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Our approach for DM detection
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SIMPs	/	ELDERS	
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Muon	g-2

Small-Scale	Structure	

Microlensing	

Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	

Hidden	Sector	Dark	Ma5er	

Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

WIMPs	QCD	Axion	

≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	

≈

Beryllium-8	

Black	Holes	

Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why

13
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Dark	Sector	Candidates,	Anomalies,	and	Search	Techniques	
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Small	Experiments:	Coherent	Field	Searches,	Direct	DetecIon,	Nuclear	and	Atomic	Physics,	Accelerators	
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≈

GeV	 TeV	keV	eV	neV	feV	zeV	 MeV	aeV	 peV	 µeV	 meV	 PeV	 30M�	
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Beryllium-8	
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Hidden	Thermal	Relics	/	WIMPless	DM	

Asymmetric	DM	

Freeze-In	DM	

Pre-InflaIonary	Axion	

Post-InflaIonary	Axion	

FIG. 1: Mass ranges for dark matter and mediator particle candidates, experimental anomalies,
and search techniques described in this document. All mass ranges are merely representative; for
details, see the text. The QCD axion mass upper bound is set by supernova constraints, and
may be significantly raised by astrophysical uncertainties. Axion-like dark matter may also have
lower masses than depicted. Ultralight Dark Matter and Hidden Sector Dark Matter are broad
frameworks. Mass ranges corresponding to various production mechanisms within each framework
are shown and are discussed in Sec. II. The Beryllium-8, muon (g � 2), and small-scale structure
anomalies are described in VII. The search techniques of Coherent Field Searches, Direct Detection,
and Accelerators are described in Secs. V, IV, and VI, respectively, and Nuclear and Atomic Physics
and Microlensing searches are described in Sec. VII.

II. SCIENCE CASE FOR A PROGRAM OF SMALL EXPERIMENTS

Given the wide range of possible dark matter candidates, it is useful to focus the search
for dark matter by putting it in the context of what is known about our cosmological history
and the interactions of the Standard Model, by posing questions like: What is the (particle
physics) origin of the dark matter particles’ mass? What is the (cosmological) origin of
the abundance of dark matter seen today? How do dark matter particles interact, both
with one another and with the constituents of familiar matter? And what other observable
consequences might we expect from this physics, in addition to the existence of dark matter?
Might existing observations or theoretical puzzles be closely tied to the physics of dark
matter? These questions have many possible answers — indeed, this is one reason why
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Direct detection strategies are proposed for dark matter particles with MeV to GeV mass. In this largely

unexplored mass range, dark matter scattering with electrons can cause single-electron ionization signals,

which are detectable with current technology. Ultraviolet photons, individual ions, and heat are interesting

alternative signals. Focusing on ionization, we calculate the expected dark matter scattering rates and

estimate the sensitivity of possible experiments. Backgrounds that may be relevant are discussed.

Theoretically interesting models may be within reach using existing data and ongoing direct detection

experiments. Significant improvements in sensitivity should be possible with dedicated experiments,

opening up a window to new regions in dark matter parameter space.

DOI: 10.1103/PhysRevD.85.076007 PACS numbers: 95.35.+d

I. INTRODUCTION

The identity of DarkMatter (DM) is unknown. Thewell-
studied paradigm of DM consisting of Weakly Interacting
Massive Particles (WIMPs) with masses around the Weak
scale is attractive: a WIMP naturally has the correct ther-
mal relic abundance and appears in many new physics
models that explain the hierarchy problem. A WIMP is
also an ideal experimental target, with many direct and
indirect DM and collider experiments currently searching
for it. It is possible, however, that this theoretical prejudice
has been misleading. In particular, despite significant
experimental effort, no unambiguous direct or indirect
evidence for WIMPs has been obtained to date. It is
important therefore to explore other theoretically moti-
vated scenarios.

An interesting possibility is light DM (LDM), with
masses in the keV to GeV range. Such LDM is theoretically
motivated and may naturally occur if DM does not couple
strongly to the visible sector. In particular, the mass of a
particle residing in a hidden sector may originate from
Weak scale dynamics but be suppressed by small couplings
between the hidden and visible sectors (see e.g. [1–5] and
references therein). While considerable study is still in
order, many existing models can accommodate LDM,
including WIMPless [6], ‘‘MeV’’ [7–12], asymmetric
[13–16], bosonic super-WIMP [17], Axino [18–20], grav-
itino [21], and sterile neutrino DM (see review in [22]).

In this paper, we focus on the MeV to GeV mass range.
We argue that simple experimental setups can allow for the
direct detection of LDM and can probe a wide class of
models. The ability to detect the signals of LDM scattering
could already be within reach with existing technologies,
and might also be possible with current direct detection
experiments such as XENON100 [23], LUX [24], and
CDMS [25]. Dedicated experiments may significantly im-
prove the sensitivity for LDM. This paper aims in part at

initiating the effort towards probing this mass range with
direct detection experiments. A more comprehensive dis-
cussion of possible direct detection avenues is postponed
to future work.

II. BASIC PROPOSAL

Current direct detection experiments search for nuclear
recoils caused by DM scattering. For LDM, the aver-
age energy transferred in an elastic nuclear recoil is
Enr ¼ q2=2mN ’ 1 eV" ðmDM=100 MeVÞ2ð10 GeV=mNÞ,
where mN is the mass of the nucleus, q%mDMv is the
momentum transferred, and v ’ 10&3 is the DM velocity.
This nuclear recoil energy is well below the lowest thresh-
olds achieved in existing direct detection experiments.
Consequently, vanilla elastic scattering with the nucleus
does not allow for the detection of DM much below the
GeV mass scale.
In contrast, the total energy available in the scattering

is significantly larger, Etot ’ mDMv
2=2 ’ 50 eV "

ðmDM=100 MeVÞ, and may easily suffice to trigger in-
elastic atomic processes that could lead to visible signals.
We identify three leading possibilities:
(i) Electron ionization (DM-electron scattering).
(ii) Electronic excitation (DM-electron scattering).
(iii) Molecular dissociation (DM-nuclear scattering).
These processes typically require energies of 1–10 eV,

and so may be caused by scattering of DM particles with
mass as small as OðMeVÞ, through interaction with elec-
trons, nuclei, or the electromagnetic field (e.g. via higher
dimension operators). The resulting signals are small, but
the technology to detect them is feasible, and in some cases
already established. Three types of signals that may be
particularly promising are [26]:
Individual electrons. An electron may be ionized (or, in

semiconductors, excited to a conduction band) by DM-
electron scattering. Signal amplification can be achieved

PHYSICAL REVIEW D 85, 076007 (2012)

1550-7998=2012=85(7)=076007(9) 076007-1 ! 2012 American Physical Society

Etot=mDMv2/2 = 50 eV x (mDM/100 MeV)
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The identity of DarkMatter (DM) is unknown. Thewell-
studied paradigm of DM consisting of Weakly Interacting
Massive Particles (WIMPs) with masses around the Weak
scale is attractive: a WIMP naturally has the correct ther-
mal relic abundance and appears in many new physics
models that explain the hierarchy problem. A WIMP is
also an ideal experimental target, with many direct and
indirect DM and collider experiments currently searching
for it. It is possible, however, that this theoretical prejudice
has been misleading. In particular, despite significant
experimental effort, no unambiguous direct or indirect
evidence for WIMPs has been obtained to date. It is
important therefore to explore other theoretically moti-
vated scenarios.

An interesting possibility is light DM (LDM), with
masses in the keV to GeV range. Such LDM is theoretically
motivated and may naturally occur if DM does not couple
strongly to the visible sector. In particular, the mass of a
particle residing in a hidden sector may originate from
Weak scale dynamics but be suppressed by small couplings
between the hidden and visible sectors (see e.g. [1–5] and
references therein). While considerable study is still in
order, many existing models can accommodate LDM,
including WIMPless [6], ‘‘MeV’’ [7–12], asymmetric
[13–16], bosonic super-WIMP [17], Axino [18–20], grav-
itino [21], and sterile neutrino DM (see review in [22]).

In this paper, we focus on the MeV to GeV mass range.
We argue that simple experimental setups can allow for the
direct detection of LDM and can probe a wide class of
models. The ability to detect the signals of LDM scattering
could already be within reach with existing technologies,
and might also be possible with current direct detection
experiments such as XENON100 [23], LUX [24], and
CDMS [25]. Dedicated experiments may significantly im-
prove the sensitivity for LDM. This paper aims in part at

initiating the effort towards probing this mass range with
direct detection experiments. A more comprehensive dis-
cussion of possible direct detection avenues is postponed
to future work.

II. BASIC PROPOSAL

Current direct detection experiments search for nuclear
recoils caused by DM scattering. For LDM, the aver-
age energy transferred in an elastic nuclear recoil is
Enr ¼ q2=2mN ’ 1 eV" ðmDM=100 MeVÞ2ð10 GeV=mNÞ,
where mN is the mass of the nucleus, q%mDMv is the
momentum transferred, and v ’ 10&3 is the DM velocity.
This nuclear recoil energy is well below the lowest thresh-
olds achieved in existing direct detection experiments.
Consequently, vanilla elastic scattering with the nucleus
does not allow for the detection of DM much below the
GeV mass scale.
In contrast, the total energy available in the scattering

is significantly larger, Etot ’ mDMv
2=2 ’ 50 eV "

ðmDM=100 MeVÞ, and may easily suffice to trigger in-
elastic atomic processes that could lead to visible signals.
We identify three leading possibilities:
(i) Electron ionization (DM-electron scattering).
(ii) Electronic excitation (DM-electron scattering).
(iii) Molecular dissociation (DM-nuclear scattering).
These processes typically require energies of 1–10 eV,

and so may be caused by scattering of DM particles with
mass as small as OðMeVÞ, through interaction with elec-
trons, nuclei, or the electromagnetic field (e.g. via higher
dimension operators). The resulting signals are small, but
the technology to detect them is feasible, and in some cases
already established. Three types of signals that may be
particularly promising are [26]:
Individual electrons. An electron may be ionized (or, in

semiconductors, excited to a conduction band) by DM-
electron scattering. Signal amplification can be achieved
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We explore a new low-threshold direct-detection concept for dark matter, based on the breaking of
chemical bonds between atoms. This includes the dissociation of molecules and the creation of defects in a
lattice. With thresholds of a few to 10s of eV, such an experiment could probe the nuclear couplings of dark
matter particles as light as a few MeV. We calculate the expected rates for dark matter to break apart
diatomic molecules, which we take as a case study for more general systems. We briefly mention ideas for
how chemical-bond breaking might be detected in practice. We also discuss the possibility of detecting
solar neutrinos, including pp neutrinos, with this experimental concept. With an event rate of
Oð0.1=kg-yearÞ, large exposures are required, but measuring low-energy solar neutrinos would provide
a crucial test of the solar model.

