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COMMUNICATIONS

Bias in the temperature of helium nanodroplets measured
by an embedded rotor
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The rovibrational spectra of molecules dissolved in ligfite nanodroplets display rotational
structure. Where resolved, this structure has been used to determine a temperature that has been
assumed to equal that of the intrinsic excitations of the helium droplets containing the molecules.
Consideration of the density of states as a function of energy and total angular momentum
demonstrates that there is a small but significant bias of the rotor populations that make the
temperature extracted from a fit to its rotational level populations slightly higher than the
temperature of the ripplons of the droplet. This bias grows with both the total angular momentum

of the droplet and with the moment of inertia of the solute molecule2@4 American Institute of
Physics. [DOI: 10.1063/1.1638991

INTRODUCTION quantum numbey, the internal degrees of freedom of the
droplet can have angular momentum values betwéen |
A hallmark of rovibrational spectroscopy of molecules in and J+j, whereJ is the total angular momentum quantum
liquid “He nanodroplets has been the observation of rotanumber, which is treated as a conserved quantity. Thus the
tional structure, as in the gas phdgeThe distribution of  derivatives of the droplet density of droplet states with
intensity of transitions in this structure has allowed the desespect to) contributes to the rotor population.
termination of the rotational temperature of these molecules,
and it has been assumed that this provides a measure of the
temperature of the droplets themselvésThis assumption STATE DISTRIBUTIONS
has been supported by the close similarity of the tempera-
tures determined for a wide range of molecules and by the At the temperature of helium nanodroplets, 0.38 K, the
assumption that on the long time scales between pickup d?nly intrinsic droplet excitations are surface ripplon motdles.
solutes and spectroscopic interrogation, the entire systerhhe density of states and other thermodynamic quantities can
will come to equilibrium as the droplets cool by evaporation.be written as a function of a reduced enef§y; E/Eg where
Adriaan Dockter and | have modeled the evaporativeEg=3.77kgK//N andN is the number of helium atoms in
cooling of pure and doped helium nanodroplets using an arthe droplet We denote the density of states as a function of
gular momentum conserving statistical rate mdd&hese reduced energy and total angular momemunpﬁgg\]),
calculations have predicted that the droplets cool to a temand the density states summed over angular momentum
perature close to those inferred from experiments and previsigtes aSpR(E)zEJ(2J+ 1)pRJ(EJ)- Using methods re-

ous evaporative cooling calculations, but with a vastlycenﬂy described, these can be well approximated by the
broader distribution of energy and total angular mome”t“"hnalytical expressions

than for a canonical distribution at the same temperature. We . . .

also found, much to our initial surprise, that while the popu-  pr(E)=expaE¥’+bEY"), (1)
lations of the rotational levels of a solvated rotor follow a —

thermal distribution, the fitted temperature of the rotor popu- B(E)*

lations is higher than that of the droplet itself. While this T

would seem to violate a fundamental principle of thermody- _

namics, as will be demonstrated below, this divergence of the X exp(— B(E)(J+1/2)?), (]
two temperatures is in fact a consequence of the constraints = —= —

imposed by conservation of angular momentum. The tem- B(E)=cE *"+dE )
perature of the helium is defined by the inverse of the deif the valuesa=2.5088, b=—4.3180, c=0.8642, andd
rivative of the log of the density of states with respect to=—0.3524 are usefiNote that for fixed), the density is the
energy at fixed total angular momentum. However, when aaumber of distinct states, i.e., does not include th&+2)

rotor is excited to a state with rotor angular momentumspatial quantization degeneracy of each such state. We define

the ripplon microcanonical temperatur&g(E), and with
¥Electronic mail: Lehmann@princeton.edu fixed total energy and angular momentungg(E,J), by

pro(E.J)=pr(E)(23+1)
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where in both cases, temperature is measured in units of

reduced rlpplon energyg, divided by Boltzmann’s con- FIG. 1. Plot of the ratio of the rotor temperatur‘éf,(EJ) to the droplet

stant. _ - temperatureT(E,J) for a droplets of 3000dashed curveand 10 000solid
We now consider a droplet that has a solvated rigid lin-curve helium atoms and a solvated rotor with=1 GHz as a function of

ear rotor, with effective rotational constaBt given again in  the total angular momentum quantum numberor each value o, E has
units of Eg. Letj be the rotational quantum number of the been fixed by the condition thatg,=0.35 K.

rotor, Jg the rotational quantum number of the ripplons, and

J the total rotational quantum number. The total density of

states for fixed values &, J is given by Eﬂ+i|3,j|pRJ(E—Bj(j +1),Jp)
_ 2] _ P(j)=— — . )
PED=2 2 prdE-BI(+1).In). (6) p(E.J)
I Ig=13-1]l

P(j), the fraction of states with rotor quantum numbeis  The temperatureT(E,J), of the coupled system, at fixel
given by andJ is given by

