effective moment of inertia,

Ieff , in liquid 4He is 2.8 times that of the isolated molecule. The same qualitative

behavior has been found for a wide range of other molecules [1, 8–11]. In an ele-

gant recent experiment, it has been demonstrated that the rotational structure of

OCS broadens and collapses in pure 3He droplets, and is recovered when ≈ 60 4He

atoms are co-dissolved in the 3He [1]. The association of the weakly damped, un-

hindered rotation with the Bose symmetry of 4He suggests that this phenomenon

is a manifestation of superfluidity, and the experiment has been called the micro-

scopic Andronikashvili experiment [1].

A theory able to reproduce the observed increase, ∆I, in molecular moments

of inertia would be of interest for at least two reasons. First, the enhanced inertia

provides a window into the dynamics of the liquid. Second, the ability to pre-

dict the rotational constants would further improve the utility of He nanodroplet

isolation spectroscopy for the characterization of novel chemical species.

The first model proposed to explain the observed ∆I assumed that a certain

number of He atoms, trapped in the interaction potential of the solute, rotate

rigidly with the latter [2]. In the case of SF6, 8 He atoms trapped in the octahe-

dral global potential minima would create a rigidly rotating “supermolecule” that

would have approximately the observed Ieff . In the case of OCS, putting a six

He atom “donut” in the potential well around the molecule also reproduces the

observed Ieff [12]. Recent Diffusion Monte Carlo (DMC) calculations [13] have pre-

dicted that the effective rotational constant of SF6–HeN monotonically decreases

from that of the isolated molecule to the large cluster limit, reached at N = 8, and

remains essentially constant for N = 8–20. The supermolecule model has been

recently extended to consider the rigid rotation of a “normal fluid fraction” of the

He density which is claimed to be significant only in the first solvation layer [1,12],



CHAPTER 4. THE HYDRODYNAMIC MODEL 77

based on Path Integral Monte Carlo calculations of Kwon et al. [14] which show

a molecule-induced reduction of the superfluid fraction. These calculations have

been recently used to propose a definition of a spatially dependent normal fluid

fraction which reproduces the observed Ieff of solvated SF6 [15]. An alternative

point of view has been recently proposed by Babichenko and Kagan [16].

The limitations of the supermolecule model are made clear by the ∆I observed

for HCN in He droplets [8] which is only ≈ 5% of the ∆I observed upon forma-

tion of a gas phase He·HCN van der Waals complex [17]. Furthermore, it has

been previously recognized that in principle there is also a superfluid hydrody-

namic contribution, Ih, to ∆I [1,18,19]. Previous estimates, based upon a classic

treatment of the rotation of an ellipsoid in a fluid of uniform density, found that

Ih is only a small fraction of the observed ∆I, at least for heavy rotors such as

OCS [12, 19]. In this report, we show that if the spatial variation of the He sol-

vation density around the solute molecule is taken into account, the calculated

Ih is instead rather large and agrees well with experimental data. We compare

our calculations with the experimental results available in the literature (OCS [1],

HCN [8]) and with results recently obtained in our laboratory for HCCCH3 and

HCCCN, and in the laboratory of R. E. Miller for (HCN)2 [9] and HCCH [10].

We first calculate the ground state He density, ρ, around a static solute

molecule. The molecule is then considered to undergo classical rotation, slowly

enough that the helium ground state density adiabatically follows the molecular

rotation. The kinetic energy associated with the He flow (assumed viscousless and

irrotational) is used to calculate Ih.
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4.2 Density Functional calculations

The main input of our hydrodynamic model is the ground state density of He

around the solute. DMC calculations can provide this density with a minimum

of assumptions beyond the interaction potentials [20], but are computationally

expensive. The Density Functional method, which is a good compromise between

accuracy and computational cost, consists in numerically minimizing the total

energy of the many-body system in the form of a semiempirical functional of the He

density: E =
∫

drH[ρ(r)]. The energy density H contains an effective non-local

interaction with a few parameters fixed to reproduce known properties of bulk

liquid He. The functional used here is the one termed Orsay-Paris [21], which

was shown to accurately reproduce the static properties of pure and doped He

clusters [22]. The need to treat axially symmetric molecules implies moving from

one to two-dimensional equations. The new routines have been extensively tested

against previously calculated spherically symmetric systems. The minimization

of energy is carried out by mapping the density distribution on a grid of points

and propagating it in imaginary time, starting from a trial distribution.

The density functional also contains the interaction between the He and the

impurity molecule. The interaction, assumed pairwise, is treated as a static exter-

nal potential, since the molecules considered here are expected to have negligible

zero point motion. Existing potentials for He–HCN [23], He–HCCH [24], and

He–OCS [25] have been used without modifications. The He–(HCN)2 potential

was generated as the superposition of the potential due to two HCN molecules

whose centers of mass are separated by 4.44 Å(the equilibrium distance for the

gas phase dimer [26]). The repulsive part of the He–HCCCN potential has been

taken from [27]; the attractive part from the He–HCN and He–HCCH poten-
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tials, using the concepts of distributed interaction and transferability [28]. The

He–HCCH [24] and He–CH4 [29] interactions were used to generate the potential

between He and HCCCH3, treating the latter molecule as cylindrically symmet-

ric. Full detail on all potentials used are available from the authors, and will be

published separately [30].

4.3 Hydrodynamic equations

Once the helium density profiles are calculated, the molecules are assumed to

rotate perpendicularly to their symmetry axis with angular velocity ω. We assume

that the He density adiabatically follows this rotation, which allows us to calculate

the laboratory-frame time-dependent density at each point in the liquid. This

assumption is only valid if at each point the velocity of the fluid, v(r), is less than

a critical velocity, vc. If vc is taken to be the velocity of sound, this is true for all

our molecules, at the temperature of the droplet: 0.4 K. A further justification

to our assumption is also the fact that no critical value of angular momentum

is experimentally observed for a wide class of molecules (i.e., for a wide range of

fluid velocities).

The second assumption that we make is that the He behaves entirely as a

superfluid undergoing irrotational flow. The assumption that the motion is ir-

rotational implies that v(r) can be written as the gradient of a scalar potential:

v = −∇φ (the dependence of ρ,v, φ on r will be implicit from now on), where

φ is known as the velocity potential. These assumptions lead to the following

hydrodynamic equation for the velocity potential [31]:

∇ · (ρ∇φ) =
∂ρ

∂t
= −(∇ρ) · (ω × r ). (4.1)
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The first equality is just the continuity equation, while the second reflects the

statement that the density is time-independent in the rotating frame. We select

our axis system with z along the symmetry axis of the molecule, and assume that

rotation takes place round the x axis with angular velocity ω = ω x̂. In order to

better exploit the symmetry of the problem, we have used elliptical coordinates

ξ, θ, ϕ, where x = f
√

ξ2 − 1 sin(θ) cos(ϕ), y = f
√

ξ2 − 1 sin(θ) sin(ϕ), and z =

f ξ cos(θ). The surfaces of constant ξ are ellipses of rotation with foci at z =

±f . Two such surfaces limit the region where Eq. (4.1) is solved. The inner

boundary excludes the volume occupied by the impurity, and is chosen as the

largest ellipse contained in the region where ρ< 0.005 ρ0 (ρ0=0.0218 Å−3 is the

bulk liquid density). Von Neumann boundary conditions n̂ ·∇φ = −n̂ · (ω × r)

insure that the normal component of velocity matches the normal component of

motion of the boundary [31]. Note that we define the surface normal as pointing

out of the region occupied by the liquid. For the outer boundary, any ellipse

large enough that the motion of the outside fluid is negligible can be chosen (with

Dirichlet boundary conditions φ = 0). These boundary conditions result in a

unique solution to the hydrodynamic equations. Other solutions exist if we do

not require the fluid to be irrotational, but it is known that these are higher in

energy [32], and will include any solutions that have some portion (a “normal

component” or a He “snowball”) of the He density that rigidly rotates with the

molecule.

Given the solution, φ, to the hydrodynamic equation, we can calculate the

kinetic energy, Kh, in the motion of the fluid by the following:

Kh =
1

2
Ih ω

2 =
1

2
mHe

∫

ρ (∇φ) · (∇φ) dV (4.2)

Kh =
1

2
mHe

[

−
∫

φ

(

∂ρ

∂t

)

dV +

∫

ρ φ (∇φ) · dS
]

. (4.3)
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Eq. (4.2) follows directly from the definition of kinetic energy; Eq. (4.3) is derived

from Eq. (4.2) using standard vector identities and assuming that φ is a solution

of Eq. (4.1). Ih is the hydrodynamic contribution to the moment of inertia for

rotation about the x axis, and mHe is the atomic mass of helium. Both (∂ρ/∂t)

and φ, are proportional to ω, thus the above definition of Ih is independent of

ω. The total kinetic energy of rotation will include the contribution from the

molecule, Km = 1
2
Im ω

2, where Im is the moment of inertia of the free molecule.

We can also calculate the net angular momentum created by the motion of the

He fluid: Jh = mHe

∫

ρ r × (−∇φ) dV . By use of standard vector identities and

Eq. (4.1), this definition can be shown to lead to Jh = Ih ω. Thus the total

angular momentum of the system is just the sum of the angular momenta of the

molecule and the superfluid helium. The local shape of the velocity field v(r) can

be rather complex due to the presence of strong inhomogeneities in the density

distribution.

4.4 Hydrodynamic moments of inertia

We calculate Ih by solving the hydrodynamic equation, Eq. (4.1) for φ, assuming

unit angular velocity rotation around the x axis. It is computationally convenient

to solve a slightly transformed version of Eq. (4.1), where the smoother function

ln ρ(r) appears instead of ρ(r):

∇2φ+ (∇ ln ρ) · (∇φ+ x̂× r) = 0. (4.4)

Eq. (4.4) is solved, subject to the boundary conditions, by converting it to a set

of finite difference equations on a grid of points in our elliptical coordinate system

and using the Gauss-Seidel relaxation method [33]. Both Eq. (4.2) and Eq. (4.3)
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are then evaluated by simple numerical quadrature, and are found to give the

same value of Ih within a few percent. We also carefully tested the convergence

of Ih with grid size.

As an example of density distribution and velocity field, Fig. 4.1 shows our

results for the OCS molecule in a cluster of 300 He atoms. On the left we give the

contour plot of the He density near the molecule. One clearly sees the complex

structure which results from the tendency to have He atoms near local minima of

the impurity-He potential. The highest peak, at (y, z) = (−3.6,−1.2), corresponds

to a ring of atoms perpendicular to the axis of the molecule. The integral of the

density within this structure gives 6.5 atoms, and indeed 7–8 is the number of He

atoms one expects to fit into such a ring by close-packing. On the right side of

the same figure we plot the current density, ρv. We find that most of the kinetic

energy density, 1
2
ρv2, comes from the first solvation layer, the outer part of the

cluster giving a negligible effect.