DOI: 10.1103/PhysRevD.95.056011

I. INTRODUCTION

In the last several decades, a wide range of evidence has
been accumulating for the existence of darkmatter (DM). So
far, DM has manifested itself only via its gravitational
interactions with ordinary matter, and its precise nature
remains unknown. The most studied DM paradigm is the
weakly interacting massive particle (WIMP). An interesting
feature of theWIMP is the “WIMPmiracle,” namely that the
thermal history of the WIMP predicts the correct relic
abundance, provided that its mass and couplings are similar
to those of the StandardModelW and Z bosons. This makes
the WIMP compelling, since theoretical arguments related
to the Higgs hierarchy problem independently suggest new
physics near the Weak scale, which is often accompanied
by a stable DM candidate, the WIMP. Moreover, WIMPs
are readily discovered with current technologies. In recent
years, there has been an extensive effort to search forWIMPs
directly with underground detectors, satellites and earth-
based telescopes, and at colliders such as the LHC. These
searches have not found any unambiguous evidence forDM.
This, together with the null results for new-physics searches
at the LHC thus far, and the fact that there are many possible
DM candidates besides the WIMP, urges us to significantly
broaden our search for DM.
Many alternative, non-WIMP theories have been studied

in recent years, often pointing to light DM (LDM) below

the GeV scale [1–18]. In this paper, we focus on the direct
detection of DM using chemical-bond breaking between
atoms in a molecule or a crystal, as first suggested in [10].
This could probe DM-nucleon interactions for DM as light
as ∼10–100 MeV. Only one analysis, by the CRESST
collaboration, has probed below the GeV scale, to 500MeV
[19], although the planned SuperCDMS SNOLAB experi-
ment aims to probe DM masses down to about 300 MeV
[20]. Previous direct detection studies that place bounds on
LDM, e.g. [21], have considered DM-electron scattering,
which allows one to probe down to the MeV scale [10,
21–24] and perhaps even lower [25–28], but assume that
DM couples to electrons. New detection methods involving
chemical-bond breaking could significantly improve upon
current detection capabilities, may allow for the detection
of cosmic and solar axions, and may ultimately also be able
to probe the lowest energy part of the solar neutrino
spectrum. For other recent proposals see [29–32].
The typical binding energy of atoms is a few to 10s of eV,

so that the scattering of sub-GeV DM with a nucleus can
break the chemical bond in a molecule or crystal. The rate
of such scatterings depends on the internal structure of the
target, which can be captured in a nontrivial target-
dependent form factor. In what follows, we discuss the
physics of such scattering events and calculate the expected
dissociation rates for DM scattering off a diatomic mol-
ecule. These are a proxy for various experimental setups,
including the bond breaking of a nucleus within a crystal
target, which may provide for a more realistic setup.
We further discuss the scattering of solar neutrinos off

the same targets. Solar neutrinos will eventually become
an irreducible background for any DM direct detection
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where Rmax, Rmin are the maximal and minimal rates
expected from modulation of the Earth’s velocity with
respect to the DM halo [52]. For a given DM mass and
target molecule, we calculate the cross section for which

ΔSmodffiffiffiffiffiffiffiffiffiffiffiffi
Sþ B

p ¼ 5; ð4:7Þ

where S is the total number of events expected from DM
interactions and B is the number of background events.

In the left panel of Fig. 6, we show the discovery reach
for H2, N2, and BeO, for a 300 MeV DM mass and for two
DM form factors. In the right panel, we show the
modulation amplitude, fmod, as a function of the recoil
energy, which is defined by

fmodðErÞ≡ ∂ΔSmodðErÞ=∂Er

∂SðErÞ=∂Er
: ð4:8Þ

FIG. 5. Potential cross-section sensitivities of a background-free search for chemical bond breaking with 1 kg · year exposures (left
axes). Equivalently, the right axes show the event rate assuming σ̄n ¼ 10−37 cm2. Top, middle, and bottom plots correspond to H2, N2,
and BeO-like targets, respectively, with solid curves calculated using the true binding energy for each target, and dashed curves with the
binding energy set to 20 eV, which is closer to the energy barrier for many crystal transitions (these are illustrative and are not intended to
represent realistic experiments). For the case of BeO the result is shown for DM scattering with Be only. Quantum effects are included
for all curves using the improved Born approximation. Left and right plots correspond to FDM ¼ 1 and FDM ∝ 1=q2, respectively. Black
dashed lines and gray shaded regions show current nuclear recoil bounds (see text). Dark orange dashed lines show where the solar
neutrino event rate equals the DM rate: reaching below these would require background subtraction. Orange bands indicate the ultimate
reach using background subtraction, limited only by statistics and theoretical uncertainties in solar neutrino modeling, assuming a
100 kg · year exposure.
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ABSTRACT

We believe that the Dark Matter (DM) search should be expanded into the domain of detectors sensitive to molecular excitations,
and so that we should create detectors which are more sensitive to collisions with very light WIMPs. In this paper we investigate
in detail di-atomic molecules, such as Fused Silica material with large OH-molecule content, and water molecules. Presently, we do
not have suitable low cost IR detectors to observe single photons, however some OH-molecular excitations extend to visible and UV
wavelengths, and can be measured by Bialkali photocathodes. There are many other chemical substances with di-atomic molecules, or
more complex oil molecules, which could be investigated also. This idea invites searches in experiments having large target volumes
of such materials coupled to a large array of single-photon detectors with Bialkali or infrared-sensitive photocathodes.

Key words. DAMA experiment, Dark Matter search

1. Introduction

A recent paper [1] discussed the possibility that the DAMA ex-
periment [2] observes the e↵ect of a light WIMP striking a hy-
drogen atom and creating a proton recoil, which then excites the
NaI(Tl) crystal in which it is located. The target hydrogen atom
is present as OH or H2O contamination. The ”classical” scintilla-
tion mechanism for atomic level excitation in NaI(Tl) is shown
schematically in Fig. 1. The primary energy deposit has to ex-
ceed the band gap of NaI, which is 3.9 eV; thallium is added to
lower the emission energy.

The present paper considers another, even more sensitive,
method to detect Dark Matter via molecular excitations (a pre-
liminary version was presented in Ref. [3]). A very small energy-
deposit, at a level of 2-3 eV, is needed to excite such vibrations;
this is a factor of 2 lower in energy than the classical scintillation
mechanism. Many di-atomic molecules will vibrate when hit by
a photon (or neutron or a WIMP) and some small fraction of such
single photon excitations can be detected by a PMT working in
the Bialkali regime. However, most of the emitted energy is in
the IR wavelength region, or is in the form of heat; the emission
of visible photons is suppressed by at least 4-6 orders of mag-
nitude compared to IR photons. Because the e�ciency for Dark
Matter to generate visible photons in water or ice is expected
to be very small, a large detector volume is required, together

Fig. 1. Energy levels for an activated NaI(Tl) crystal, where Tl
is the so-called activator. The Tl-levels lie somewhat below the
conduction band so that the radiated photons are emitted with
less energy than the band gap of the pure crystal.

Fig. 2. Energy levels of diatomic molecules for a harmonic and
an anharmonic oscillator, where the latter follows the more com-
plex Morse potential; ⌫ is the vibrational quantum number (⌫ =
0,1,2,...). The ⌫ = 0 level is the vibrational ground state. Unlike
the energy levels of the harmonic oscillator potential, which are
evenly spaced by ~!, the Morse potential level spacing decreases
as the energy approaches the dissociation energy D

e

[5].

with an extensive PMT coverage with single photon sensitivity.
Examples of possible experiments to do this measurement are
the Ice Cube, BaBar DIRC and the Super-Kamiokande experi-
ment.

Di-atomic molecules are ideal for such studies, since they
are simpler to understand, and have been studied extensively by
chemists [4]. The energy levels of di-atomic molecules can be
calculated using the Schroedinger equation description of a har-
monic oscillator, which has been described in many textbooks -
e.g. see Refs. [5] and [6]. Figure 2 and Table 1 provide examples
of energy levels in a typical di-atomic molecule, for a perfect
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Table 1. A simple calculation of the transition wavelength for
several frequency overtones of the OH-radicals. The last two
modes correspond to visible wavelengths. Higher modes can
reach the UV regime [6].

OH-band identity Transition Calculated wavelength [nm]
⌫1 0! 1 2803

2⌫1 0! 2 1436
3⌫1 0! 3 980
4⌫1 0! 4 755
5⌫1 0! 5 619.5

Fig. 3. A schematic picture of WIMP-scattering excitation of en-
ergy levels in the OH-molecule, with subsequent de-excitation
via fluorescent photons at either ⇠282 nm or ⇠310 nm.

harmonic oscillator, and for an anharmonic oscillator following
the Morse potential [5]. The most significant di↵erence between
the two potentials is a transition selection rule. The harmonic
oscillator allows only transitions obeying 4⌫ = ±1. In contrast,
the anharmonic oscillator allows the transitions 4⌫ = ±1, ±2,
±3, etc. These transitions, ⌫1, 2⌫1, 3⌫1, etc., are called overtones.
We see that although the fundamental mode corresponds to an
IR wavelength, the higher overtones correspond to visible or
even UV wavelengths. This can provide a path to detection using
Bialkali photocathode-based PMTs; single-photon IR-sensitive
detectors are more di�cult to utilize at present for this purpose.

We note that the OH-molecule has been studied extensively
by many chemists using laser-induced fluorescence. An exam-
ple of such a fluorescence measurement is the OH-molecule ex-
citation by a 282 nm dye laser, followed by the observation of
the 310 nm wavelength with a PMT with a notch filter [7]. This
method was used to determine traces of OH-radicals in the atmo-
sphere [8]. Figure 3 shows schematically how WIMP scattering
could excite energy levels in the OH-molecule, with a subse-
quent de-excitation via fluorescent photons at either ⇠282 nm or
⇠310 nm.

However, the picture outlined above is too simplistic, since
the actual energy levels can be a↵ected by the substance in which
the OH-radical is located. In this paper we discuss the exam-
ple of Fused Silica loaded with OH-molecules. Fused Silica is
a good example because it has been investigated previously in
great detail. It is an ideal material in which to study the e↵ects
of the OH-molecular presence, because the basic material is very

Fig. 4. Attenuation spectra of wet (F100) and dry (F300) Fused
Silica short-bulk samples. Each sample is too short (20 cm) to
be sensitive to higher harmonic modes [9].

pure. In addition, Fused Silica can be prepared in the form of
long fibers, which allows the accurate measurement of absorp-
tion resonances by using a monochromator. The next chapter
will deal with this material in more detail.

Although Fused Silica is a well-understood material, pure
water is even better understood. We have looked into its molec-
ular vibration response also.

2. OH-molecular vibrations in Fused Silica

Reference [9] investigated IR absorption in wet and dry Fused
Silica. Wet Fused Silica contains a large quantity of OH-
molecules. In contrast, the dry Fused Silica has almost no OH-
content and a minimum of other impurities, so that it is useful for
fiber applications operating in the IR regime. The OH content is
due to the presence of some moisture or hydrogen in the manu-
facturing process, which results in hydroxyl groups chemically
bonded to the silica molecular network (SiOH). This hydroxyl
(OH) a↵ects the optical properties of silica due to the fundamen-
tal OH-absorption band with ⌫3 = 2.72 µm, the corresponding
overtones, and the combination modes with the SiO4 tetrahedron
vibration. The OH content of the dry Fused Silica was 0.2 ppm
(designated as F300), and the OH-content of the wet Fused Silica
was about 700 ppm (designated as F100). Figure 4 shows the ab-
sorption measurements for both types of Fused Silica in short-
bulk samples. The spectrum of the wet silica is a↵ected by the
fundamental mode ⌫3, the overtones 2⌫3, 3⌫3, and a few combi-
nation modes. Higher overtones, n⌫3, were not observed because
the sample was only 20 cm in length. However, the fundamental
⌫3 frequency was observed in the wet sample. The dry sample
does not exhibit major absorption peaks.

Figure 5 shows the absorption fiber spectra in the lower
wavelength region using fibers 1km in length. The wet silica
spectrum is a good example of the principal pattern spectral po-
sitions and relative intensities of the OH-bands. Each of the over-
tones at 724 nm, 943 nm and 1383 nm is accompanied by two
less-intense combination modes located on the short wavelength
tail of the corresponding overtone absorption band. The basic
attenuation is almost entirely governed by Rayleigh scattering.
This is the reason why the experiment measures only the sev-
enth overtone 7⌫3.