1 din(pEJ) =3 s-eraE-Bj(i+1),3)/ Try(E~Bj(j +1),p)

T(E,J) dE p(E,J)

®

A rotor temperature,Tj(EJ), can be defined from a different rotor levels will be influenced not only By, but
Boltzmann fit to the rotor level populatior®(j). This latter  also by theJ dependent factor ipg;, which has the same
corresponds to the “droplet temperature” that has been reform as the rotational distribution function of a spherical top
ported in numerous experiments. This assignment of the ran a canonical ensemble. In order to test the size of the ex-

tor temperature to that of entire system, i.e., thatE,J) pected bias in the estimate ®(E) by T;, we will examine
=T(E,J), is natural assumption for a system in microca-numerical results for droplet dfi=3000 and 10 000 helium
nonical equilibrium, i.e., by equating(j) to the ratio of ~atoms, for whichEg=0.069 and 0.0377 K, respectively.
density of states. If we ignore angular momentum conservaBased upon our evaporative cooling calculatidrvee will

tion and sum over all values df then the above identifica- assume that the droplets cool to a final temperature of 0.35
tion would be exact as long as the mean energy in the rotoK, but have a wide range of final angular momentum values,
T,, if much less than the total energy in the dropEt,so  J- This condition allows calculation of an isothermal curve
that the “heat bath” of ripplon states does not change temE(J) for each droplet size. We further assume tiat
perature significantly over the range of significantly popu-=1 GHz, which equals 0.7@.27) in reduced units for drop-
lated rotor states. Equivalently, we expedf].(g, J) lets of 3000(10 OQQ helium atoms. This is thg effectivie
constant for Sk dissolved in helium, from which the tem-

+1))=pR(E)exp(—Bj(j+l)/TR(E)). Note that if the finite perature of h_elium nanod@plets was first meastirédis
heat capacity of the droplet heat bath is considered, then wigund thatT(E(J),d) =Try(E(J),J) to better thf’ 1 % for
would expect the population in higher rotational levels to fall &l values ofJ over the range from 0-4000. It is found that
off faster than predicted by the Boltzmann distribution, andth® values oP(j) fit a Boltzmann distribution to high accu-
thus the effective temperature determined by a fit to the rotof2cY SO that values of; are well defined. However, over
populations to be lower than the droplet temperature. this range ofJ, We_flnd a small systematic difference in the
When we look at the) conserving ensemble, we must values betweefi;(E(J),J) andT(E(J),J), as demonstrated
consider the fact that the average valuelgfJr+ 1) equals in Fig. 1. The ratio ofT;(E(J),J) to T(E(J),J) is found to
to J(J+1)—j(j+1) for fixed J,j. Thus the population of be approximately proportional t8~%, i.e., is linearly pro-

=T(E,J) if pr(E) can be approximated bpr(E—Bj(j
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portional to the effective rotational moment of inertia of the molecule. For an asymmetric top, this effect should lead to a
rotor in helium(including the contribution due to motion of failure of the transition intensities to follow that expected for
the heliun). As is evident from the figure, the size of the biasa gas in thermal equilibrium if this bias effect is ignored.
decreases for larger droplets, though less than linearly witlstimulated by the present analysis, Miller and collaborators
number of helium atoms in the droplet. have made an attempt to look in a systematic way at the
The present results demonstrate that for, helium dropletemperature extracted from fits to rotor populations for dif-
with significant trapped angular momentum, the populatiorferent molecules. Unfortunately, the asymmetries of the line-
of rotational levels of rotors will be biased from that pre- shapes often observed for the lowest rovibrational transitions
dicted by a Boltzmann distribution at the temperature of eidlead to model dependent biases in the fitted rotational tem-
ther the droplet excitation modes or the temperature of th@eratures that could not be disentangled from the expected
entire system. The size of the bias is on the order that shouleffects'® This gives yet one more reason for the need to
be detectable by careful measurement of the droplet rotaaddress this problem oflineshapes of rovibrational transitions
tional constant as the temperature of the pickup(gas thus  in helium nanodroples beyond the one previous attéfpt.
the initial collisional angular momentynis increased. Pre- That previous work assumed a canonical ensemble of inter-
vious experiments have reported a range of rotational tenmnal states which the recent evaporative cooling work has now
peratures, but up to now these do not appear to have beamown to be a poor assumption.
considered physically significant. For example, in a study of ) )
the cluster size dependence of the spectrum gf e tem- This work was supported by a grant from the National

perature was found to be constant to within statistical noise>cieénce Foundation. The author would like to acknowledge
(0.36—0.40 K for droplets of more than a few thousand He the discussions with Adriaan Dokter, Roman Schmied, and

atoms, but to systematically increase for smaller droplets®iacinto Scoles.
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