4.5 Discussion and conclusions

In Table 4.1 our results are compared with existing experimental values for several

molecules in He nanodroplets. There is an overall good agreement between the

predicted and observed enhancements of the effective moment of inertia. From

a quantitative viewpoint, one notices that the predicted moments of inertia tend

to overestimate the experimental values. In the case of the lightest rotors (HCN

and HCCH) the large discrepancy suggests the breakdown of the assumption of

adiabatic following as recently predicted [13]. In that paper the importance of He

exchange is pointed out; it is also shown that the interplay of the rotational con-

stant with the potential anisotropy determines the extent to which the anisotropic
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Figure 4.1: He density, ρ, (left) and He current density, ρv, (right) distributions

for a cluster of 300 He atoms, with OCS in its center rotating counterclockwise.

For the sake of showing details, the highest He density peaks have been clipped

(white areas), and the dynamic range of the current has been compressed.
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He solvation density can adiabatically follow the rotation of the molecule. When

the rotational constant of SF6 is arbitrarily increased in the calculation by a factor

of 10, the He density in the molecule-fixed frame becomes much more isotropic

and the solvation-induced ∆I decreases by a factor of 20 [13]. We have recently

obtained experimental evidence that ∆I is larger for DCN than for HCN, which

we believe to be direct experimental evidence for this effect [34]. It is interesting

to note that for these light (i.e., fast spinning) rotors the maximum of v(r) ap-

proaches the bulk 4He sound velocity. The overestimate of the moments of inertia

for the other molecules likely reflects the uncertainties in the calculated ρ(r). We

should remark here that while, by construction, the Orsay-Paris functional pre-

vents ρ̄ (the density averaged over an atomic volume) from becoming much larger

than ρ0, the functional was not constructed to deal with density gradients as high

as those found in the first solvation layer. We observed that small changes in the

Table 4.1: Moments of inertia for the molecules studied in this work. Units are

u Å2. The quantities Im and Ieff are the observed moments of inertia when the

molecule is free and dissolved in the cluster, respectively. Their difference, ∆I, in

the fourth column is compared with the hydrodynamic moment of inertia, Ih, of

the present calculation.

Im Ieff (exp.) ∆I Ih (calc.) ref.

HCN 11.39 14.04 2.65 5.7 [8]

DCN 14.0 16.9 2.9 5.6 [34]

HCCH 14.26 16.08 1.82 9.4 [10]

HCCCH3 59.14 224.0 164.8 190 [11]

OCS 83.10 230.0 146.9 197 [1]

HCCCN 111.1 330.7 219.6 226 [11]

(HCN)2 289.5 872.5 583 619 [9]
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form of the He density within the deep potential well of those molecules produce

significant variations of the predicted moments of inertia, limiting the accuracy

of the final results to 20%–30%. This uncertainty does not affect the main result

emerging from Table 4.1 that the hydrodynamic contribution to the moment of

inertia of these systems, instead of being negligible, is rather large and can explain

the observed rotational constants.

One could object that the density values found at the minima of the He-

molecule interaction potential (e.g., ≈ 11 ρ0 for OCS) are too high to be treated

as those of a liquid, and should be interpreted as localized He atoms rigidly ro-

tating with the molecule; it has been proposed that the He density distribution

around the OCS–He6 supermolecule is only weakly anisotropic and thus can rotate

without generating a significant hydrodynamic contribution [12]. We have calcu-

lated the above density distribution, and found that it is still strongly anisotropic,

leading to a hydrodynamic moment of inertia of over 400 u Å2. When combined

with the moment of inertia of the OCS-He6 supermolecule, this gives a total effec-

tive moment of inertia of over 650 u Å2, dramatically larger than the experimental

value (230 u Å2).

In summary, the spatial dependence of the He density, which is caused by the

molecule–He interaction, results in a hydrodynamic contribution to the moment

of inertia more than an order of magnitude larger (in the case of the heavier

rotors) than that predicted for the rotation of a reasonably sized ellipsoid in He

of uniform bulk liquid density. Furthermore, the present calculations suggest

that the effective moments of inertia of molecules in He nanodroplets (and likely

also bulk He) can be quantitatively predicted by assuming irrotational flow of a

spatially inhomogeneous superfluid.
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Chapter 5

Single and Double Resonance

Microwave Spectroscopy in

Superfluid 4He Clusters ∗

5.1 Introduction

The spectroscopy of molecules embedded in large 4He clusters has recently re-

ceived considerable experimental and theoretical attention [1,2]. Nanometer scale

helium clusters (nanodroplets), containing from several hundreds to more than 104

He atoms, provide a unique environment for high resolution matrix spectroscopy

where the advantages of both conventional matrix spectroscopy and molecular

beam spectroscopy are combined [3]. Since these clusters will pick up molecules

or atoms that they encounter on their path without being appreciably deflected [4],

they allow for a high degree of synthetic flexibility, and in particular for the for-

mation and stabilization of weakly bound and unstable species [5–9]. Evapora-

tive cooling has been found to maintain 4He nanodroplets at a temperature of

0.4K [10, 11], well below the predicted superfluid transition temperature which

∗This chapter has been published in Phys. Rev. Lett., 82, 5036 (1999) by I. Reinhard, C.

Callegari, A. Conjusteau, K. K. Lehmann, and G. Scoles.
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ranges from 2.14K in bulk liquid helium to 1.5K for clusters of only 102 He

atoms [12]. As the perturbations imposed on the guest molecules by the helium

host are minimal, the shift and width of spectroscopic lines in 4He clusters are con-

siderably less than for traditional matrix environments [1]. Furthermore, rotation-

ally resolved spectra have been observed for a large variety of molecules [11,13–18]

which show the structure predicted by the gas phase symmetry of the molecules

with, however, reduced rotational constants. By showing that ro-vibrational spec-

tra in 3He clusters collapse into a single line, the weakly damped molecular free

rotation present in liquid 4He has recently been demonstrated to be a direct con-

sequence of the boson nature of 4He and is considered a microscopic manifestation

of superfluidity [16].

An important unresolved question posed by the IR spectra relates to the phys-

ical process responsible for the line broadening observed in ro-vibrational transi-

tions, which ranges from 150MHz in the case of the R(0) line in the ν3 fundamental

in OCS [17] to 5.7 cm−1 for the case of the P(1) line in the ν3 asymmetric stretch

in H2O [18]. For the carefully studied case of the ν3 fundamental of SF6 [11], the

lines were found to have a Lorentzian shape of width ≈ 300MHz independent of

the rotational transition, which led to the suggestion that the linewidth reflected

vibrational relaxation and/or dephasing [17].

Since He clusters remain fluid down to zero temperature and because of the

very large zero point motion of the 4He atoms, it appears natural to assume that

the spectra of molecules seeded in this medium should not display inhomoge-

neous effects other than contributions from the cluster size distribution via size-

dependent frequency shifts which, however, have been shown to be small [19]. In

solids, variations of local binding sites lead to a distribution of vibrational frequen-

cies, which results in inhomogeneous broadening that dominates the linewidths
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at low temperature. In contrast, in liquids, local solvation fluctuations lead to

dynamic dephasing. Treating the clusters as a classical liquid, one may expect

the time scale of the solvation fluctuation (due to the large zero point kinetic

energy of the He atoms) to be much faster than the dephasing times observed

in most ro-vibrational spectra and hence the effect of fluctuating solvation would

likely be strongly motionally averaged [20], leading to homogeneous, Lorentzian

line shapes. The spectra of SF6 [11] and CH3CCH [13], which are well described

with a free rotor Hamiltonian and Lorentzian line shapes, seem to confirm the

assumption that the major source of line broadening is of homogeneous nature.

However, at temperatures as low as 0.4K in a superfluid medium solvation

fluctuations are probably more appropriately described in terms of the interac-

tion with the thermally populated fundamental modes of the cluster. For typical

cluster sizes (well below N=105) only surface excitations (ripplons) have to be

considered [10]. The coupling of the molecular vibration to these modes has been

estimated and found to be too weak to explain the observed linewidths [21].

The observation of rotational structure in vibrational transitions suggests that

pure rotational spectroscopy, by excitation with microwave (MW) radiation, should

provide a useful probe of the rotational dynamics of the dopant molecules in the

superfluid helium environment. It should be noted, that it was not clear a priori

whether such spectra could be observed at all. Due to the short absorption path

and low densities characteristic of molecular beams, direct MW absorption mea-

surements are not viable. Whereas transitions in the UV and visible spectral range

can be efficiently detected by laser induced fluorescence [7, 8, 22, 23], beam deple-

tion spectroscopy is employed to detect transitions in the near and mid IR [5,11].

In this method, photon absorption and subsequent relaxation of the molecular

excitation energy leads to He atom evaporation from the cluster and a decrease
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in the flux of He atoms in the droplet beam is observed. While absorption of a

single IR photon leads to the evaporation of hundreds or more He atoms from a

droplet, at least 10 microwave photons per droplet will need to be absorbed to

provide sufficient energy to evaporate a single He atom (∼5 cm−1 [24]). In order

to produce a signal of sufficient size to be detected, many He atoms per cluster

must be evaporated. This requires the rotational relaxation to occur on a time

scale significantly shorter than 10µs. Although a lower limit of the rotational

relaxation time of the order of hundreds of ps is established by the linewidth of

typically 1GHz observed in the IR spectra [13], the upper limit could be as high as

tens of µs, in which case no signal would be observed. The upper limit is imposed

only by the fact that for all observed IR spectra the rotational populations are

fully thermalized at the temperature of the He droplets by the time the clusters

reach the laser interaction region.

Here we report measurements of the microwave spectrum of NCCCH in He

nanoclusters detected by the method of beam depletion spectroscopy. NCCCH

was used because of its large dipole moment (3.7D) and its linear structure (ro-

tational constant B =1.5GHz in the helium nanodroplets [13,14]), which leads to

strong and well resolved rotational transitions.

5.2 Experimental setup

The molecular beam setup will be described in detail elsewhere [13]. Here we will

give only a short summary highlighting the aspects unique to the present study.