Table 2 shows the measured OH-absorption bands in wet
Fused Silica (F100), starting with the fundamental mode ⌫3
and going all the way up to the seventh OH-overtone at
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We propose a new class of bosonic dark matter (DM) detectors based on resonant absorption
onto a gas of small polyatomic molecules. Bosonic DM acts on the molecules as a narrow-band
perturbation, like an intense but weakly coupled laser. The excited molecules emit the absorbed
energy into fluorescence photons that are picked up by sensitive photodetectors with low dark count
rates. This setup is sensitive to any DM candidate that couples to electrons, photons, and nuclei,
and may improve on current searches by several orders of magnitude in coupling for DM masses
between 0.2 eV and 20 eV. This type of detector has excellent intrinsic energy resolution, along
with several control variables—pressure, temperature, external electromagnetic fields, molecular
species/isotopes—that allow for powerful background rejection methods as well as precision studies
of a potential DM signal. The proposed experiment does not require usage of novel exotic materials
or futuristic technologies, relying instead on the well-established field of molecular spectroscopy, and
on recent advances in single-photon detection. Cooperative radiation e↵ects, which arise due to the
large spatial coherence of the nonrelativistic DM field in certain detector geometries, can tightly
focus the DM-induced fluorescence photons in a direction that depends on the DM’s velocity, possibly
permitting a detailed reconstruction of the full 3D velocity distribution in our Galactic neighborhood,
as well as further background rejection.
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I. INTRODUCTION

Dark matter (DM), a form of nonrelativistic matter
that amounts to 25% of the energy budget of the universe
but does not appear to emit light, is by now the conserva-
tive option to explain a wealth of astrophysical and cos-
mological data that can otherwise not be accommodated
for with the known interactions and particles in the Stan-
dard Model (SM). The motion of stars in galaxies, the
velocity dispersion of galaxies in clusters, gravitational
lensing by galaxy clusters, temperature anisotropies in
the cosmic microwave background, baryon acoustic oscil-
lation measurements, and early-universe structure forma-
tion; all point to a new form of matter that is largely inert
save for its gravitational interactions. Many questions re-
main unanswered: What are the properties—mass, spin,
parity—of the dark matter particle(s)? What are its non-
gravitational interactions, if any? How is it produced?
While there are many possible answers to the first two

questions, the number of dark matter candidates dwin-
dles once you focus on the ones with a realistic produc-
tion mechanism. One such great DM candidate is the so-
called WIMP, a type of particle which may be produced
with the correct relic abundance in the early Universe
through the thermal freeze-out mechanism, provided it
has a mass and interaction strength close to the elec-
troweak scale. Searches for WIMPs are still in full swing,
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expanding

1

R
=

1

Re
+

R�Re

R2

e

+ . . . (75)

and using eq. 47 to find that the dominant 1/R ma-
trix element is smaller than that of eq. 74 by a factor
of 1/M!eR

2

e ⇠ O(me/M)1/2. Therefore, the dominant
vibrational transitions obey the same �v = ±1 selection
rules as in eq. 62. The accompanying rotational matrix
elements are the same as well, cfr. eq. 61, as long as
one remembers that changes in the orbital angular mo-
mentum projected onto any particular axis are correlated
with simultaneous changes in the nuclear spin projected
onto the same axis as in eq. 73.

The operator �e ·re mostly excites electronic transi-
tions, similar to �H1

II

of the previous section. The opera-
tor re has the same transformation properties under Lz,
i, and �v as re, so �H1S

II

obeys the same selection rules as
�H1

II

on changes in the orbital part of the electronic mo-
tion, which are already listed in eqs. 63–65. However, the
nontrivial spin structure of �H1S

II

means that it can in-
duce both spin-preserving (�S = �⌃ = 0) transitions—
the only ones �H1

II

can excite—as well as spin-flip tran-
sitions (�⌃ = ±1 and �S = 0,±1):

�⇤ = 0 & �⌃ = �S = 0, (76)

�⇤ = ±1 & �⌃ = ⌥1, (77)

+ $ +, � $ �, � = +, (for ⌃ $ ⌃) (78)

g $ u, g = g, u = u. (homonuclear) (79)

Such spin-flip transitions are highly suppressed in small
molecules for the usual dipole transitions, for which a
ground state of e.g. 1⌃ can normally only be excited
to higher spin-singlet states of symmetry 1⌃ and 1⇧,
whereas these spin-dipole transitions can excite the same
ground state to the spin singlets 1⌃ or the spin triplets
3⇧. For transitions that respect the selection rules of
eqs. 76–79, we expect electronic matrix elements of size:

�
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(80)

with !
0

= |Ef�Ei| the transition energy. The first equal-
ity follows by virtue of the identity ren = �me [H0

, ren ]
for the nonrelativistic H

0

from eq. 31. The matrix ele-
ments for the spin-dipole transitions can thus be inferred
from those of the regular dipole transitions.

III. EXPERIMENTAL SETUP

We describe the general detector requirements and
molecular container configurations in sec. III A, along
with a detailed discussion of signal detection in sec. III B,
background levels in sec. III C, and signal discrimination
techniques in sec. IIID.

FIG. 4. Experimental setup: Bulk (top) and Stack (bottom)
configurations. Molecular gas (depicted by light blue vol-
umes) is pumped into containers capable of supporting pres-
sures up to 10 bar. In the Bulk configuration, DM absorp-
tion events yield isotropic, single fluorescence photons, whose
paths are indicated by thick red lines. Reflective coatings
(shown as silver colored sheets) lining the container boundary
retain the signal photons until they impinge onto a large-area
photodetector, displayed as yellow tiles at the top. The Stack
configuration features a pattern of alternating molecular den-
sity in the form of multiple slabs. This container geometry
and the spatial coherence of DM can produce cooperatively
emitted photons nearly perpendicular to the slabs, making it
possible to focus them onto a tiny photodetector by a lens.
The photon direction is sensitive to the DM velocity vector
projected onto the plane defined by the slabs. For illustrative
purposes, we do not show shielding, cooling, or electromag-
netic field and pressure control systems in either setup. We
also left out the reflective coatings on the front and top faces
of the Bulk setup.
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FIG. 8. Reach for the kinetic mixing parameter ✏ of a hidden photon with mass m
�

0 . The SNR = 1 sensitivity estimates for
the Bulk configurations (BI & BII) are shown as thick blue bands, and those of the Stack configurations (SI & SII) as thin red
bands. Sensitivity curves are also shown for a single molecular species with the following assumptions: I

2

(blue) in BI, HCl
(blue) in BII, CO (red) in SI, and H

2

(red) in SII. Solar emission constraints and DM-induced ionization limits in Xenon10 are
shown as gray regions. Above the black line in the top right, hidden photon DM runs afoul of contraints on N

e↵

.

neutron vector current, as per the charge assignments of
eq. 124. Since nuclear motion can be taken to be “frozen”
for electronic transitions to leading order in the Born-
Oppenheimer approximation, a B � L vector causes the
same transition phenomenology as a kinetically mixed
hidden photon provided we make the replacement

✏e $ g. (127)

The separability of the B � L current means that we
can decompose the dipole moment as µB�L = (g/e)µe+
gµn with µn the neutron number dipole moment. Hence,
vibrational transitions in a diatomic molecule are caused
by the e↵ective operator:

�H = �g
⇣µe

e
+ µn

⌘

·E0 (128)

= gE0 ·R


�e(R) +
(A

2

� Z
2

)M
1

� (A
1

� Z
1

)M
2

M
1

+M
2

�

In the first line, we used the same �e(R) as in eq. 121, and
took Zi, Ai, and Ri to be the atomic number, mass num-
ber, and position vector for the ith nucleus, such that the
second two terms represent the interaction with the neu-
tron number current. In the second line, we isolated the
component of these terms that depends on the internu-
clear separationR ⌘ R

2

�R
1

, and neglected terms acting
on the molecular center-of-mass position. So again, we
find that, to leading order, vibrational absorption rates
of a B � L vector are exactly analogous to those of a
kinetically mixed vector, provided we make the replace-

ment:

✏e�e,1 $ g



�e,1 +
(A

2

� Z
2

)M
1

� (A
1

� Z
1

)M
2

M
1

+M
2

�

.

(129)

This means that one can expect any E1 transition to be
sensitive to absorption of a B � L vector, barring ac-
cidental cancellations. In addition, even electric-dipole-
forbidden transitions, with �e,1 = 0, may give appreciable
absorption rates. For example, the molecule 1H2H has no
electric dipole transition moment (by symmetry), but has
[(A

2

� Z
2

)M
1

� (A
1

� Z
1

)M
2

]/(M
1

+M
2

) ⇡ 2/3.

In figure 9, we plot the reach estimates for our four
proposed configurations. They are exactly analogous to
those of a kinetically mixed photon with the replacements
of eqs. 127 and 129, except now a Bulk detector can po-
tentially also look for E1-forbidden �v = 1 transitions
with low quenching rates. The exclusion regions from the
hidden photon apply in exactly the same way, modulo the
rescaling of eq. 127. In addition, a B�L vector mediates
a finite-range “Coulomb” force between electrically neu-
tral bodies: the electrons and proton charges cancel each
other out, leaving a like-charge repulsive force between
neutron pairs. Null results from short-distance gravity
tests [75] place significant constraints at low masses, in-
dicated by the gray exclusion region labeled “fifth forces”
in fig. 9.
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A novel approach for DM detection

DM particle collisions 
with molecules induce 
vibrational excitation

The photon is detected by the 
photodetectors surrounding the gas

Excited molecules decay emitting a photon
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A novel approach for DM detection

1. Spontaneous emission rate 
!
2. Thermal population of vibrational states 
!
3. Black Body radiation background 
!
4. Collisional de-excitation rate

Four points to take care of
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1. Spontaneous emission rate

A10~10 s-1A10~10-7 s-1

Homonuclear Heteronuclear

Permanent dipole moment  -> faster collisional rates 
      -> BBR

A fee to pay



2. Thermal population
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FIG. 2. Probability to find CO (X1⌃) in a given rotational
state of the ⌫ = 0 vibrational state as a function of the tem-
perature. For these results we have employed the Morse po-
tential constants from Table I of Ken’s paper.

of the colliding molecules in amu, T is the temperature
of the gas in K and ! is the harmonic frequency of the
molecular potential measured in K. It is worth pointing
out that the constant that a↵ects the temperature depen-
dence in Eq. (5) comes from the Landau-Teller approach.
The prediction based on Eq. (5) for the vibrational re-
laxation time of CO and CO in He as well as the results
coming from full quantal calculations for CO-He [6] are
shown in Fig. 3. As a result, one notices a deviation of
the quantal results from the prediction based on Eq. (5)
for T 300K for CO-He, which is the lower temperature
limit for the range of validity of the mentioned equation.
Thus, one would expect the same sort of deviation for T
 1000K for CO.

It is worth noticing that the vibrational quenching rate
for CO is way smaller than the values reported by Ken’s
paper even though we are using the same expression for
the vibrational relaxation time in terms of the basic pa-
rameters of the molecule. This is the reason why I would
like you guys to check this with me, just in case I did
something wrong.

III. PHOTON ABSORPTION INDUCED BY
BLACK-BODY RADIATION (BBR)

Heteronuclear molecules show a permanent dipole mo-
ment and as a consequence, black body radiation photons
may induce excitations in the molecules. In particular,
the absorption rate due to black body radiation between
the initial state i and final state j of the molecule is given
by [7]

FIG. 3. Vibrational relaxation frequency in s�1 of CO (blue)
and CO in He (red). The results based on Eq. (5) are shown
as dashed lines whereas the quantal results from Ref. [6] are
shown as solid lines. The blue and red area represent the
region of validity of Eq. (5) for CO and CO-He, respectively.
The pressure for the gas is 1 bar.
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The BBR absorption rate in CO as a function of the
temperature is shown in Fig.4, where one notices that
the rate is pretty small compared with the spontaneous
emission rate. However, if one is expected a very little
number of DM events per year, it is mandatory to take
into account the number of BBR absorptions may occur
at a given temperature. This is shown in the lower panel
of the same figure and it is expected a large number of
events in the range of temperatures proposed by Ken and
collaborators.

IV. THE ROLE OF THE MEAN FREE PATH

The typical mean free path that we find for CO at 40
K is 0.4 mm, therefore an emitted photon after a DM
scattering event will experience many collision before it
reaches the detector, thus collisional de-excitation may
play a role on the photon journey up to the detector. To
elucidate the physics behind this phenomena we assume
that the photon emission follows the same physics as a
Brownian particle in 3D, and hence the average distance
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of the gas in K and ! is the harmonic frequency of the
molecular potential measured in K. It is worth pointing
out that the constant that a↵ects the temperature depen-
dence in Eq. (5) comes from the Landau-Teller approach.
The prediction based on Eq. (5) for the vibrational re-
laxation time of CO and CO in He as well as the results
coming from full quantal calculations for CO-He [6] are
shown in Fig. 3. As a result, one notices a deviation of
the quantal results from the prediction based on Eq. (5)
for T 300K for CO-He, which is the lower temperature
limit for the range of validity of the mentioned equation.
Thus, one would expect the same sort of deviation for T
 1000K for CO.

It is worth noticing that the vibrational quenching rate
for CO is way smaller than the values reported by Ken’s
paper even though we are using the same expression for
the vibrational relaxation time in terms of the basic pa-
rameters of the molecule. This is the reason why I would
like you guys to check this with me, just in case I did
something wrong.
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The BBR absorption rate in CO as a function of the
temperature is shown in Fig.4, where one notices that
the rate is pretty small compared with the spontaneous
emission rate. However, if one is expected a very little
number of DM events per year, it is mandatory to take
into account the number of BBR absorptions may occur
at a given temperature. This is shown in the lower panel
of the same figure and it is expected a large number of
events in the range of temperatures proposed by Ken and
collaborators.
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The typical mean free path that we find for CO at 40
K is 0.4 mm, therefore an emitted photon after a DM
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play a role on the photon journey up to the detector. To
elucidate the physics behind this phenomena we assume
that the photon emission follows the same physics as a
Brownian particle in 3D, and hence the average distance
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collaborators.

IV. THE ROLE OF THE MEAN FREE PATH

The typical mean free path that we find for CO at 40
K is 0.4 mm, therefore an emitted photon after a DM
scattering event will experience many collision before it
reaches the detector, thus collisional de-excitation may
play a role on the photon journey up to the detector. To
elucidate the physics behind this phenomena we assume
that the photon emission follows the same physics as a
Brownian particle in 3D, and hence the average distance
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FIG. 2. Probability to find CO (X1⌃) in a given rotational
state of the ⌫ = 0 vibrational state as a function of the tem-
perature. For these results we have employed the Morse po-
tential constants from Table I of Ken’s paper.
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as dashed lines whereas the quantal results from Ref. [6] are
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The pressure for the gas is 1 bar.
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A large number of data points for the vibrational relaxation time (pT. in atm sec) of simple systems 
have been logarithmically plotted vs (TOK)-t. It appears that each system is well represented by a straight 
line, and that most of these straight lines when extended to higher temperatures intersect near the point 
[PT. = 1Q-8 atm sec, (roK)-t=0.03]. Systems with a small reduced mass p. are exceptions to such a simple 
convergence, and in an improved scheme, the location of the convergence point is dependent on the reduced 
mass. Such a presentation has lead to an empirical equation correlating available measurements of vi-
brational relaxation times: 10glO(PT.) = (5.0X1Q-4)p.i /ll[T-t-0.015p.1]-8.00, where () is the characteristic 
temperature of the oscillator in K deg. This equation reproduces the measured times within 50% for systems 
as diverse as N2, 12, and OrH2. In the worst case thus far, OrAr near lO00oK, it is off by a factor of 5. 

A CCURATE data on rates of vibrational relaxation 
.ft as a function of temperature are rapidly becom-
ing available,1-24 and theoretical calculations generally 
yield order-of-magnitude agreement with these data. 
The theories, however, contain gross approximations 
which have led different investigators to divergent 
conclusions. This paper presents semiempirical cor-
relations between observed relaxation times and the 
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relevant molecular constants, which permit one to esti-
mate with increased accuracy and confidence the rates 
for cases not yet measured. 

A useful presentation of this kind is given in Fig. 1, 
where the product of the total pressure, p, in atm and 
the vibrational relaxation time T. in sec is plotted on 
a logarithmic scale against (TOK) -t for many simple 
systems. A simple system is defined as a diatomic 
oscillator undergoing only one type of collision with 
an atomic or diatomic partner. If the collision partner 
is diatomic, we exclude near-resonant cases (such as 
N2+CO) where vibration-vibration exchange is im-
portant. Two nonsimple (polyatomic) cases are in-
cluded in Fig. 1 to indicate that this approach may 
be applicable in more complicated situations. 

Two important conclusions can be drawn from Fig. 
1. The relationship between log (pT.) and y-i is a 
linear one. This is best exemplified by the data for 
oxygen in the temperature range 500° < T < 80000 K. 
Such a linear relationship makes this type of plot 
useful for extrapolation purposes. Secondly, the data 
for most of the systems can be fit with remarkable 
success by line segments having a common point of 
origin. Thus, given one reliable point at any temper-
ature for a new system, an estimate of the behavior 
at every temperature can be obtained from a line 
through the given value and the common origin. The 
coordinates of this origin in Fig. 1 are [PT. = 10-8 atm 
sec, (rK)-t=0.03]. It should be made clear that 
this extrapolation to extreme temperatures is a device 
for correlating the data. Therefore, the indicated re-
laxation times for temperatures sufficiently high for 
dissociation to be a competing process may not be 
physically meaningful. 

The data plotted were selected as being those which 
appear most reliable for the system in question. Sys-
tems designated by a single species refer to relaxation 
in the pure gas. Those labeled with two components 
refer to relaxation of the first species when it is present 
at high dilution in the second-named gas at a total 24 D. R. White and R. C. Millikan, J. Chern. Phys. 39,2107 

(1963) . pressure of p atm. Thus, from measurements on a mix-
3209 
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SYSTEM REF. METHOO 

Hz • 6 S-IR .. 
10-2 0 7 S-1 

CO-Ar ., 8 S-IR 
CO .. 8 S-1R .. 9 S-Na .. 10 S-1 

• II S-1 
0 12 S-UV . 13 S-1 .. 14 U 

10-4 A 15 S-UV 
9 16 U 

CO-He ., 17 VF 
• 18 S-IR 

CO-Hz • 17 VF 
PTV ., 8 S-IR 

02 -He • II S-1 .. 19 U .. lOU 
10-' A 21 U 

F2 0 22U 
gzA 23 U ., 24 S-1 

9 19 U 
atm. sec 8r2 0 23U 
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o 015 

FIG. 2. Common plot of vibrational relaxation data for simple systems. Method code: S-IR, shock infrared emission; S-1, shock inter-
ferometry; S-Na, shock sodium line reversal; S-UV, shock ultraviolet photometry; U, ultrasonics; VF, vibrational fluorescence. 

eye. Thus, for all cases except O2 and N2, the lines 
have been forced to intersect at a common point. As 
can be seen, the fit to the data obtained by this pro-
cedure is good except where light collision partners are 
involved. This difficulty is clearly shown by the CO-He 
and 02-He data of Fig. 1. 

A refinement of the correlation is shown in Fig. 2, 
where the common point of origin has been replaced 
by a zone or line containing a reduced mass scale. The 
choice of as a scale was the result of several trials. 
It best achieves the spreading out of the low-mass 
end, and compression of the high-mass end needed to 
fit all the cases. More simple systems are included on 
this plot, for it can successfully represent the light, 
reduced-mass systems as well as the others. The data 

lines of Fig. 2 are given by the equation 
PTv= exp[A -18.42J, (2) 

and the values of the slope A are given in Table I. 
We now seek to relate the slope A to the molecular 

constants of the colliding species. As a guide, one re-
calls that in the simple Landau-Teller theory,25 A is 
proportional to where is the reduced mass of 
the colliding pair, (j is the characteristic temperature 
of the oscillator hv/k, and I is a length parameter which 
describes in part the collisional interaction potential. 
Since this theory is a classical one-dimensional treat-
ment, it represents the data only approximately. Yet 

21i L. Landau and E. Teller, Physik Z. Sowjetunion 10, 34 
(1936). 
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cedure is good except where light collision partners are 
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choice of as a scale was the result of several trials. 
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end, and compression of the high-mass end needed to 
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reduced-mass systems as well as the others. The data 
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and the values of the slope A are given in Table I. 
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constants of the colliding species. As a guide, one re-
calls that in the simple Landau-Teller theory,25 A is 
proportional to where is the reduced mass of 
the colliding pair, (j is the characteristic temperature 
of the oscillator hv/k, and I is a length parameter which 
describes in part the collisional interaction potential. 
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ment, it represents the data only approximately. Yet 
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I. RO-VIBRATIONAL DISTRIBUTION OF
DIATOMIC MOLECULES AS A FUNCTION OF

THE TEMPERATURE

The partition function associated to the ro-vibrational
degrees of freedom of a molecule is given by

Z = Z

rot

Z

vib

=
X

⌫,j

e

�(Ej+E⌫)/kBT

, (1)

where Z

rot

is the rotational partition function and Z

vib

stands for the vibrational partition function. k

B

is the
Boltzmann constant, T is the temperature and E

⌫

rep-
resents the vibrational energy and assuming a fairly re-
alistic Morse potential is expressed as [1]

E

⌫

= ~!(⌫ + 1/2)� !x(⌫ + 1/2)2. (2)

Here ! represents the harmonic frequency of the molec-
ular well, !x represents the anharmonicity of the poten-
tial and ⌫ stands for the vibrational quantum number.
E

j

stands for the rotational energy and within the same
approach, and assuming a rigid rotor model one finds [1]

E

j

= (B
e

+ ↵(v + 1/2)) j(j + 1)�De (j(j + 1))2 , (3)

where B
e

is the rotational constant, D
e

is the centrifugal
distortion constant, ↵ is the rotation-vibration interac-
tion constant and j is the rotational quantum number.