Clusters are formed in a supersonic free-jet helium expansion from a cold 5µm

diameter nozzle which, in the measurements presented here, is operated at 26K

and a stagnation pressure of 100 atm yielding an average cluster size of ≈ 3×103
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atoms/cluster (estimated from Ref. [25]). After collimation by a conical skimmer,

the clusters pass through a pickup cell containing typically 3×10−4 torr of the gas

of interest and collect (on average) one foreign molecule each. Subsequently the

clusters pass through a 10 cm long P-band microwave guide (nominal 12–18GHz)

which is aligned parallel to the cluster beam. The MW amplitude is modulated

at 310Hz. The molecular beam enters and exits the waveguide through two 3mm

holes in E-bends located at each end of the device. If multiple resonant photon ab-

sorption and subsequent relaxation of the molecule–helium cluster system occurs,

the beam depletion signal is recorded by a liquid-helium-cooled silicon bolometer

using a lock-in technique. The microwave radiation is produced by a sweep gen-

erator (HP 8350B) with a 0.01–26.5GHz plug-in (HP 8359A) and is amplified by

a traveling wave tube amplifier (Logi Metrics A310/IJ) to a power level between

0.05W and 3.4W (corresponding to a field strength of 0.78 to 6.5 kV/m in the

center of the P-band waveguide). The power transmitted through the waveguide

is attenuated by 30 dB and measured by a crystal detector (HP8473B), the output

of which is used to level the power of the sweep generator during frequency scans.

5.3 Results

Spectra of the J=3→4 and the J=4→5 transitions in the ground vibrational state

of NCCCH obtained for various MW field strengths between 0.78 and 6.5 kV/m are

shown in Fig. 1. The line centers agree well with the line positions predicted from

the molecular constants obtained from the ro-vibrational IR spectrum of NCCCH

in the helium clusters [13]. The linewidths (FWHM) are observed to increase

from ∼0.6 to ∼1GHz for the J=3→4 transition and from ∼0.8 to ∼1.2GHz

for the J=4→5 transition when the microwave field is increased from 0.78 to
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6.5 kV/m. At low MW fields these linewidths are comparable to the width of

the corresponding ro-vibrational transitions in the spectra of the fundamental

CH stretching mode [14], indicating that vibrational relaxation and dephasing

which frequently are the dominant line broadening mechanisms in the spectra of

impurities in classical liquids [20] are not the main source of broadening for a

molecule such as NCCCH in a superfluid helium cluster. Similar linewidths have

been observed by us for the corresponding microwave transitions in CH3CN and

CH3CCH.
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Figure 5.1: Microwave spectra of the J=3→4 and J=4→5 transition in NCCCH

in 4He droplets measured at various MW field strengths. The arrows indicate

the line positions predicted from the molecular constants obtained from the ro-

vibrational spectrum of NCCCH in He clusters. Inset: Signal amplitude of the

J=4→5 transition at 13.1GHz as a function of microwave field strength. The

linearity of this plot demonstrates the inhomogeneous nature of the dominant line

broadening mechanism.
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The dependence of the signal amplitude S on the microwave field strength

E has been measured for NCCCH with the MW frequency fixed at the top

of either the J=3→4 or the J=4→5 transition and is well described by S ∼

E2/(1+E2/E2
sat)

1/2 with the saturation field Esat =1.1(2) kV/m (see Inset Fig. 1).

This saturation behavior, resulting in a linear dependence of the absorption as

function of the MW field intensity for E À Esat, demonstrates that, in con-

trast to the previous expectations, the linewidth is dominated by inhomogeneous

broadening [26]. With the saturation parameter (E/Esat)
2, the homogeneous un-

saturated linewidth is calculated to be at least a factor of 6 narrower than the

inhomogeneous linewidth observed at a MW field intensity of 6.5 kV/m. This sets

the lower limit of the rotational relaxation time to about 2 ns.

An upper limit for the rotational relaxation time has been set by a MW am-

plitude modulation experiment: With the MW frequency fixed on top of the 3→4

transition at a MW field of 7.8 kV/m, the signal height is monitored while the

MW field is 100% square wave modulated at a frequency f . By modelling the

3→4 transition as a driven two-level system, the absorbed microwave power is cal-

culated to increase by a factor of 2 when f changes from f ¿ 1/T1 to f À 1/T1,

where 1/T1 is the population relaxation rate for the transition. This is basically

independent of the dephasing rate (1/T2), as long as the microwave power is suf-

ficiently large to allow for saturation. From the fact that no increase in signal

is observed for modulation frequencies up to 10MHz we estimate an upper limit

for the rotational relaxation time of about 20 ns. This limit is in agreement with

the independent but less stringent estimate inferred from the comparison of the

strengths of the MW spectra and the IR spectra [13], which implies that the

rotational relaxation takes place at a rate not slower than in tens of ns.
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In order to determine the homogeneous linewidth of the rotational transition,

microwave-microwave double resonance experiments have been carried out. A

second microwave source (HP8690B, plug-in HP8694B: 8–12.4GHz) is employed

to generate microwave radiation at a fixed frequency. While the first microwave

field (the probe) is frequency scanned across the 3→4 and the 4→5 transition, the

second microwave field pumps the J=3→4 transition at about 11.1GHz.

As the probe frequency approaches the pump frequency a strong decrease in
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Figure 5.2: MW-MW double resonance spectrum of NCCCH in 4He clusters com-

pared to a single resonance spectrum. The depletion in the J=3→4 and the en-

hancement in the J=4→5 transition occur over a significant part of the linewidths

indicating rapid relaxation among the substates of the inhomogeneous broadening

of the individual rotational levels with a rate much faster than the rotational pop-

ulation inversion rate. The J=3→4 transition is pumped with a fixed frequency

at 11.1GHz and a field of 3.75 kV/m while the probing field is 5.3 kV/m.
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signal is observed due to the depletion of the J=3 state by the pump, whereas

the 4→5 transition signal is increased according to the enhanced population of

the J=4 state (Fig. 2). Remarkably, the hole burnt into the 3→4 transition has a

width of ≈ 50–70% of the single resonance linewidth, implying that the rotational

population inversion relaxation time is larger than 4 ns. The increase in the 4→5

signal even occurs over the total width of the signal, indicating that there is a fast

relaxation within the inhomogeneous distribution of each individual J level. This

observation is important as it implies that a substantial part of the inhomogeneous

line broadening is due to a dynamic effect rather than to a static effect such as

the cluster size distribution.

5.4 Discussion and conclusions

The phenomenon of “dynamic” inhomogeneous broadening can be understood

assuming that there are additional degree(s) of freedom associated with a splitting

of the rotational state into several substates and that the molecule may transit

among these substates. Such transitions, which may well change the kinetic and

potential energy of the molecule, but produce only a small change in its rotational

energy, will be denoted as “elastic”. If the elastic relaxation rate is much less

than the spectral line width, the line shape reflects the distribution of resonance

frequencies of the molecules in these additional quantum states. Each substate

has a homogeneous width much narrower than the width of the inhomogeneous

line. A double resonance experiment would be expected to show a correspondingly

narrow hole in the pumped transition and a peak on top of the transition starting

from the population enhanced rotor level. However, if the relaxation rate for the

rotor quantum number is slower still than the relaxation between the substates,
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then the population disequilibrium produced by the MW pumping will be spread

over many or all the substates. This produces, in our case, a broad depletion in

the lower rotor level and an enhancement over the complete width of the higher

rotor level.

The relative areas of the depletion and enhancement signals compared to the

single resonance MW signal can be used to extract the relative rates of the two

relaxation processes. By kinetic modelling of the transition rates between the J=3

and J=4 rotational levels and among the substates of each individual rotational

state we estimate that the elastic relaxation within one rotational state is about

one order of magnitude faster than the inelastic population inversion relaxation.

In order to determine possible mechanisms underlying the observed inhomo-

geneous broadening one of the authors has analyzed the dynamics of a neutral

impurity in a nanometer scale 4He cluster [21] showing that for an anisotropic im-

purity significant sources of line broadening arise from the coupling of the molec-

ular rotation with the center of mass motion of the dopant. These couplings arise

both from an anisotropic effective potential for the dopant when shifted from the

exact center of the clusters, and from an orientationally dependent hydrodynamic

contribution to the effective inertial mass of the dopant. It should be noted, how-

ever, that it is not clear how the molecular energy is transferred to the cluster

since the energy released or absorbed by the molecular rotationally inelastic or

elastic transition in general is not likely to match the quantized energy of the

lowest cluster excitations.

The measurements presented here are the first observation of a purely rota-

tional spectrum of any molecule in a liquid He environment, and have provided

a unique window on the sources of line broadening and in particular onto the

rotational dynamics of the dopant in the superfluid helium environment. It has
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been unambiguously demonstrated that the rotational lines are dominated by in-

homogeneous broadening which is attributed to the coupling of the center of mass

motion of the molecule within the finite size cluster to the molecular rotation. The

second major observation is that the molecule transits among the quantum states

of the inhomogeneous distribution on a time scale much faster than the rotational

relaxation. These MW-MW double resonance measurements have been followed

by a separate study using microwave-infrared double resonance which provides

new information on the relaxation dynamics of the dopant in the cluster and its

dependence on the finite cluster size [27].
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Chapter 6

Finite Size Effects and Rotational

Relaxation in Superfluid Helium

Nanodroplets:

Microwave-Infrared

Double-Resonance Spectroscopy

of Cyanoacetylene ∗

6.1 Introduction

Liquid He nanodroplets have attracted considerable attention in recent years, both

as a matrix to produce and study novel chemical species [1–5], and as a quantum

system with unique properties [6–13]. Owing to its high resolution, sensitivity,

and selectivity, laser spectroscopy has become the tool of choice in this kind of

experiment. The first spectroscopic studies in He droplets were carried out using

a line-tunable CO2 laser to vibrationally excite a solvated SF6 molecule [14]. This

∗This chapter has been submitted for publication in J. Chem. Phys. by C. Callegari, I.

Reinhard, K. K. Lehmann, G. Scoles, K. Nauta, and R. E. Miller.
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study showed that the associated absorption bands were sharp and that molecular

complexes could be formed within the droplets by the pickup of more than one

molecule. The application of tunable diode lasers to this system revealed that

the associated spectrum could be rotationally resolved [15], demonstrating that

the SF6 molecule undergoes coherent rotational motion with a dephasing time

longer than the rotational period. However, the rotational constant of the sol-

vated molecule is approximately a factor of three smaller than in the gas phase,

indicating that the helium contributes to the effective moment of inertia of the

system. This study also reported the SF6 rotational temperature (0.37K), thus

providing the first experimental determination of the droplet temperature, which

was found to be in excellent agreement with theoretical predictions [16, 17]. In-

frared (IR) spectroscopy of OCS in 4He, 3He, and mixed droplets [9] has recently

provided an elegant demonstration of the superfluid nature of 4He droplets above

a critical size (≈ 60 atoms) and shown that the high resolution that is obtained

in 4He is a consequence of its superfluidity (although a different interpretation of

this phenomenon has recently been given in the literature [13]).