The probability to find a molecule in a given ro-
vibrational state as a function of the temperature is

P

v,j

=
e

�(Ev+Ej)
/k

B

T

Z

, (4)

whereas the the probability of finding the molecule in a
given vibrational state is P

v

= e

�Ev/kBT

/Z

vib

. The vi-
brational population of CO (X1⌃) as a function of the
temperature is shown in Fig.1 and as a result one no-
tices that at 100 K the probability to find a molecule in
the ⌫ = 1 and ⌫ = 2 stets is very small, however as-
suming Avogadro’s number of molecules the number of
molecules in those states will be pretty large. In partic-
ular assuming 1023 molecules we will have 5⇥1013 and
3⇥104 molecules in the ⌫ = 1 and ⌫ = 2 states, re-
spectively. This large number of molecules can be ex-
plained in virtue of the harmonic frequency 3124 K of
the molecule at hand and

The rotational distribution in the vibrational ground
state of CO (X1⌃) is shown in Fig.2 and as a result we

FIG. 1. Probability to find CO (X1⌃) in a given vibrational
state as a function of the temperature. For these results we
have employed the Morse potential constants from Table I of
Ken’s paper.

observe a broad distribution of rotational states owing
the small rotational constant of CO (X1⌃) of only 2.78 K.
Therefore, to avoid any background signal due to thermal
excitations of excited vibrational states

II. RELAXATION TIME OF DIATOMIC
MOLECULES

Relaxation time is one of the most intriguing and fun-
damental magnitude for ab initio calculations of trans-
port coe�cients [2–4]. In particular, vibrational relax-
ation times have received a lot of interest and several
approaches have been developed, among them one finds
the celebrated Landau-Teller approach [5] which is a one
dimensional model for vibrational-translational energy
transfer and it is quantitative accurate for high energy
molecular collision. Lately, Millikan and White by look-
ing at all the experimental information available at that
time of vibrational relaxation times in molecules, were
able to find and empirical relationship between such mag-
nitude and the temperature which reads as

p⌧

v

= e

(1.16⇥10

�3
µ

1/2
!

4/3
(T

�1/3�0.015µ

1/4
)�18.42)

. (5)

Here p is the total pressure of the gas in atm, ⌧
v

is the
vibrational relaxation time in s, µ is the reduced mass
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relevant molecular constants, which permit one to esti-
mate with increased accuracy and confidence the rates 
for cases not yet measured. 

A useful presentation of this kind is given in Fig. 1, 
where the product of the total pressure, p, in atm and 
the vibrational relaxation time T. in sec is plotted on 
a logarithmic scale against (TOK) -t for many simple 
systems. A simple system is defined as a diatomic 
oscillator undergoing only one type of collision with 
an atomic or diatomic partner. If the collision partner 
is diatomic, we exclude near-resonant cases (such as 
N2+CO) where vibration-vibration exchange is im-
portant. Two nonsimple (polyatomic) cases are in-
cluded in Fig. 1 to indicate that this approach may 
be applicable in more complicated situations. 

Two important conclusions can be drawn from Fig. 
1. The relationship between log (pT.) and y-i is a 
linear one. This is best exemplified by the data for 
oxygen in the temperature range 500° < T < 80000 K. 
Such a linear relationship makes this type of plot 
useful for extrapolation purposes. Secondly, the data 
for most of the systems can be fit with remarkable 
success by line segments having a common point of 
origin. Thus, given one reliable point at any temper-
ature for a new system, an estimate of the behavior 
at every temperature can be obtained from a line 
through the given value and the common origin. The 
coordinates of this origin in Fig. 1 are [PT. = 10-8 atm 
sec, (rK)-t=0.03]. It should be made clear that 
this extrapolation to extreme temperatures is a device 
for correlating the data. Therefore, the indicated re-
laxation times for temperatures sufficiently high for 
dissociation to be a competing process may not be 
physically meaningful. 

The data plotted were selected as being those which 
appear most reliable for the system in question. Sys-
tems designated by a single species refer to relaxation 
in the pure gas. Those labeled with two components 
refer to relaxation of the first species when it is present 
at high dilution in the second-named gas at a total 24 D. R. White and R. C. Millikan, J. Chern. Phys. 39,2107 

(1963) . pressure of p atm. Thus, from measurements on a mix-
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FIG. 2. Common plot of vibrational relaxation data for simple systems. Method code: S-IR, shock infrared emission; S-1, shock inter-
ferometry; S-Na, shock sodium line reversal; S-UV, shock ultraviolet photometry; U, ultrasonics; VF, vibrational fluorescence. 

eye. Thus, for all cases except O2 and N2, the lines 
have been forced to intersect at a common point. As 
can be seen, the fit to the data obtained by this pro-
cedure is good except where light collision partners are 
involved. This difficulty is clearly shown by the CO-He 
and 02-He data of Fig. 1. 

A refinement of the correlation is shown in Fig. 2, 
where the common point of origin has been replaced 
by a zone or line containing a reduced mass scale. The 
choice of as a scale was the result of several trials. 
It best achieves the spreading out of the low-mass 
end, and compression of the high-mass end needed to 
fit all the cases. More simple systems are included on 
this plot, for it can successfully represent the light, 
reduced-mass systems as well as the others. The data 

lines of Fig. 2 are given by the equation 
PTv= exp[A -18.42J, (2) 

and the values of the slope A are given in Table I. 
We now seek to relate the slope A to the molecular 

constants of the colliding species. As a guide, one re-
calls that in the simple Landau-Teller theory,25 A is 
proportional to where is the reduced mass of 
the colliding pair, (j is the characteristic temperature 
of the oscillator hv/k, and I is a length parameter which 
describes in part the collisional interaction potential. 
Since this theory is a classical one-dimensional treat-
ment, it represents the data only approximately. Yet 

21i L. Landau and E. Teller, Physik Z. Sowjetunion 10, 34 
(1936). 
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I. RO-VIBRATIONAL DISTRIBUTION OF
DIATOMIC MOLECULES AS A FUNCTION OF

THE TEMPERATURE

The partition function associated to the ro-vibrational
degrees of freedom of a molecule is given by

Z = Z

rot

Z

vib

=
X

⌫,j

e

�(Ej+E⌫)/kBT

, (1)

where Z

rot

is the rotational partition function and Z

vib

stands for the vibrational partition function. k

B

is the
Boltzmann constant, T is the temperature and E

⌫

rep-
resents the vibrational energy and assuming a fairly re-
alistic Morse potential is expressed as [1]

E

⌫

= ~!(⌫ + 1/2)� !x(⌫ + 1/2)2. (2)

Here ! represents the harmonic frequency of the molec-
ular well, !x represents the anharmonicity of the poten-
tial and ⌫ stands for the vibrational quantum number.
E

j

stands for the rotational energy and within the same
approach, and assuming a rigid rotor model one finds [1]

E

j

= (B
e

+ ↵(v + 1/2)) j(j + 1)�De (j(j + 1))2 , (3)

where B
e

is the rotational constant, D
e

is the centrifugal
distortion constant, ↵ is the rotation-vibration interac-
tion constant and j is the rotational quantum number.

The probability to find a molecule in a given ro-
vibrational state as a function of the temperature is

P

v,j

=
e

�(Ev+Ej)
/k

B

T

Z

, (4)

whereas the the probability of finding the molecule in a
given vibrational state is P

v

= e

�Ev/kBT

/Z

vib

. The vi-
brational population of CO (X1⌃) as a function of the
temperature is shown in Fig.1 and as a result one no-
tices that at 100 K the probability to find a molecule in
the ⌫ = 1 and ⌫ = 2 stets is very small, however as-
suming Avogadro’s number of molecules the number of
molecules in those states will be pretty large. In partic-
ular assuming 1023 molecules we will have 5⇥1013 and
3⇥104 molecules in the ⌫ = 1 and ⌫ = 2 states, re-
spectively. This large number of molecules can be ex-
plained in virtue of the harmonic frequency 3124 K of
the molecule at hand and

The rotational distribution in the vibrational ground
state of CO (X1⌃) is shown in Fig.2 and as a result we

FIG. 1. Probability to find CO (X1⌃) in a given vibrational
state as a function of the temperature. For these results we
have employed the Morse potential constants from Table I of
Ken’s paper.

observe a broad distribution of rotational states owing
the small rotational constant of CO (X1⌃) of only 2.78 K.
Therefore, to avoid any background signal due to thermal
excitations of excited vibrational states

II. RELAXATION TIME OF DIATOMIC
MOLECULES

Relaxation time is one of the most intriguing and fun-
damental magnitude for ab initio calculations of trans-
port coe�cients [2–4]. In particular, vibrational relax-
ation times have received a lot of interest and several
approaches have been developed, among them one finds
the celebrated Landau-Teller approach [5] which is a one
dimensional model for vibrational-translational energy
transfer and it is quantitative accurate for high energy
molecular collision. Lately, Millikan and White by look-
ing at all the experimental information available at that
time of vibrational relaxation times in molecules, were
able to find and empirical relationship between such mag-
nitude and the temperature which reads as

p⌧

v

= e

(1.16⇥10

�3
µ

1/2
!

4/3
(T

�1/3�0.015µ

1/4
)�18.42)

. (5)

Here p is the total pressure of the gas in atm, ⌧
v

is the
vibrational relaxation time in s, µ is the reduced mass

CO shows larger vibrational quenching time 
CO has a decent vibrational spacing 
CO shows a regular BBR rate absorption 
spectra at low temperatures
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A large number of data points for the vibrational relaxation time (pT. in atm sec) of simple systems 
have been logarithmically plotted vs (TOK)-t. It appears that each system is well represented by a straight 
line, and that most of these straight lines when extended to higher temperatures intersect near the point 
[PT. = 1Q-8 atm sec, (roK)-t=0.03]. Systems with a small reduced mass p. are exceptions to such a simple 
convergence, and in an improved scheme, the location of the convergence point is dependent on the reduced 
mass. Such a presentation has lead to an empirical equation correlating available measurements of vi-
brational relaxation times: 10glO(PT.) = (5.0X1Q-4)p.i /ll[T-t-0.015p.1]-8.00, where () is the characteristic 
temperature of the oscillator in K deg. This equation reproduces the measured times within 50% for systems 
as diverse as N2, 12, and OrH2. In the worst case thus far, OrAr near lO00oK, it is off by a factor of 5. 

A CCURATE data on rates of vibrational relaxation 
.ft as a function of temperature are rapidly becom-
ing available,1-24 and theoretical calculations generally 
yield order-of-magnitude agreement with these data. 
The theories, however, contain gross approximations 
which have led different investigators to divergent 
conclusions. This paper presents semiempirical cor-
relations between observed relaxation times and the 
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relevant molecular constants, which permit one to esti-
mate with increased accuracy and confidence the rates 
for cases not yet measured. 

A useful presentation of this kind is given in Fig. 1, 
where the product of the total pressure, p, in atm and 
the vibrational relaxation time T. in sec is plotted on 
a logarithmic scale against (TOK) -t for many simple 
systems. A simple system is defined as a diatomic 
oscillator undergoing only one type of collision with 
an atomic or diatomic partner. If the collision partner 
is diatomic, we exclude near-resonant cases (such as 
N2+CO) where vibration-vibration exchange is im-
portant. Two nonsimple (polyatomic) cases are in-
cluded in Fig. 1 to indicate that this approach may 
be applicable in more complicated situations. 

Two important conclusions can be drawn from Fig. 
1. The relationship between log (pT.) and y-i is a 
linear one. This is best exemplified by the data for 
oxygen in the temperature range 500° < T < 80000 K. 
Such a linear relationship makes this type of plot 
useful for extrapolation purposes. Secondly, the data 
for most of the systems can be fit with remarkable 
success by line segments having a common point of 
origin. Thus, given one reliable point at any temper-
ature for a new system, an estimate of the behavior 
at every temperature can be obtained from a line 
through the given value and the common origin. The 
coordinates of this origin in Fig. 1 are [PT. = 10-8 atm 
sec, (rK)-t=0.03]. It should be made clear that 
this extrapolation to extreme temperatures is a device 
for correlating the data. Therefore, the indicated re-
laxation times for temperatures sufficiently high for 
dissociation to be a competing process may not be 
physically meaningful. 