Spectroscopic investigation of doped He droplets is presently becoming quite

diversified. Recent work has focused on: (1) the electronic transitions of atoms,

molecules and clusters [12,18–20], (2) the use of the droplets as an ultracold matrix

for the formation of nonequilibrium species [2, 4], (3) the quantum properties of

the droplets themselves [7], (4) the change in moment of inertia undergone by

molecules upon solvation, and its microscopic origin [9, 21], and (5) the study of

the spectral line shapes [22–25]. In the present study we report on the application

of double-resonance spectroscopy to the study of microwave and infrared line

shapes for NCCCH (cyanoacetylene) seeded in He nanodroplets of variable size.



CHAPTER 6. MW-IR SPECTROSCOPY IN He DROPLETS 104

The ro-vibrational spectral lines of molecules in He droplets are quite nar-

row (typically 10−2 cm−1), yet they are 10–100 times broader than the instru-

mental resolution. Quantitative information on the solvent environment can be

extracted from the analysis of the line shapes, provided the source of broadening

is understood. Traditionally, spectroscopists divide line shapes into two major,

smoothly merging, classes: homogeneous and inhomogeneous. In the first, all of

the molecules are in the same environment and the line shape is often Lorentzian,

the width reflecting the coherence lifetime of the states under investigation. In

the second, the molecules are distributed over a set of states, each giving rise

to a slightly different transition frequency. The resulting line profile constitutes

an arbitrarily-shaped envelope corresponding to a distribution over much nar-

rower, unresolvable homogeneous lines [26]. The latter class is further divided

into two categories, namely static, where each molecule resides in a given state for

a time much longer than the time scale of the experiment (e.g., different trapping

sites in a solid matrix), and dynamic, sometimes referred to as spectral diffusion,

quasistatic broadening or heterogeneous broadening [27]. In the limit of static

inhomogeneous lines, a double-resonance scheme is highly effective at “tagging”

molecules in specific substates and one expects to “burn a hole” in the inhomo-

geneous distribution. When homogeneous broadening dominates, as well as in

the limit of fast dynamic inhomogeneous broadening, all the molecules can be

considered as residing in the same state. In this case “substate tagging” is not

possible, and the line profiles are the same in the single- and double-resonance ex-

periments [26]. Intermediate cases are “an immensely complicated question” [27]

and have to be treated individually.

In comparison with a solid matrix, superfluid liquid helium is an extremely

homogeneous medium; hence—at least in the bulk limit—it has been widely as-
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sumed that one would not observe static inhomogeneous broadening. This has

naturally lead to the assumption that the observed linewidths are homogeneously

broadened (by rotational and vibrational relaxation and/or dephasing) [28]. Such

an assumption may be also partly justified by the success in fitting some of these

spectra using Lorentzian line shapes [15]. Although inhomogeneous broadening

sources must also exist, in the present context these have yet to be analyzed quan-

titatively. A detailed theoretical discussion of spectral broadening in He droplets

can be found in Ref. [24], where several sources of inhomogeneous broadening,

related to the finite size of the droplets, are discussed.

Recently, purely rotational transitions of cyanoacetylene in 4He droplets have

been detected via microwave (MW) single- and double-resonance spectroscopies [29].

These studies provided evidence of fast (2–20 ns) rotational relaxation, while at

the same time the saturation behavior of the observed transitions clearly indicated

that the MW line profiles were dominated by inhomogeneous broadening mech-

anisms. On the other hand, the MW-MW double-resonance spectral holes and

peaks had widths comparable to those of the single-resonance lines, a situation

usually associated with homogeneous broadening. To rationalize these results it

was proposed that the inhomogeneous broadening was dynamic, i.e., that there

was a faster, rotationally “elastic”, relaxation process occurring within the mani-

fold of states that give rise to the inhomogeneous broadening. Such states, which

might for example include the “particle-in-a-box” levels mentioned below, will

be referred to as “hidden”, because they are not directly probed by the kind of

spectroscopy experiments discussed here. In view of the results obtained in the

present experiment and of a more refined model for dynamic broadening, some of

the previous (yet unpublished) data have been revisited and will be presented in

Sec. 6.4.
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A recent model for dopant–host interactions in a finite-size He droplet [24]

shows that the energy gained by solvation of the dopant generates a trapping

potential which confines the dopant in the nanodroplet. Quantization of the mo-

tion of the molecule within the droplet, in such a potential, gives levels that are

spaced by ≈ 0.015 cm−1 (for SF6), implying that at 0.4K hundreds of states will

be populated. These levels, which closely resemble those of a 3-D harmonic oscil-

lator, are referred to as “particle-in-a-box” levels to emphasize their origin from

the confined translational motion of the impurity. The different solvation energies

associated with each “particle-in-a-box” state result in a slight frequency spread

for the rotational transitions of the guest molecule, thus providing a mechanism

for inhomogeneous broadening. For nonspherical molecules, there is an additional

contribution to the frequency spread, which is of comparable magnitude, namely

that originating from the orientation- and velocity-dependent hydrodynamic inter-

actions of the molecule with the helium. In particular, for linear polar molecules,

theory predicts [24] that the degeneracy over the magnetic quantum number (M)

is partially lifted, giving rise to line splittings. Concurrently, Nauta and Miller

have observed line splittings for HCN in 4He droplets [22], and were able, by ad-

dition of an external Stark field, to correlate the different features of the R(0) line

to different values of |∆M |. These authors interpreted their findings in terms of

the model of Ref. [24] and also showed that a relatively modest field (≈ 5 kV/cm,

i.e., ≈ kT/µHCN at 0.4K) can induce line splittings of comparable magnitude to

those occurring in the field-free case.

The models proposed in Ref. [24] are to date the only ones that provide a

methodology to predict the observed line shapes. However, quantitative agreement

with experiments is still lacking, suggesting that important interactions are still

missing from the models. Additional experimental data are needed to aid the
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development of a quantitative theory. Indeed, experimental schemes that simplify

the interpretation of the data are clearly needed. With this in mind, we present

here a series of microwave-infrared double-resonance (MW-IR DR) experiments

in which the IR probe laser can continuously scan the entire vibrational band,

thus probing the entire manifold of rotational states, including those not directly

coupled by the MW pump. In principle, absorption of only one IR photon per

molecule is necessary to produce a detectable signal (as opposed to the multiple

absorption-relaxation cycles in the MW-MW DR experiment [29]), resulting in

greater signal-to-noise ratios and a simplified picture of the interaction of the

molecule with the probing radiation. Finally, frequency-dependent, MW-induced

noise on the bolometer detector, which has been observed to affect the microwave

experiments, can be minimized in MW-IR DR experiments by keeping the MW

frequency fixed and scanning the probe laser.

By use of bolometer-detected infrared molecular beam spectroscopy, we have

measured the single-resonance IR spectra of the ν1 band of cyanoacetylene embed-

ded in helium droplets. Furthermore, in a double-resonance experiment, a MW

field has been overlapped to the IR laser, to “tag” the NCCCH molecules in spe-

cific rotational and “hidden” states. A comparison between the spectra obtained

in the two experiments provides information on the relative importance of homo-

geneous and inhomogeneous line broadening for this system; possible candidate

mechanisms for broadening are also discussed. Analysis of the observed spectral

features as a function of the average droplet size shows that the latter plays an

important role in determining the dynamics of rotational relaxation. A qualitative

model connecting the rotational relaxation to the bath of surface oscillations of

the droplet (ripplons) is proposed to explain this observation.

Concurrent with the present work, an independent MW-IR DR experiment has
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been performed on the OCS ν3 fundamental transition by Grebenev et al. [30].

The two studies reach similar conclusions, though many of the details differ, likely

reflecting the different dynamics experienced by the respective molecules in the

He droplet.

6.2 Experimental

The present experiments were carried out at the University of North Carolina, us-

ing a helium nanodroplet spectrometer whose schematic is presented in Fig. 6.1.

A detailed description of the apparatus was given previously [31], so only a brief

overview is given here, focusing on the modifications that were necessary to per-

form the MW-IR DR experiments. A beam of helium droplets was formed by

expanding 4He (99.9999% pure) from a stagnation pressure of 50 atm, through a

5µm diameter nozzle cooled to ≈ 20K. A skimmer was used to sample the center

of the expansion into a second vacuum chamber, where it passed through a 10 cm

long pickup cell, in which a low pressure (≈ 3× 10−6Torr, uncorrected for ioniza-

tion efficiency) of cyanoacetylene was maintained. This pressure was adjusted to

maximize the number of singly-doped droplets, by monitoring the laser-induced

signals associated with a single molecule solvated in a helium droplet. IR spectra

were recorded by exciting the CH stretching vibration (ν1 band) of cyanoacetylene

at ≈ 3327 cm−1 with an F-center laser (Burleigh FCL-20). When an IR photon is

absorbed and the resulting vibrational energy relaxes into the helium droplet, the

ensuing evaporation of helium (≈ 600 helium atoms per photon) can be detected

by a bolometer as a decrease in the droplet beam energy. Control over the average

helium droplet size 〈N〉 was achieved by varying the nozzle temperature Tn and

using the calibration given in the literature [32].
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Figure 6.1: Schematic of the experimental apparatus

Given that the laser power (≈ 30mW) is insufficient to saturate the cyanoacety-

lene transitions, we used multiple crossings between the laser and droplet beam

to improve the excitation efficiency. Since the entire laser interaction region needs

to be irradiated by a contained MW flux, we placed two gold coated glass slides

inside an X-band waveguide (facing one another along the short sides) to act as a

laser multipass cell. A small hole was drilled in the waveguide to admit the laser,

as shown in Fig. 6.1. The MW radiation (typically 100mW in the frequency range

7–13GHz, corresponding to a field strength of 0.8 kV/m in the center of the waveg-

uide) was generated with a sweeper (HP 8350 B)/amplifier (Logi Metrics A310/IJ)

combination and coupled into the waveguide via a coaxial cable and a modified

SMA-to-waveguide adapter. The other end of the waveguide was terminated with

a 1/4” thick plate of absorbing material (Eccosorb MF 124) to minimize both the

scattering of microwaves into the experimental chamber and their reflection back
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into the waveguide. Small holes in the two ends of the waveguide allowed the

helium droplet beam to pass through the excitation region.