The data plotted were selected as being those which 
appear most reliable for the system in question. Sys-
tems designated by a single species refer to relaxation 
in the pure gas. Those labeled with two components 
refer to relaxation of the first species when it is present 
at high dilution in the second-named gas at a total 24 D. R. White and R. C. Millikan, J. Chern. Phys. 39,2107 

(1963) . pressure of p atm. Thus, from measurements on a mix-
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FIG. 2. Common plot of vibrational relaxation data for simple systems. Method code: S-IR, shock infrared emission; S-1, shock inter-
ferometry; S-Na, shock sodium line reversal; S-UV, shock ultraviolet photometry; U, ultrasonics; VF, vibrational fluorescence. 

eye. Thus, for all cases except O2 and N2, the lines 
have been forced to intersect at a common point. As 
can be seen, the fit to the data obtained by this pro-
cedure is good except where light collision partners are 
involved. This difficulty is clearly shown by the CO-He 
and 02-He data of Fig. 1. 

A refinement of the correlation is shown in Fig. 2, 
where the common point of origin has been replaced 
by a zone or line containing a reduced mass scale. The 
choice of as a scale was the result of several trials. 
It best achieves the spreading out of the low-mass 
end, and compression of the high-mass end needed to 
fit all the cases. More simple systems are included on 
this plot, for it can successfully represent the light, 
reduced-mass systems as well as the others. The data 

lines of Fig. 2 are given by the equation 
PTv= exp[A -18.42J, (2) 

and the values of the slope A are given in Table I. 
We now seek to relate the slope A to the molecular 

constants of the colliding species. As a guide, one re-
calls that in the simple Landau-Teller theory,25 A is 
proportional to where is the reduced mass of 
the colliding pair, (j is the characteristic temperature 
of the oscillator hv/k, and I is a length parameter which 
describes in part the collisional interaction potential. 
Since this theory is a classical one-dimensional treat-
ment, it represents the data only approximately. Yet 
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I. RO-VIBRATIONAL DISTRIBUTION OF
DIATOMIC MOLECULES AS A FUNCTION OF

THE TEMPERATURE

The partition function associated to the ro-vibrational
degrees of freedom of a molecule is given by

Z = Z

rot

Z

vib

=
X

⌫,j

e

�(Ej+E⌫)/kBT

, (1)

where Z

rot

is the rotational partition function and Z

vib

stands for the vibrational partition function. k

B

is the
Boltzmann constant, T is the temperature and E

⌫

rep-
resents the vibrational energy and assuming a fairly re-
alistic Morse potential is expressed as [1]

E

⌫

= ~!(⌫ + 1/2)� !x(⌫ + 1/2)2. (2)

Here ! represents the harmonic frequency of the molec-
ular well, !x represents the anharmonicity of the poten-
tial and ⌫ stands for the vibrational quantum number.
E

j

stands for the rotational energy and within the same
approach, and assuming a rigid rotor model one finds [1]

E

j

= (B
e

+ ↵(v + 1/2)) j(j + 1)�De (j(j + 1))2 , (3)

where B
e

is the rotational constant, D
e

is the centrifugal
distortion constant, ↵ is the rotation-vibration interac-
tion constant and j is the rotational quantum number.

The probability to find a molecule in a given ro-
vibrational state as a function of the temperature is

P

v,j

=
e

�(Ev+Ej)
/k

B

T

Z

, (4)

whereas the the probability of finding the molecule in a
given vibrational state is P

v

= e

�Ev/kBT

/Z

vib

. The vi-
brational population of CO (X1⌃) as a function of the
temperature is shown in Fig.1 and as a result one no-
tices that at 100 K the probability to find a molecule in
the ⌫ = 1 and ⌫ = 2 stets is very small, however as-
suming Avogadro’s number of molecules the number of
molecules in those states will be pretty large. In partic-
ular assuming 1023 molecules we will have 5⇥1013 and
3⇥104 molecules in the ⌫ = 1 and ⌫ = 2 states, re-
spectively. This large number of molecules can be ex-
plained in virtue of the harmonic frequency 3124 K of
the molecule at hand and

The rotational distribution in the vibrational ground
state of CO (X1⌃) is shown in Fig.2 and as a result we

FIG. 1. Probability to find CO (X1⌃) in a given vibrational
state as a function of the temperature. For these results we
have employed the Morse potential constants from Table I of
Ken’s paper.

observe a broad distribution of rotational states owing
the small rotational constant of CO (X1⌃) of only 2.78 K.
Therefore, to avoid any background signal due to thermal
excitations of excited vibrational states

II. RELAXATION TIME OF DIATOMIC
MOLECULES

Relaxation time is one of the most intriguing and fun-
damental magnitude for ab initio calculations of trans-
port coe�cients [2–4]. In particular, vibrational relax-
ation times have received a lot of interest and several
approaches have been developed, among them one finds
the celebrated Landau-Teller approach [5] which is a one
dimensional model for vibrational-translational energy
transfer and it is quantitative accurate for high energy
molecular collision. Lately, Millikan and White by look-
ing at all the experimental information available at that
time of vibrational relaxation times in molecules, were
able to find and empirical relationship between such mag-
nitude and the temperature which reads as
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= e

(1.16⇥10
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Here p is the total pressure of the gas in atm, ⌧
v

is the
vibrational relaxation time in s, µ is the reduced mass

CO is our guy

CO shows larger vibrational quenching time 
CO has a decent vibrational spacing 
CO shows a regular BBR rate absorption 
spectra at low temperatures



CO in detail 
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FIG. 2. Probability to find CO (X1⌃) in a given rotational
state of the ⌫ = 0 vibrational state as a function of the tem-
perature. For these results we have employed the Morse po-
tential constants from Table I of Ken’s paper.

of the colliding molecules in amu, T is the temperature
of the gas in K and ! is the harmonic frequency of the
molecular potential measured in K. It is worth pointing
out that the constant that a↵ects the temperature depen-
dence in Eq. (5) comes from the Landau-Teller approach.
The prediction based on Eq. (5) for the vibrational re-
laxation time of CO and CO in He as well as the results
coming from full quantal calculations for CO-He [6] are
shown in Fig. 3. As a result, one notices a deviation of
the quantal results from the prediction based on Eq. (5)
for T 300K for CO-He, which is the lower temperature
limit for the range of validity of the mentioned equation.
Thus, one would expect the same sort of deviation for T
 1000K for CO.

It is worth noticing that the vibrational quenching rate
for CO is way smaller than the values reported by Ken’s
paper even though we are using the same expression for
the vibrational relaxation time in terms of the basic pa-
rameters of the molecule. This is the reason why I would
like you guys to check this with me, just in case I did
something wrong.

III. PHOTON ABSORPTION INDUCED BY
BLACK-BODY RADIATION (BBR)

Heteronuclear molecules show a permanent dipole mo-
ment and as a consequence, black body radiation photons
may induce excitations in the molecules. In particular,
the absorption rate due to black body radiation between
the initial state i and final state j of the molecule is given
by [7]

FIG. 3. Vibrational relaxation frequency in s�1 of CO (blue)
and CO in He (red). The results based on Eq. (5) are shown
as dashed lines whereas the quantal results from Ref. [6] are
shown as solid lines. The blue and red area represent the
region of validity of Eq. (5) for CO and CO-He, respectively.
The pressure for the gas is 1 bar.
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i stands for the transition dipole
moment between the involved states �

i

and �

j

, c is the
speed of light, h is the Planck’s constant, ~ is the reduced
Planck’s constant, T is the temperature and h⌫ is the
energy associated with the molecular transition.

The BBR absorption rate in CO as a function of the
temperature is shown in Fig.4, where one notices that
the rate is pretty small compared with the spontaneous
emission rate. However, if one is expected a very little
number of DM events per year, it is mandatory to take
into account the number of BBR absorptions may occur
at a given temperature. This is shown in the lower panel
of the same figure and it is expected a large number of
events in the range of temperatures proposed by Ken and
collaborators.

IV. THE ROLE OF THE MEAN FREE PATH

The typical mean free path that we find for CO at 40
K is 0.4 mm, therefore an emitted photon after a DM
scattering event will experience many collision before it
reaches the detector, thus collisional de-excitation may
play a role on the photon journey up to the detector. To
elucidate the physics behind this phenomena we assume
that the photon emission follows the same physics as a
Brownian particle in 3D, and hence the average distance
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FIG. 2. Probability to find CO (X1⌃) in a given rotational
state of the ⌫ = 0 vibrational state as a function of the tem-
perature. For these results we have employed the Morse po-
tential constants from Table I of Ken’s paper.

of the colliding molecules in amu, T is the temperature
of the gas in K and ! is the harmonic frequency of the
molecular potential measured in K. It is worth pointing
out that the constant that a↵ects the temperature depen-
dence in Eq. (5) comes from the Landau-Teller approach.
The prediction based on Eq. (5) for the vibrational re-
laxation time of CO and CO in He as well as the results
coming from full quantal calculations for CO-He [6] are
shown in Fig. 3. As a result, one notices a deviation of
the quantal results from the prediction based on Eq. (5)
for T 300K for CO-He, which is the lower temperature
limit for the range of validity of the mentioned equation.
Thus, one would expect the same sort of deviation for T
 1000K for CO.

It is worth noticing that the vibrational quenching rate
for CO is way smaller than the values reported by Ken’s
paper even though we are using the same expression for
the vibrational relaxation time in terms of the basic pa-
rameters of the molecule. This is the reason why I would
like you guys to check this with me, just in case I did
something wrong.

III. PHOTON ABSORPTION INDUCED BY
BLACK-BODY RADIATION (BBR)

Heteronuclear molecules show a permanent dipole mo-
ment and as a consequence, black body radiation photons
may induce excitations in the molecules. In particular,
the absorption rate due to black body radiation between
the initial state i and final state j of the molecule is given
by [7]
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and CO in He (red). The results based on Eq. (5) are shown
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The BBR absorption rate in CO as a function of the
temperature is shown in Fig.4, where one notices that
the rate is pretty small compared with the spontaneous
emission rate. However, if one is expected a very little
number of DM events per year, it is mandatory to take
into account the number of BBR absorptions may occur
at a given temperature. This is shown in the lower panel
of the same figure and it is expected a large number of
events in the range of temperatures proposed by Ken and
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IV. THE ROLE OF THE MEAN FREE PATH

The typical mean free path that we find for CO at 40
K is 0.4 mm, therefore an emitted photon after a DM
scattering event will experience many collision before it
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play a role on the photon journey up to the detector. To
elucidate the physics behind this phenomena we assume
that the photon emission follows the same physics as a
Brownian particle in 3D, and hence the average distance
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A large number of data points for the vibrational relaxation time (pT. in atm sec) of simple systems 
have been logarithmically plotted vs (TOK)-t. It appears that each system is well represented by a straight 
line, and that most of these straight lines when extended to higher temperatures intersect near the point 
[PT. = 1Q-8 atm sec, (roK)-t=0.03]. Systems with a small reduced mass p. are exceptions to such a simple 
convergence, and in an improved scheme, the location of the convergence point is dependent on the reduced 
mass. Such a presentation has lead to an empirical equation correlating available measurements of vi-
brational relaxation times: 10glO(PT.) = (5.0X1Q-4)p.i /ll[T-t-0.015p.1]-8.00, where () is the characteristic 
temperature of the oscillator in K deg. This equation reproduces the measured times within 50% for systems 
as diverse as N2, 12, and OrH2. In the worst case thus far, OrAr near lO00oK, it is off by a factor of 5. 