To record the single-resonance IR spectra the laser was amplitude-modulated

and scanned through the ν1 band. The relative frequencies were calibrated using

three confocal étalons; a wavemeter provided an absolute reference. MW-IR DR

spectra were measured by fixing the microwave frequency at 9.08GHz, correspond-

ing to the J = 2→ 3 transition of ground state cyanoacetylene. The microwaves

were amplitude modulated while the cw laser was scanned without modulation.

In both cases, the bolometer signals were processed using a phase sensitive de-

tector (lock-in). As for whether the MW source should be modulated and the IR

scanned or viceversa, we found that the mere presence of a MW field (leaking out

of the waveguide) inside the bolometer chamber, induced a signal on the bolome-

ter whose magnitude was strongly frequency dependent. If the MW source is kept

at a fixed frequency this disturbance only appears as a constant baseline offset on

the measured spectrum, whereas, if the MW source is scanned, this disturbance

induces additional features that have to be eliminated by subtraction of a blank

scan. For this reason the first scheme was chosen; the resulting spectrum is the

DR spectrum riding on top of the constant, pure microwave, background at the

frequency of the MW pump.

6.3 Single-resonance results: IR

Fig. 6.2 shows the single-resonance ν1 IR spectrum of cyanoacetylene, solvated

in helium nanodroplets of different sizes. One immediately notices that for small

droplet sizes (roughly, below 3000 atoms) the spectral lines are irregularly shaped,

and exhibit distinct structures (additional sharp peaks or splittings). Qualita-
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Figure 6.2: Single-resonance spectra of the ν1 band of NCCCH embedded in

4He clusters for different nozzle temperatures (estimated cluster sizes are, top to

bottom: 1650, 1900, 2650, 3650, 4600).

tively, similar structures have been predicted in [24], and later in this paper we

will appeal to these similarities to corroborate some of our conclusions. How-

ever, a quantitative analysis would require a detailed treatment of a reasonably

parameterized NCCCH–droplet Hamiltonian, which is at present not available.

For larger droplet sizes, spectral lines become smoother and better resolved. It

is then possible to model their shape with simple empirical functions, facilitating

the fitting procedure used to determine the spectroscopic constants. The spectrum

obtained at a nozzle temperature of 20K (〈N〉 ≈ 3500) was chosen for a complete
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fit. The intensity (integrated area) and position (center of gravity) of each line are

determined by the values of the spectroscopic constants and by the temperature,

which, along with the linewidths, are the free parameters of the fit. We found that

Lorentzian profiles are well suited to reproduce the shape of all the rotational lines,

except for R(0) and P(1) which are visibly asymmetric. To reproduce the shape

of the latter two lines, we have tested several simple analytical functions, and

found that the most satisfactory is the convolution between a Lorentzian and a

half exponential [exp(−x/x0) for x > 0, and 0 otherwise], which only adds 1 extra

parameter, x0. Although our choice is purely empirical, we note that such a line

shape is expected if (in addition to Lorentzian broadening) a line shift mechanism

were present such that: (1) the shift is proportional to the thermal energy of the

NCCCH molecule, and (2) the density of states is energy-independent. Similar

functional forms for the line shape have been obtained in Ref. [24] by use of models

in which a dopant molecule with greater thermal energy approaches more closely

the surface of the droplet, undergoing therefore a greater line shift.

Table 6.1: Molecular parameters determined for the helium solvated NCCCH (see

Fig. 6.3), compared with the corresponding gas phase values [37]. Units are MHz

unless otherwise indicated. 1σ statistical uncertainties are given in parenthesis,

based upon rms noise in the baseline. Since the rotational lines partially overlap,

the intensity of each peak (hence the parameters of the fit) might depend on the

functional form chosen to model individual peaks, and slightly more conservative

uncertainties should be used.

T (K) ν0 (cm−1) B ∆B DJ

Free · · · 3327.37085 4545.422 -7.275 5.430× 10−4

Droplet 0.348(2) 3327.092(1) 1573.7(7) -19.4(6) 5.00(5)
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Figure 6.3: Comparison of the experimental spectrum taken at Tn = 20K (see

Fig. 6.2) with the best fit to a linear molecule Hamiltonian. Lorentzian line shapes

are used for all but the P(1) and R(0) lines (see text). In the inset the linewidths

(FWHM) are plotted against the transition number, m, with the line as a guide

to the eye. The other fit parameters are reported in Table 6.1.

Typically, the ro-vibrational spectra of molecules in He droplets [9, 15, 31]

indicate that the symmetry of the associated rotational Hamiltonian is the same as

for the gas phase molecule (for an exception, see Ref. [31]), and indeed our spectra

do not show a Q branch, as expected for a linear rotor in a Σ vibronic state.

We therefore fit the spectrum to a linear-molecule Hamiltonian, obtaining the

parameters given in Table 6.1 (the simulated spectrum is the solid line through the

data in Fig. 6.3). Analysis of the results confirms the trends previously observed
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for SF6 and OCS [9, 15], namely: (1) due to the additional inertia of the liquid

helium, the rotational constant is a fraction (34.6%) of that of the gas phase

molecule; (2) the wave number shift of the band origin relative to the gas phase

is small (-0.279 cm−1, the sign indicates a net increase in solvation energy for the

excited vibrational state); (3) the distortion constant DJ is increased by several

orders of magnitude [15,21,33]; (4) the rotational temperature of the molecule is

almost identical to previously reported values [9, 15]; the slight difference is most

likely a reflection of the fact that rotational lines are partially overlapping, so that

their relative intensities somewhat depend on the choice of the function modeling

the line shape (see caption to Table 6.1).

The fit also provides us with the linewidths (FWHM), which are plotted against

the transition number, m, in the inset of Fig. 6.3. One can appreciate the almost

perfect symmetry between the P (m < 0) and R (m > 0) branches, and the strong

dependence on m. It is also interesting that the linewidth decreases with |m| (i.e.,

with increasing J), reaches a minimum at |m| = 3 and then starts increasing again

(unlike the case of OCS [33], where the linewidth increases monotonically with

|m|). While we can’t identify the sources of broadening with certainty, our obser-

vations for the single-resonance spectra (in particular the asymmetric shape of the

R(0) and P(1) lines, and the appearance of sharp features on top of broader peaks

observed for small size droplets) indicate that broadening must be predominantly

inhomogeneous.

Also, in view of the similarity of the line shapes and widths observed in the

single-resonance MW and IR spectra, we believe that the same broadening mech-

anisms dominate in both cases. Hence, we assume that vibrational dephasing

and/or relaxation processes, two common causes of homogeneous broadening, do

not dominate the overall linewidth, at least for this particular molecule. If the
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narrowest observed linewidth (≈ 500MHz FWHM) is used to determine a lower

limit to vibrational lifetimes, the latter must be much greater than 0.6 ns.

6.4 Revisitation of the MW and MW-MW DR

results

In the original microwave work [29], it was proposed that the nature of the inho-

mogeneous broadening is dynamic, in that, as a result of the random motion of the

NCCCH molecule inside the droplet (termed “elastic” relaxation), the frequency

associated with a given rotational transition fluctuates at a rate which is faster

than that of rotational relaxation. The saturation behavior of the single-resonance

MW signal for the R(4) transition was used, together with the conventional for-

mula for static inhomogeneous broadening, to estimate a lower limit for the ro-

tational relaxation time (2 ns). A comparison of the linewidths for the single-

and double-resonance spectra provided an estimate of the ratio of the “elastic”

to the rotational relaxation times (≥ 10). All of this was based upon a rather

crude model: A two-level system described by the rotational relaxation time scale

and by the time scale of going in- and out-of-resonance with the MW radiation.

Finally, an independent “pulsed microwave” experiment provided an upper limit

to the rotational relaxation time (20 ns).

In the course of the present experiment we probed the saturation behavior

of the R(2) line of the pure microwave spectrum, and found it to be significantly

different from that previously measured for the R(4) line. While trying to interpret

these new data, we realized that we needed a model in which the influence of

“elastic” relaxation on the saturation behavior was properly accounted for, which

was not the case for the static formula of Ref. [29].
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The problem of a fluctuating two-level system coupled to a radiation field has

been thoroughly discussed in the literature, and a treatment of general validity

is available in the framework of the so called “sudden modulation theory” [34].

In particular, we found it possible to express the saturation behavior of both the

R(2) and R(4) lines with an analytical formula containing the “elastic” relaxation

time as a parameter. A complete description of the model, and how it maps onto

our system, is given in Section 6.8; here we only need to introduce, according to

the notation of Ref. [34], the “elastic” (τ0) and rotational (T1) relaxation times,

and the Rabi frequency of the system (χ). The latter is proportional to the MW

electric field, hence to the square root of the MW power, PMW (see Eq. 6.17).

Using the present setup, we measured the single microwave resonance sig-

nal, as a function of PMW, for the R(2) transition at 9.08GHz. We then used

Equations (6.13) through (6.17), at zero detuning, to estimate the MW-induced

population transfer, which we assumed to be proportional to the single-resonance

Table 6.2: Fit parameters for the saturation behavior of the R(2) and R(4) rota-

tional transitions of NCCCH (see Fig. 6.4). Since the exact values of T1 and T2

are very sensitive to the value of the ratio τ0/T1, the present fit only provides an

estimate of their magnitude, which is however consistent with that of Ref. [29].

The value of ∆ was fixed by the width of the corresponding line.

Transition τ0/T1 T1 (ns) T2 (ns) ∆ (ns)−1

R(2) 1 63 5 1.2

R(2) 0.1 45 45 1.2

R(4) 1 14 14 2.35

R(4) 0.1 17 17 2.35
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signal. The same analysis was performed for the data in Fig. 1 of Ref. [29],

which concern the R(4) transition. The experimental data and best fits appear in

Fig. 6.4. We see that, if the fast modulation condition (τ0 ¿ T1) is enforced (by

setting τ0 = 0.1T1 in the fit), the fit poorly reproduces the low χ behavior of both

the R(2) and R(4) lines. The onset of saturation (roughly where the curve turns

from quadratic to linear) occurs at a much higher χ for the model than for the ex-

perimental data. The fit improves, however, if one sets τ0 ≈ T1, or τ0 À T1, with

almost no difference between the two cases. At this level of theory and experimen-

tal data available, it is not possible to say if modulation occurs on a similar time

scale as rotational relaxation (τ0 ≈ T1), or if a static picture (τ0 À T1) should be

adopted. On the other hand, the absence of narrow hole burning in the MW-MW

DR experiment (see below) rules out the second hypothesis.