A CCURATE data on rates of vibrational relaxation 
.ft as a function of temperature are rapidly becom-
ing available,1-24 and theoretical calculations generally 
yield order-of-magnitude agreement with these data. 
The theories, however, contain gross approximations 
which have led different investigators to divergent 
conclusions. This paper presents semiempirical cor-
relations between observed relaxation times and the 
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relevant molecular constants, which permit one to esti-
mate with increased accuracy and confidence the rates 
for cases not yet measured. 

A useful presentation of this kind is given in Fig. 1, 
where the product of the total pressure, p, in atm and 
the vibrational relaxation time T. in sec is plotted on 
a logarithmic scale against (TOK) -t for many simple 
systems. A simple system is defined as a diatomic 
oscillator undergoing only one type of collision with 
an atomic or diatomic partner. If the collision partner 
is diatomic, we exclude near-resonant cases (such as 
N2+CO) where vibration-vibration exchange is im-
portant. Two nonsimple (polyatomic) cases are in-
cluded in Fig. 1 to indicate that this approach may 
be applicable in more complicated situations. 

Two important conclusions can be drawn from Fig. 
1. The relationship between log (pT.) and y-i is a 
linear one. This is best exemplified by the data for 
oxygen in the temperature range 500° < T < 80000 K. 
Such a linear relationship makes this type of plot 
useful for extrapolation purposes. Secondly, the data 
for most of the systems can be fit with remarkable 
success by line segments having a common point of 
origin. Thus, given one reliable point at any temper-
ature for a new system, an estimate of the behavior 
at every temperature can be obtained from a line 
through the given value and the common origin. The 
coordinates of this origin in Fig. 1 are [PT. = 10-8 atm 
sec, (rK)-t=0.03]. It should be made clear that 
this extrapolation to extreme temperatures is a device 
for correlating the data. Therefore, the indicated re-
laxation times for temperatures sufficiently high for 
dissociation to be a competing process may not be 
physically meaningful. 

The data plotted were selected as being those which 
appear most reliable for the system in question. Sys-
tems designated by a single species refer to relaxation 
in the pure gas. Those labeled with two components 
refer to relaxation of the first species when it is present 
at high dilution in the second-named gas at a total 24 D. R. White and R. C. Millikan, J. Chern. Phys. 39,2107 

(1963) . pressure of p atm. Thus, from measurements on a mix-
3209 
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the vibrational relaxation time T. in sec is plotted on 
a logarithmic scale against (TOK) -t for many simple 
systems. A simple system is defined as a diatomic 
oscillator undergoing only one type of collision with 
an atomic or diatomic partner. If the collision partner 
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linear one. This is best exemplified by the data for 
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A study of diatomic molecules for Dark matter detection studies

Jesús Pérez-Ŕıos, H. Ramani, R. Essig and E. Figueroa
(Dated: March 30, 2018)

I. RO-VIBRATIONAL DISTRIBUTION OF
DIATOMIC MOLECULES AS A FUNCTION OF

THE TEMPERATURE

The partition function associated to the ro-vibrational
degrees of freedom of a molecule is given by

Z = Z

rot

Z

vib

=
X

⌫,j

e

�(Ej+E⌫)/kBT

, (1)

where Z

rot

is the rotational partition function and Z

vib

stands for the vibrational partition function. k

B

is the
Boltzmann constant, T is the temperature and E

⌫

rep-
resents the vibrational energy and assuming a fairly re-
alistic Morse potential is expressed as [1]

E

⌫

= ~!(⌫ + 1/2)� !x(⌫ + 1/2)2. (2)

Here ! represents the harmonic frequency of the molec-
ular well, !x represents the anharmonicity of the poten-
tial and ⌫ stands for the vibrational quantum number.
E

j

stands for the rotational energy and within the same
approach, and assuming a rigid rotor model one finds [1]

E

j

= (B
e

+ ↵(v + 1/2)) j(j + 1)�De (j(j + 1))2 , (3)

where B
e

is the rotational constant, D
e

is the centrifugal
distortion constant, ↵ is the rotation-vibration interac-
tion constant and j is the rotational quantum number.

The probability to find a molecule in a given ro-
vibrational state as a function of the temperature is

P

v,j

=
e

�(Ev+Ej)
/k

B

T

Z

, (4)

whereas the the probability of finding the molecule in a
given vibrational state is P

v

= e

�Ev/kBT

/Z

vib

. The vi-
brational population of CO (X1⌃) as a function of the
temperature is shown in Fig.1 and as a result one no-
tices that at 100 K the probability to find a molecule in
the ⌫ = 1 and ⌫ = 2 stets is very small, however as-
suming Avogadro’s number of molecules the number of
molecules in those states will be pretty large. In partic-
ular assuming 1023 molecules we will have 5⇥1013 and
3⇥104 molecules in the ⌫ = 1 and ⌫ = 2 states, re-
spectively. This large number of molecules can be ex-
plained in virtue of the harmonic frequency 3124 K of
the molecule at hand and

The rotational distribution in the vibrational ground
state of CO (X1⌃) is shown in Fig.2 and as a result we

FIG. 1. Probability to find CO (X1⌃) in a given vibrational
state as a function of the temperature. For these results we
have employed the Morse potential constants from Table I of
Ken’s paper.
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A large number of data points for the vibrational relaxation time (pT. in atm sec) of simple systems 
have been logarithmically plotted vs (TOK)-t. It appears that each system is well represented by a straight 
line, and that most of these straight lines when extended to higher temperatures intersect near the point 
[PT. = 1Q-8 atm sec, (roK)-t=0.03]. Systems with a small reduced mass p. are exceptions to such a simple 
convergence, and in an improved scheme, the location of the convergence point is dependent on the reduced 
mass. Such a presentation has lead to an empirical equation correlating available measurements of vi-
brational relaxation times: 10glO(PT.) = (5.0X1Q-4)p.i /ll[T-t-0.015p.1]-8.00, where () is the characteristic 
temperature of the oscillator in K deg. This equation reproduces the measured times within 50% for systems 
as diverse as N2, 12, and OrH2. In the worst case thus far, OrAr near lO00oK, it is off by a factor of 5. 

A CCURATE data on rates of vibrational relaxation 
.ft as a function of temperature are rapidly becom-
ing available,1-24 and theoretical calculations generally 
yield order-of-magnitude agreement with these data. 
The theories, however, contain gross approximations 
which have led different investigators to divergent 
conclusions. This paper presents semiempirical cor-
relations between observed relaxation times and the 
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relevant molecular constants, which permit one to esti-
mate with increased accuracy and confidence the rates 
for cases not yet measured. 

A useful presentation of this kind is given in Fig. 1, 
where the product of the total pressure, p, in atm and 
the vibrational relaxation time T. in sec is plotted on 
a logarithmic scale against (TOK) -t for many simple 
systems. A simple system is defined as a diatomic 
oscillator undergoing only one type of collision with 
an atomic or diatomic partner. If the collision partner 
is diatomic, we exclude near-resonant cases (such as 
N2+CO) where vibration-vibration exchange is im-
portant. Two nonsimple (polyatomic) cases are in-
cluded in Fig. 1 to indicate that this approach may 
be applicable in more complicated situations. 

Two important conclusions can be drawn from Fig. 
1. The relationship between log (pT.) and y-i is a 
linear one. This is best exemplified by the data for 
oxygen in the temperature range 500° < T < 80000 K. 
Such a linear relationship makes this type of plot 
useful for extrapolation purposes. Secondly, the data 
for most of the systems can be fit with remarkable 
success by line segments having a common point of 
origin. Thus, given one reliable point at any temper-
ature for a new system, an estimate of the behavior 
at every temperature can be obtained from a line 
through the given value and the common origin. The 
coordinates of this origin in Fig. 1 are [PT. = 10-8 atm 
sec, (rK)-t=0.03]. It should be made clear that 
this extrapolation to extreme temperatures is a device 
for correlating the data. Therefore, the indicated re-
laxation times for temperatures sufficiently high for 
dissociation to be a competing process may not be 
physically meaningful. 

The data plotted were selected as being those which 
appear most reliable for the system in question. Sys-
tems designated by a single species refer to relaxation 
in the pure gas. Those labeled with two components 
refer to relaxation of the first species when it is present 
at high dilution in the second-named gas at a total 24 D. R. White and R. C. Millikan, J. Chern. Phys. 39,2107 

(1963) . pressure of p atm. Thus, from measurements on a mix-
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DIATOMIC MOLECULES AS A FUNCTION OF

THE TEMPERATURE

The partition function associated to the ro-vibrational
degrees of freedom of a molecule is given by
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. The vi-
brational population of CO (X1⌃) as a function of the
temperature is shown in Fig.1 and as a result one no-
tices that at 100 K the probability to find a molecule in
the ⌫ = 1 and ⌫ = 2 stets is very small, however as-
suming Avogadro’s number of molecules the number of
molecules in those states will be pretty large. In partic-
ular assuming 1023 molecules we will have 5⇥1013 and
3⇥104 molecules in the ⌫ = 1 and ⌫ = 2 states, re-
spectively. This large number of molecules can be ex-
plained in virtue of the harmonic frequency 3124 K of
the molecule at hand and

The rotational distribution in the vibrational ground
state of CO (X1⌃) is shown in Fig.2 and as a result we

FIG. 1. Probability to find CO (X1⌃) in a given vibrational
state as a function of the temperature. For these results we
have employed the Morse potential constants from Table I of
Ken’s paper.

observe a broad distribution of rotational states owing
the small rotational constant of CO (X1⌃) of only 2.78 K.
Therefore, to avoid any background signal due to thermal
excitations of excited vibrational states

II. RELAXATION TIME OF DIATOMIC
MOLECULES

Relaxation time is one of the most intriguing and fun-
damental magnitude for ab initio calculations of trans-
port coe�cients [2–4]. In particular, vibrational relax-
ation times have received a lot of interest and several
approaches have been developed, among them one finds
the celebrated Landau-Teller approach [5] which is a one
dimensional model for vibrational-translational energy
transfer and it is quantitative accurate for high energy
molecular collision. Lately, Millikan and White by look-
ing at all the experimental information available at that
time of vibrational relaxation times in molecules, were
able to find and empirical relationship between such mag-
nitude and the temperature which reads as
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This work presents a detailed quantum mechanical study of rovibrationally inelastic He!CO
collisions in a wide range of translational and internal energies of the collision partners. Fully
converged coupled states calculations of rate constants for vibrational relaxation of CO(v"1) by
He are found to be in excellent agreement with experimental measurements at temperatures between
35 and 1500 K. The role of rotational energy for vibrational relaxation of CO is investigated
and it is illustrated that the CO molecules in the first excited vibrational state can exhibit
near-resonant vibrational relaxation when they are initially in high rotational excitation and the
collision energy is small. A reduced channel coupled states approach neglecting low vibrational
states in the basis set is implemented for calculations of rate constants for vibrational and rotational
energy transfer in collisions of vibrationally excited CO molecules with He atoms. It is shown that
initial vibrational excitation significantly increases rate constants for vibrationally inelastic
collisions but does not affect purely rotational energy transfer. © 2002 American Institute of
Physics. #DOI: 10.1063/1.1451061$

I. INTRODUCTION

Many theoretical and experimental studies of He!CO
collisions have been performed recently in order to provide
data of interest in astrophysics and chemistry,1,2 test and re-
fine interaction potential energy surfaces !PESs",3–7 and un-
derstand mechanisms underlying vibrational and rotational
energy transfer in collisions of diatomic molecules possess-
ing large moments of inertia with light atoms.5–13 The ex-
perimental measurements of the vibrational relaxation !VR"
of CO(v"1) have, thus, yielded rate constants over the tem-
perature range 20–2500 K. These results have been used as
the reference data in several theoretical investigations of vi-
brationally inelastic He ! CO collisions at low temperatures.
It has been shown, for example, by Balakrishnan et al.9 that
quantum mechanical close coupling calculations of rate con-
stants for VR performed on the most recent PES14 at tem-
peratures less than 100 K agree well with experimental data.
Reid et al.6,7 have reported vibrational close coupling-
coupled states !VCC-CS" calculations of rate constants for
VR of CO(v"1) below the temperature 300 K. Their results
obtained on the same PES have underestimated the experi-
mental values by a factor of 1.6 on average. A large number
of closely spaced rovibrational levels in the CO molecule
prohibits accurate quantum mechanical calculations at high
collision energies and only approximate breathing sphere15
or rotational infinite-order-sudden !RIOS"12,15,16 calculations
of rate constants have been performed for the He!CO sys-
tem at temperatures higher than 300 K. Approximate classi-
cal approach quantum encounter treatment has also been pro-
posed for vibrationally inelastic He!CO collisions.17

Unfortunately, both the experimental measurements and the
quantum mechanical calculations at the RIOS level of ap-
proximation produce averaged results which provide little, if
any, mechanistic insight into the collision dynamics.