In the intermediate condition τ0 ≈ T1 a double-resonance line should appear as

the superposition of the narrow feature expected in the static case and the broad

one expected in the fast modulation case. With this in mind, we reinspected our

MW-MW DR data at low power, recovering holes as narrow as ≈ 100MHz on top

of a much broader and more intense line (Fig. 6.5). We observe an important

difference between “holes” (produced by depletion of the lower of the two levels

coupled by the MW probe field) and “peaks” (produced by population transfer

to the higher of the two levels coupled by the MW probe field), in that only

the former show narrow features, while the latter are always as broad as the

corresponding single-resonance peak. In the MW-MW DR scheme there is an

inherent difference between “holes” and “peaks” that can be invoked to explain

this different behavior: in the “hole” case, the pump and probe fields share the

same two manifolds of levels, so, in the static limit, the pump and probe field

must be at resonance within the homogeneous linewidth, in order to induce a
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Figure 6.4: Saturation behavior of the R(2) and R(4) purely rotational microwave

transitions of NCCCH in He droplets. The solid and dashed lines through the

data are the best fits, with τ0 = T1 and τ0 = 0.1T1 respectively, according to the

“sudden modulation” model (see Section 6.8). The fit parameters are reported in

Tab. 6.2
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Figure 6.5: MW-MW double-resonance spectra of the R(3) and R(4) transitions of

NCCCH. Top panel: as measured. Bottom panel: after subtraction of a suitably

scaled reference spectrum, to flatten out the baseline of the R(3) transition and

evidence the presence of narrow holes at the pump frequency (11.1GHz). The

experimental apparatus and procedure used to acquire the above spectra differ

from those of the present work, and are described in [29]. Experimental conditions

are: (a) pump power 0.3W, probe power 0.8W; (b) pump power 0.8W probe

power 0.8W; (c) pump power 0.8W, probe power 2.4W. Fitting the hole to a

Lorentzian shape (right panel, thick line) gives a FWHM of 105, 220 and 370MHz

respectively.
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double-resonance signal. In the “peak” case, three manifolds of levels are involved,

because only the intermediate one is shared between the probe and pump field. It

is then possible that for a given pump frequency there exists a spread of matching

probe frequencies, particularly if more than one broadening mechanism is present,

as we confirmed by simple simulations, using the classical formulas presented in

Ref. [24].

In summary, based on available data, we are lead to the conclusion that the in-

homogeneous broadening of rotational lines of NCCCH in He droplets is dynamic,

on a time scale which we tentatively estimate to be similar to that of rotational

relaxation.

6.5 MW-IR double-resonance results

Figure 6.6 shows an energy level diagram illustrating the principle of the MW-IR

DR experiment. The amplitude-modulated, fixed-frequency MW radiation is in

resonance with the J = 2→ 3 transition, while the IR laser is tuned through the

entire spectrum. In the absence of any relaxation processes, this scheme simply

transfers population from J = 2 to J = 3, which would result in the weakening

of the R(2) and P(2) transitions in the IR, and an enhancement of the R(3)

and P(3) transitions. Figure 6.7 shows a series of MW-IR DR spectra, taken

at different source temperatures (droplet sizes), corresponding to the R branch

region of the spectrum shown in Figure 6.2. For the large droplets, we observe

exactly what is expected, namely the depletion of R(2) and the enhancement of

R(3) (although not shown, we see the corresponding changes in the P branch).

For smaller droplets however, the double-resonance signals are observed on all IR

transitions. Before discussing this phenomenon, it is interesting to examine the
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Figure 6.6: Energy level diagram showing the double-resonance scheme used in the

present experiment (right) and the idealized single- and double-resonance spectra

(left) typically observed when only the populations of the states coupled by the

pump radiation are affected (e.g., for free molecules).

line shapes of the “normal” MW-IR DR spectra, which are obtained in the large

droplet limit.

In these experiments, both the microwave (100mW) and the IR power (30mW)

are sufficiently low to exclude power broadening. Furthermore, in a MW-IR

double-resonance experiment, because of the change in vibrational quantum num-

ber, three manifolds of “hidden” levels are always involved, even when a hole is

being detected. Hence, if the argument we gave in the previous section to ex-

plain the difference between the width of holes and peaks in the MW-MW DR
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Figure 6.7: Double-resonance spectra of the R branch of the ν1 band of NCCCH

in He droplets for different nozzle temperatures (estimated cluster sizes are, top

to bottom: 1900, 2350, 2950, 3650, 4600). The MW pump frequency was set at

9.08GHz, corresponding to the center of the R(2) transition.

measurements holds, we expect to observe no such differences in MW-IR DR mea-

surements. We also expect the width and shape of the MW-IR DR lines to be

very similar to that of the corresponding peaks in the single-resonance IR spectra.

In both cases, our expectations correspond just to what we observe.

We return now to the issue of why MW-IR double-resonance signals are ob-

served on rotational transitions that are not directly pumped by the microwaves,

showing that the cyanoacetylene molecules are also undergoing rotational relax-
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ation on the time scale of the experiment. What is most interesting is the fact that

these extra signals (hereafter referred to as “relaxation-induced satellites”) disap-

pear for larger droplets (above ≈ 4000 atoms). At first sight, this seems to suggest

that, for the larger droplets, the rotational relaxation rate is slow with respect to

the time spent in the laser field by the doped droplets (≈ 0.2ms). However, this

is inconsistent with the fact that the molecules are rotationally cold, which means

that, even for the larger droplets, there must be rapid rotational relaxation after

pickup. The possibility of detecting pure MW spectra [29] also shows that rapid

rotational relaxation occurs in the larger droplets as well. Finally, the detailed

analysis carried out in Ref. [29], and our estimate (see Table 6.2), place the time

scale for rotational relaxation in the 1–10 ns range. We must then look for a

mechanism that, for large droplets, can eliminate the “relaxation-induced satel-

lites” in the DR experiment even when rotational relaxation is still occurring. In

other words we need to impose that the net rate for population transfer in and

out of the rotational levels not directly pumped by the microwaves be zero. This

seemingly arbitrary condition is routinely assumed in general relaxation problems

(not necessarily rotational), and is identified by the terms “noncorrelated” [34],

or “strong collision” [36], relaxation. The theoretical formalism that describes

this “strong collision” regime is going to be adapted to our problem in the next

section.
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6.6 Relaxation-induced satellites in the “strong

collision” regime

We first define P as the (column) vector whose components, PJ , are the popula-

tions of the rotational level with quantum number J . EJ are the corresponding

level energies, kB is the Boltzmann constant, andM is the rate matrix defined by:

dP

dt
=M ·P⇔ dPJ

dt
=
∑

J ′

MJ,J ′PJ ′ (6.1)

With this definition, MJ,J ′ is the population transfer rate from level J ′ into

level J . A superscript (0) will indicate values at thermal equilibrium, and in the

absence of microwaves. We have then:

P
(0)
J = (2J + 1) exp

(

− EJ

kBT

)

(6.2)

M
(0)
J,J ′ = M

(0)
J ′,J

2J + 1

2J ′ + 1
exp

(

−EJ − EJ ′

kBT

)

(J 6= J ′) (6.3)

M
(0)
J,J = −

∑

J ′ 6=J

M
(0)
J ′,J (6.4)

M(0) ·P(0) = 0 (6.5)

Equations (6.2–6.4) originate from the Boltzmann distribution and the detailed

balance principle. Equation 6.5 corresponds to the equilibrium condition.

When a microwave field coupling J = 2 and J = 3 is present, a new term k

(which is a function of MW power and frequency), appears in the corresponding
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elements of the rate matrix, so that:

M = M(0) +∆M (6.6)

∆M =



























0 0 0 0 · · ·

0 0 0 0

0 0 −7k 5k

0 0 7k −5k
...



























(6.7)

and a new steady state population P = P(0) +∆P is established. For the large

droplet limit, where we experimentally observe a population transfer from J = 2

to J = 3 only, we set:

∆P =

































0

0
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0
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(6.8)

By expanding the new equilibrium condition:

0 =M ·P =M(0) ·P(0) +M(0) ·∆P+∆M ·P (6.9)

and using Eq. 6.5, it is easily seen that for J 6= 2, 3 Eq. 6.9 givesM
(0)
J,2 = M

(0)
J,3 , i.e.,

the population transfer rate into a given level J is the same from J ′ = 2 and from

J ′ = 3. Since there is nothing special about the coupling between a given J level

and either J ′ = 2 or J ′ = 3 (presumably the coupling is unaffected by the presence

of a MW field), it is reasonable to assume that, in general, the more restrictive

condition M
(0)
J,J ′ = M

(0)
J,J ′′ holds. With this assumption, algebraic manipulation of
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Eq. 6.3 gives:

M
(0)
J,J ′ ∝ (2J + 1) exp

(

− EJ

kBT

)

(J 6= J ′) (6.10)

(For J = J ′ Eq. 6.4 still holds). Equation 6.10 clearly shows that the rate of pop-

ulation transfer into a given level J is independent of the starting level J ′ and is

only dictated by the fact that the final population of the levels must follow a Boltz-

mann distribution. This demonstrates the equivalence of our initial requirement

on population transfer (Eq. 6.8) and the “strong collision” condition (Eq. 6.10).

The latter is commonly assumed to hold in studies of velocity-changing collisions

of atoms (see, e.g., [36]), from where the term “strong collision” was borrowed.

The underlying assumption is that a single “collision” (or better, relaxation event)

is sufficient to completely “erase” the memory of the molecule with regard to its

initial (rotational, in our case) state. Incidentally, Eqs. (6.8), and (6.9) also hold

for the very special case where M(0) = 0, namely when there is no relaxation

(which we know is not the case here).

Assuming the “strong collision” mechanism is responsible for the disappear-

ance of the “relaxation-induced satellites” in the larger droplets, we must now jus-

tify their appearance in the small droplets. In particular, why does the molecule

retain memory of its initial state after the relaxing “collision”. We must first con-

sider the fact that the energies of the phonons and rotons are much larger than the

rotational energy of cyanoacetylene for droplets of all sizes. As a result, dissipation

of rotational energy into the bulk modes does not seem possible (the lowest such

mode in a 103 He droplet has been estimated to be 2.6K [17]). The implication

is that the rotational relaxation of cyanoacetylene cannot create such quanta. In

addition, these excitations are not thermally populated, so that the corresponding

inelastic scattering is not a viable mechanism for rotational relaxation. We are
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thus lead to consider the “heat bath” associated with surface excitations, known

as ripplons, which are much lower in energy (0.33 and 0.1K for a 1000 atoms

or 10000 atoms droplet, respectively [17]). While the impurity–ripplon coupling

has been estimated to be quite small for a molecule located near the center of an

average-sized droplet, its magnitude increases rapidly as the impurity approaches

the droplet surface [24]. It is therefore reasonable to propose that rotational re-

laxation occurs primarily when the impurity molecule “collides” with the surface

of the droplet. At typical droplet sizes (3–5 nm) and thermal velocities (∼10m/s)

the interval between “collisions” is of the order of 10−9 s [24].

Assuming this is the relaxation mechanism, we must now consider why the sur-

face “collisions” would be in the “strong collision” regime for the larger droplets

and not for the smaller ones. It is important to note that one of the require-

ments for the “strong collision” regime is the presence of a “fully statistical” heat

bath: in other words, the molecule must be able to transfer any given amount of

(rotational) energy and angular momentum to the bath with equal probability.

Hence the structure of the bath (in particular its discreteness) must not influence

this probability. It is well known that the density of ripplons decreases expo-

nentially with decreasing droplet size, along with a corresponding increase in the

level spacing. We therefore postulate that only large droplets provide a sufficiently

structureless heat bath to give rise to “strong collision” conditions.

It is interesting to note that in an independent MW-IR DR experiment per-

formed on OCS in helium by Grebenev et al. [30], “collisional satellites” of the

type discussed above were also observed, at a much larger droplet size (≈ 6000).

Taken together with the present results, this might indicate that the nature of

the rotational energy transfer processes depends not only on the properties of the

helium droplet, such as the density of ripplons at the surface, but also on the de-
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tailed nature of the solute–helium interactions. In the case of cyanoacetylene, the

large dipole moment of the impurity likely dominates the interactions and may

give rise to the behavior discussed above. The smaller dipole moment of OCS

may result in a different rotational relaxation mechanism that depends differently

on the droplet size.

With regard to the DR spectra associated with the smaller droplets, it should

also be noted that the collisional satellites for J = 0 and 1 are both positive.

The implication is that collisional transfer into these two states, from the MW

pumped J = 3 level, dominates over the transfer from these states into the hole

in J = 2 produced by the MW pumping. It is interesting to note that the

long range impurity–helium interactions (dipole–induced dipole) are dominated

by even Legendre terms [24] so that one would predict that “∆J = even” selection

rules would apply. Thus depleting the J = 2 level by MW pumping would result

in a population transfer out of J = 0, giving rise to a negative DR signal on

the R(0) transition, rather than the enhancement that is observed. Even more

curious is the fact that, for the smallest droplets, the positive collisional satellites

become even larger than the R(3) signals, the latter arising from direct MW

pumping. Unfortunately, a quantitative interpretation based solely on the rates of

population transfer is not possible at this point. If population transfer was the sole

mechanism responsible for the observed double-resonance spectra, conservation of

total population would dictate that the total signal (corrected with appropriate

Hönl-London factors) must sum to zero. Instead we observe that the enhancement

summed over all J levels is substantially greater than the deficit in the J = 2 level.

We do not have a good explanation for this behavior, even though it is observed

for a wide range of droplet sizes and is very reproducible. Qualitatively, one could

think that the microwave pumping may decrease the size of the droplets, and
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that this may in turn increase the signal produced by IR absorption. However, a

quantitative estimate (assuming that the He evaporation is close to thermal) give

far too small an effect to explain this observation. It is interesting to note that

similar effects are observable in the OCS IR-MW DR spectra reported in Ref. [30].

6.7 Conclusions

The MW-IR DR experiments presented here firmly establish two important facts

about the nature of the interactions between a polar, solvated molecule and its

helium nanodroplet host. First, the broadening observed in both the pure IR

and the MW-IR DR experiments is confirmed to be inhomogeneous. Second, the

broadening mechanism is found to be dynamic, meaning that individual molecules

explore the states that contribute to the inhomogeneity on a time scale that, in

our best estimate, is comparable to that of rotational relaxation. Pump-probe

experiments with suitable pulsed lasers and/or microwave sources should be able

to provide more stringent estimates for the various relaxation rates. However,

the width of these pulses must be carefully controlled to allow a portion of the

inhomogeneous distribution to be pumped, yet allow sufficient time resolution so

that elastic and inelastic relaxation could be probed.

The present measurements further demonstrate that there is a dramatic change

in the nature of the rotational relaxation with droplet size. The results sug-

gest that rotational relaxation occurs via coupling with the ripplons when the

cyanoacetylene molecules “collide” with the surface of the droplet. In large

droplets a “strong collision” regime appears to hold, meaning that a single “colli-

sion” with the surface is sufficient to completely erase all memory of the molecules’

previous history. As a consequence, double-resonance signals are only observed
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on transitions involving states that are directly pumped by the microwaves. For

smaller droplets, the energy transfer rates deviate from this statistical behavior,

resulting in double-resonance signals on all transitions. This qualitatively different

behavior is rationalized in terms of the density of ripplons at the surface, which

increases dramatically with droplet size, thus making energy conservation less of

a restriction for the larger droplets, and hence the relaxation process more statis-

tical. While further work will be necessary to fully clarify this difficult problem,

the present work provides a relatively solid basis on which to build future efforts.

6.8 The sudden modulation model

To describe a two-level system, coupled by a radiation field, in a fluctuating en-

vironment we will introduce first the model of Ref. [34] and its original nota-

tion. Next, we will show how the model maps onto our system. According to

the treatment of Ref. [34] the system under investigation is approximated to a

two-level system with a time-dependent separation between the two levels, ε(t).

The following simplifying assumptions are made: (1) ε(t) is characterized by a

Gaussian random distribution around a center frequency ω0, with variance ∆

(FWHM = 2∆
√
2 ln 2 ≈ 2∆); (2) ε(t) changes instantaneously (sudden modu-

lation) at random times separated, on average, by a time interval τ0; (3) the

new value of ε does not depend on the old one (non-correlated process). Three

additional parameters are necessary to complete the model: the population and

coherence relaxation times (T1 and T2, respectively), and the Rabi frequency of

the system (χ). The presence of a radiation field at a frequency ω induces a trans-

fer of population between the two levels, such that at steady state the population
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difference between the two levels is given by:

n̄s =
n0

1 + 2WsT1
. (6.11)

n0 is the population difference in the absence of radiation, and Ws is defined by

the following formulas:

2Ws =
χ2τ0 [I0 − (1 + w2)I20 − I21 ]

(1− I0)2 + (1 + αw2)I21 + αw4I20 − (1 + α)w2I0(1− I0)
(6.12)

I0 + iI1 =
1

q

√

π

2

[

Re(A)√
1 + w2

− i Im(A)

]

(6.13)

A = exp(ξ2) [1− erf(ξ)] (6.14)

ξ =
1

q
√
2

[

α
√
1 + w2 + i∆ω τ0

]

(6.15)

w2 =
(χτ0)

2

αβ
; α = 1 +

τ0
T2

; β = 1 +
τ0
T1

(6.16)

where by definition ∆ω = ω − ω0, is the detuning between the two level system

center frequency and the radiation field, and q = ∆ · τ0 is called the narrowing

parameter. Although the use of the symbol ∆ω is ambiguous, we will retain it for

sake of consistency. In no case it should be intended as the product of the two

quantities ∆ and ω.

We will now map the sudden modulation theory onto our system by using the

line broadening model for dopant molecules in He droplets proposed in Ref. [24]

(according to which the motion of the dopant inside the droplet is quantized into

a set of “particle-in-a-box” states). We identify the two level system with the

two rotational levels of the NCCCH molecule that are coupled by the MW radia-

tion field, ∆ with the (inhomogeneous) linewidth of the corresponding transition

(caused by the molecule-droplet interaction, which is a function of the “particle-

in-a-box” state the molecule is in), and τ0 with the average residence time of the

dopant molecule in a given “particle-in-a-box” state. Transitions between the lat-

ter states require exchange of energy and angular momentum with a “heat bath”,
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which we identify with the thermally populated surface wave excitations of the

droplet (ripplons) [17, 24]. If this attribution is correct, we expect τ0 to be of the

same magnitude as the time scale for the impurity to travel across a droplet at

thermal velocities (≈ 1 ns in this droplet size range). The Rabi frequency for a

given (lower) level, J , is given by [35]:

χ =
µE

h̄

√

J + 1

3(2J + 1)
(6.17)

with µ = 3.6D the permanent dipole moment of NCCCH and E the amplitude

of the electric field inside the microwave guide. In the frequency band we worked

at, E = 2.57
√
PMW, if E is measured in kV/m and PMW is the microwave power

measured in W.

In closing, we note that the assumption that the process be “non-correlated” is

rather drastic. Rather than a random-walk pattern, the trajectory of an NCCCH

molecule inside a droplet may instead resemble a well defined orbit, which is only

occasionally randomized. In this case a more refined treatment would be necessary

to separate the modulation time (roughly 1 ns in this “orbit” picture) from the

correlation time of the modulation, which could be much longer.
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Appendix A

He–molecule potentials used in

Density Functional calculations of

the He density distribution in

molecule-doped He clusters

A.1 Notation and basic assumptions

All He–molecule potentials are intended to be a function of ~r = (ρ, z), where ρ and

z are cylindrical coordinates centered at the center of mass of the given molecule.

Atomic units are used by default, although distances are occasionally given in Å

(1 a.u.= 0.529177 Å), and polarizabilities in Å3 (1 a.u.= 0.5291773 Å3).

For a given quantity, A, dependent on the orientation relative to a given axis

we will often speak of its Legendre components (A(0), A(2)) or of its parallel and

perpendicular components (A‖, A⊥). The formulas relating them are:

A(0) =
1

3
(A‖ + 2A⊥) (A.1)

A(2) =
2

3
(A‖ − A⊥) (A.2)
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and their inverse:

A‖ = A(0) + A(2) (A.3)

A⊥ = A(0) − A(2)

2
(A.4)

Subscripts i, j are placeholders for unspecified atoms or bonds in a given

molecule, as detailed for individual cases. Subscript n is reserved for the long-

range dispersion coefficients. Capital subscripts identify specific atoms, bonds, or

the entire molecule (so for example α
(0)
CH is the isotropic polarizability of a CH

bond).

A.2 He–HCN, He–HCCH, He–OCS

He–HCN [1], He–HCCH [2], and He–OCS [3], potentials were available from the

literature and have been used without modifications.

A.3 He–(HCN)2

The He–(HCN)2 potential was generated as the superposition of the potential

due to two HCN molecules whose centers of mass are separated by 4.44 Å (the

equilibrium distance for the gas phase dimer [4]).

A.4 He–HCCCN

The repulsive part of the He–HCCCN potential was calculated in Ref. [5].

We calculated the induction part (interaction between permanent multipoles

of HCCCN and induced multipoles of He) at the dipole–dipole level with the
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following formula:

Eind(~r) =
αHe
2

∑

i,j

3(~µi~ni)(~µj~ni)− ~µi~µj − 9(~µi~ni)(~µj~nj)(~ni~nj) + 3(~µj~nj)(~µi~nj)

|~ri|3|~rj|3
(A.5)

where αHe = 0.204956 Å3 is the dipole polarizability of He [6], the indices i, j run

over the chemical bonds of the HCCCN molecule, ~µi are the permanent dipole

moments localized at ~di, the center of each bond; ~ri = ~r− ~di are the vectors from

each bond to the He atom, and ~ni = ~ri/|~ri| their directions. The values of ~µi were

calculated from the charge and dipole distributions given in Ref. [5] (model L)

under the simplifying assumption that the charge distribution could be approxi-

mated by additional dipoles centered on each bond, and that the dipoles located

on the atoms could be re-distributed over the bond centers. The approximation is

not too crude, particularly when considering that the induction term contributes

to the attractive part of the potential much less than the dispersion term does.

The dispersion part was calculated with the formula suggested in [7] and the

concept of distributed interaction proposed in [8]:

Edisp(~r) = −
∑

i

∑

n=6,8

Cn,i

(ri)n
gn(ρiri)f(ρiri) (A.6)

where the sum runs over the atoms of the HCCCN molecule, ri are the dis-

tances of each atom from the He atom, Cn,i are the usual dispersion coefficients

that model the long-range interaction between the He atom and each atom in

the HCCCN molecule, gn(r) = [1 − exp(−2.1r/n − 0.109r2/
√
n)]n are universal

damping functions, f(r) = 1 − r1.68 exp(−0.78r) is a short-range universal cor-

rection factor, and ρi are scaling parameters. The angular dependence of the

Cn,i is accounted for by expanding them in series of even Legendre polynomials:

Cn,i = C
(0)
n,i + C

(2)
n,iP2(cos θi) where θi is the angle between ~ri and the molecular

axis.
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Since in Ref. [5] the distributed polarizabilities are calculated for each atom in

the HCCCN molecule, the C6,i could in principle be estimated from London-type

formulas, such as the one proposed in Ref. [5], which can, however, lead to large

errors. We find it more reliable to scale the C6,i from the accurately known value

for the He–HCCH system: C
(0)
6 = 18.73 a.u. (value used in the fortran code

of Ref. [2], also in excellent agreement with [9]). First the C
(0)
6 coefficient for

He–HCN is estimated from:

C
(0)
6,HCN = C

(0)
6,HCCH

α
(0)
HCN

α
(0)
HCCH

(A.7)

where α
(0)
HCCH, α

(0)
HCN are the isotropic dipole polarizabilities of HCCH and HCN [10].

The value so obtained: C
(0)
6,HCN = 14.5 a.u. lies between the two values reported

in Ref. [1], and very close to the value (13.067 a.u.) used in Ref. [1] to calculate

the He–HCN potential that we will use below. Next, C6,i are calculated for each

atom as:

C
(0)
6,i =

α
(0)
i

∑

j α
(0)
j

(C
(0)
6,HCCH + C

(0)
6,HCN)(1−

2α
(0)
H

α
(0)
HCCH + α

(0)
HCN

) (A.8)

C
(2)
6,i =

α
(2)
i

∑

j α
(0)
j

(C
(0)
6,HCCH + C

(0)
6,HCN)(1−

2α
(0)
H

α
(0)
HCCH + α

(0)
HCN

) (A.9)

where α
(0)
i , α

(0)
j , α

(2)
i are the polarizabilities calculated in Ref. [5] (i and j run over

the atoms in the molecule) and (1− 2α
(0)
H

α
(0)
HCCH+α

(0)
HCN

) is a correction term accounting for

the fact that HCCCN has two H atoms less than the combination HCCH+HCN.

Finally the dispersion part of the He–HCCCN potential is fitted to the sum

of the dispersion parts of the He–HCN [1] and He–HCCH [2] potentials in the

assumption that the concept of transferability of Ref. [8] holds. ρi and C
(0)
8,i are

the free parameters of the fit. The HCCH–HCN center of mass distance is set to

2.54 Å, so as to reproduce the bond lengths of HCCCN [11]. In order to limit the
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number of fitting parameters, the values of ρi (which are loosely related to the

size of the corresponding atom) are constrained to be the same for the three C

atom and the N atom; also, it is assumed that C
(0)
8,i /C

(0)
6,i = k, with the same value

of k for all the atoms. In addition the fit is only performed along the molecular

axis [~r = (0, z)], and C
(2)
8 is set to 0. Since it is found that k tends to become

negligibly small, we set C
(0)
8,i = 0 and only use ρi as free parameters of the fit.

The final values of all the parameters used to generate the He–HCCCN poten-

tial are reported in Table A.1.

Table A.1: Parameters used in the fit of the attractive part of the He–HCCCN

potential

ρC = ρN = 1.82594 ρH = 1.29158 C
(0)
8,i = 0 C

(2)
8,i = 0

A.5 He–HCCCH3

The cylindrically averaged He–HCCCH3 interaction potential was generated by

superposition of the He–HCCH and He–CH4 [12] potentials, with the HCCH–

CH4 center of mass distance set to 2.06 Å (as dictated by the bond lengths of

propyne [13]); the latter potential was first averaged around the HCCCH3 axis

by use of standard spherical harmonics algebra. The concepts of transferability

and distributed interaction [8] have again been used to remove the repulsive and

attractive contributions due to the two extra H atoms, as detailed below.

The repulsive part of the He–CH4 potential points calculated in [12] has been

fitted to a formula:

Erep(~r) =
∑

i

Vrep,i(~ri) (A.10)
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where the sum runs over the atoms of the CH4 molecule, ~ri = ~r − ~di are the

vectors from atom i to the He atom (~di are the positions of the atoms relative to

the molecule center of mass), and Vi is of the form:

Vi(~ri) = (a
(0)
i + a

(1)
i cos θi)r

(b
(0)
i

+b
(1)
i

cos θi)
i exp(−ri(c(0)i + c

(1)
i cos θi)) (A.11)

where θi is the angle between ~ri and ~di. By symmetry, dC = 0, a
(1)
C = 0, b

(1)
C =

0, c
(1)
C = 0. Additionally, we have set b

(0)
C = 0.

The attractive part of the He–CH4 potential is calculated using formulae (1)

through (5) in Ref. [12], at the same coordinate points for which the repulsive

part is given. This set of data is then fitted to a formula:

Eattr(~r) =
∑

i

Vattr,i(~ri) (A.12)

where this time the sum runs over the bonds of the CH4 molecule; hence ~ri are

the vectors from the bond centers to the He atom, and Vi is of the same form

proposed in [12]:

Vi(~r) =
∑

n=6,8,10

Cn,i

(ri)n
f(ri) (A.13)

where f(ri) is the damping function used in Ref. [12] (different than the one used

in Eq. A.6 above):

f(ri) =











exp[−0.5(D/ri − 1)2] ri ≤ D

1 ri > D
(A.14)

The damping parameter D is a free parameter of the fit.

Again the Cn,i are expanded in series of (even) Legendre polynomials: Cn,i =

C
(0)
n,i + C

(2)
n,iP2(cos θi) where this time θi is the angle between ~ri and the bond

orientation. We assume C
(0)
6,i =

C
(0)
6,CH4

4
, C

(2)
6,i = C

(0)
6,i

α
(2)
CH

α
(0)
CH

, where the CH bond po-

larizabilities α
(0)
CH, α

(2)
CH are taken from Ref. [10]. C

(0)
8,i and C

(2)
8,i are free parameters
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Table A.2: Parameters used in the fit of the He–CH4 potential

a
(0)
C = 28.0263 b

(0)
C = 0 c

(0)
C = 2.38678

a
(1)
C = 0 b

(1)
C = 0 c

(1)
C = 0

a
(0)
H = 5.13516 b

(0)
H = 1.16372 c

(0)
H = 2.30435

a
(1)
H = −2.49552 b

(1)
H = −0.413963 c

(1)
H = −0.171867

C
(0)
8,CH = 45.6966 C

(2)
8,CH = 4.82994

D = 8.48459

in the fit, with the constraint that they are the same for each bond. C
(0)
10,i and

C
(2)
10,i are expressed as a function of C

(0)
6,i , C

(0)
8,i , C

(2)
6,i , C

(2)
8,i so that the prescription of

Ref. [7]: C10 = 49
40

(C8)2

C6
holds both in the direction parallel and in the direction

perpendicular to the bond.

The final values of all the parameters used to generate the distributed He–CH4

potential are reported in Table A.2.

The same exact procedure and formulae have been used to separately fit the

attractive and repulsive part of the He–HCCH potential [2]; in this case, two sets

of dispersion coefficients have been used: one for the CC bond and one for the

CH bonds. The C6,i coefficients were determined via:

C
(0)
6,i =

α
(0)
i

α
(0)
HCCH

C
(0)
6,HCCH (A.15)

C
(2)
6,i =

α
(2)
i

α
(0)
i

C
(0)
6,i (A.16)

Also, for the repulsive part two sets of parameters have been used, one for

the C atoms and one for the H atoms, but in this case only the isotropic terms

(zeroth-order terms in the Legendre polynomial expansion) were kept. The final

values of all the parameters used to generate the distributed He–HCCH potential

are reported in table A.3.
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Table A.3: Parameters used in the fit of the He–HCCH potential

a
(0)
C = 22.528 b

(0)
C = 0.828836 c

(0)
C = 2.02288

a
(0)
H = 6.97493 b

(0)
H = 0.823675 c

(0)
H = 2.67694

C
(0)
8,CH = 43.7667 C

(2)
8,CH = 16.2168

C
(0)
8,CC = 313.956 C

(2)
8,CC = 192.724

DH = 5.74322 DC = 8.87103

As mentioned in the beginning of this section, the repulsive contributions of the

two extra H atoms (one from CH4 and one from HCCH) that we just determined,

have been subtracted from the sum of the He–CH4 and He–HCCH potentials.

The situation is slightly more complicated for the attractive part (that we have

localized on the bonds), because in forming HCCCH3 from CH4 and HCCH, not

only two CH bonds are removed but also one CC bond is added. In view of the

fact that the perpendicular polarizability of a CC bond is negligibly small, while

the parallel one is roughly twice that of a CH bond [10], we decided to subtract

from the sum of the He–CH4 and He–HCCH potentials only the perpendicular

contribution to the attraction coming from the two CH bonds that were removed.
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