Understanding dynamics of rovibrational transitions in
collisions of rotationally and vibrationally excited diatomic
molecules with atoms is important for modern experimental
techniques allowing measurements of the state-resolved en-
ergy transfer processes.18 The collisions of excited diatomic
molecules with atoms show many interesting features like
the resonant vibrational energy transfer19,20 or the strong
competition between vibrational and purely rotational energy
transfer.21 These effects cannot be reproduced by the ap-
proximate quantum mechanical calculations neglecting the
rotational energy spectrum of diatomic molecules and the
classical dynamics calculations do not always provide reli-
able results. Accurate quantum mechanical calculations of
rovibrational transitions in collisions of excited diatomic
molecules with atoms should, therefore, assist experimental
measurements and development of adequate theoretical mod-
els. To the best of our knowledge no quantum mechanical
calculations of VR in vibrationally excited CO molecules
have been reported.

In the present paper we focus on investigation of colli-
sions of vibrationally and rotationally excited CO molecules
with He atoms. Rate constants for vibrational relaxation of
CO(v"1) by He are computed using the VCC-CS method-
ology and compared with experimental data in a wide range
of temperatures extending to 1500 K. Vibrationally reduced
channel coupled states approach using energetically local ba-
sis sets of vibrational functions is implemented to obtain rate
constants for VR of higher vibrational states and investigate
the dependence of the vibrational and rotational energy trans-
fer on the vibrational quantum number. The role of rotational

a"Present address: Harvard-Smithsonian Center for Astrophysics, 60
Garden Street, Cambridge, Massachusetts 02138; electronic mail:
rkrems@cfa.harvard.edu
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I. RO-VIBRATIONAL DISTRIBUTION OF
DIATOMIC MOLECULES AS A FUNCTION OF

THE TEMPERATURE

The partition function associated to the ro-vibrational
degrees of freedom of a molecule is given by

Z = Z

rot

Z

vib

=
X

⌫,j

e

�(Ej+E⌫)/kBT

, (1)

where Z

rot

is the rotational partition function and Z

vib

stands for the vibrational partition function. k

B

is the
Boltzmann constant, T is the temperature and E

⌫

rep-
resents the vibrational energy and assuming a fairly re-
alistic Morse potential is expressed as [1]

E

⌫

= ~!(⌫ + 1/2)� !x(⌫ + 1/2)2. (2)

Here ! represents the harmonic frequency of the molec-
ular well, !x represents the anharmonicity of the poten-
tial and ⌫ stands for the vibrational quantum number.
E

j

stands for the rotational energy and within the same
approach, and assuming a rigid rotor model one finds [1]

E

j

= (B
e

+ ↵(v + 1/2)) j(j + 1)�De (j(j + 1))2 , (3)

where B
e

is the rotational constant, D
e

is the centrifugal
distortion constant, ↵ is the rotation-vibration interac-
tion constant and j is the rotational quantum number.

The probability to find a molecule in a given ro-
vibrational state as a function of the temperature is

P

v,j

=
e

�(Ev+Ej)
/k

B

T

Z

, (4)

whereas the the probability of finding the molecule in a
given vibrational state is P

v

= e

�Ev/kBT

/Z

vib

. The vi-
brational population of CO (X1⌃) as a function of the
temperature is shown in Fig.1 and as a result one no-
tices that at 100 K the probability to find a molecule in
the ⌫ = 1 and ⌫ = 2 stets is very small, however as-
suming Avogadro’s number of molecules the number of
molecules in those states will be pretty large. In partic-
ular assuming 1023 molecules we will have 5⇥1013 and
3⇥104 molecules in the ⌫ = 1 and ⌫ = 2 states, re-
spectively. This large number of molecules can be ex-
plained in virtue of the harmonic frequency 3124 K of
the molecule at hand and

The rotational distribution in the vibrational ground
state of CO (X1⌃) is shown in Fig.2 and as a result we

FIG. 1. Probability to find CO (X1⌃) in a given vibrational
state as a function of the temperature. For these results we
have employed the Morse potential constants from Table I of
Ken’s paper.

observe a broad distribution of rotational states owing
the small rotational constant of CO (X1⌃) of only 2.78 K.
Therefore, to avoid any background signal due to thermal
excitations of excited vibrational states

II. RELAXATION TIME OF DIATOMIC
MOLECULES

Relaxation time is one of the most intriguing and fun-
damental magnitude for ab initio calculations of trans-
port coe�cients [2–4]. In particular, vibrational relax-
ation times have received a lot of interest and several
approaches have been developed, among them one finds
the celebrated Landau-Teller approach [5] which is a one
dimensional model for vibrational-translational energy
transfer and it is quantitative accurate for high energy
molecular collision. Lately, Millikan and White by look-
ing at all the experimental information available at that
time of vibrational relaxation times in molecules, were
able to find and empirical relationship between such mag-
nitude and the temperature which reads as

p⌧

v

= e

(1.16⇥10

�3
µ

1/2
!

4/3
(T

�1/3�0.015µ

1/4
)�18.42)

. (5)

Here p is the total pressure of the gas in atm, ⌧
v

is the
vibrational relaxation time in s, µ is the reduced mass

Spontaneous emission rate



CO in detail

Vibrational relaxation of vibrationally and rotationally excited CO
molecules by He atoms

Roman V. Kremsa)
Department of Chemistry, Physical Chemistry, Göteborg University, SE-412 96, Göteborg, Sweden
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collisions in a wide range of translational and internal energies of the collision partners. Fully
converged coupled states calculations of rate constants for vibrational relaxation of CO(v"1) by
He are found to be in excellent agreement with experimental measurements at temperatures between
35 and 1500 K. The role of rotational energy for vibrational relaxation of CO is investigated
and it is illustrated that the CO molecules in the first excited vibrational state can exhibit
near-resonant vibrational relaxation when they are initially in high rotational excitation and the
collision energy is small. A reduced channel coupled states approach neglecting low vibrational
states in the basis set is implemented for calculations of rate constants for vibrational and rotational
energy transfer in collisions of vibrationally excited CO molecules with He atoms. It is shown that
initial vibrational excitation significantly increases rate constants for vibrationally inelastic
collisions but does not affect purely rotational energy transfer. © 2002 American Institute of
Physics. #DOI: 10.1063/1.1451061$

I. INTRODUCTION

Many theoretical and experimental studies of He!CO
collisions have been performed recently in order to provide
data of interest in astrophysics and chemistry,1,2 test and re-
fine interaction potential energy surfaces !PESs",3–7 and un-
derstand mechanisms underlying vibrational and rotational
energy transfer in collisions of diatomic molecules possess-
ing large moments of inertia with light atoms.5–13 The ex-
perimental measurements of the vibrational relaxation !VR"
of CO(v"1) have, thus, yielded rate constants over the tem-
perature range 20–2500 K. These results have been used as
the reference data in several theoretical investigations of vi-
brationally inelastic He ! CO collisions at low temperatures.
It has been shown, for example, by Balakrishnan et al.9 that
quantum mechanical close coupling calculations of rate con-
stants for VR performed on the most recent PES14 at tem-
peratures less than 100 K agree well with experimental data.
Reid et al.6,7 have reported vibrational close coupling-
coupled states !VCC-CS" calculations of rate constants for
VR of CO(v"1) below the temperature 300 K. Their results
obtained on the same PES have underestimated the experi-
mental values by a factor of 1.6 on average. A large number
of closely spaced rovibrational levels in the CO molecule
prohibits accurate quantum mechanical calculations at high
collision energies and only approximate breathing sphere15
or rotational infinite-order-sudden !RIOS"12,15,16 calculations
of rate constants have been performed for the He!CO sys-
tem at temperatures higher than 300 K. Approximate classi-
cal approach quantum encounter treatment has also been pro-
posed for vibrationally inelastic He!CO collisions.17

Unfortunately, both the experimental measurements and the
quantum mechanical calculations at the RIOS level of ap-
proximation produce averaged results which provide little, if
any, mechanistic insight into the collision dynamics.

Understanding dynamics of rovibrational transitions in
collisions of rotationally and vibrationally excited diatomic
molecules with atoms is important for modern experimental
techniques allowing measurements of the state-resolved en-
ergy transfer processes.18 The collisions of excited diatomic
molecules with atoms show many interesting features like
the resonant vibrational energy transfer19,20 or the strong
competition between vibrational and purely rotational energy
transfer.21 These effects cannot be reproduced by the ap-
proximate quantum mechanical calculations neglecting the
rotational energy spectrum of diatomic molecules and the
classical dynamics calculations do not always provide reli-
able results. Accurate quantum mechanical calculations of
rovibrational transitions in collisions of excited diatomic
molecules with atoms should, therefore, assist experimental
measurements and development of adequate theoretical mod-
els. To the best of our knowledge no quantum mechanical
calculations of VR in vibrationally excited CO molecules
have been reported.

In the present paper we focus on investigation of colli-
sions of vibrationally and rotationally excited CO molecules
with He atoms. Rate constants for vibrational relaxation of
CO(v"1) by He are computed using the VCC-CS method-
ology and compared with experimental data in a wide range
of temperatures extending to 1500 K. Vibrationally reduced
channel coupled states approach using energetically local ba-
sis sets of vibrational functions is implemented to obtain rate
constants for VR of higher vibrational states and investigate
the dependence of the vibrational and rotational energy trans-
fer on the vibrational quantum number. The role of rotational
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rkrems@cfa.harvard.edu
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given vibrational state is P
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. The vi-
brational population of CO (X1⌃) as a function of the
temperature is shown in Fig.1 and as a result one no-
tices that at 100 K the probability to find a molecule in
the ⌫ = 1 and ⌫ = 2 stets is very small, however as-
suming Avogadro’s number of molecules the number of
molecules in those states will be pretty large. In partic-
ular assuming 1023 molecules we will have 5⇥1013 and
3⇥104 molecules in the ⌫ = 1 and ⌫ = 2 states, re-
spectively. This large number of molecules can be ex-
plained in virtue of the harmonic frequency 3124 K of
the molecule at hand and

The rotational distribution in the vibrational ground
state of CO (X1⌃) is shown in Fig.2 and as a result we

FIG. 1. Probability to find CO (X1⌃) in a given vibrational
state as a function of the temperature. For these results we
have employed the Morse potential constants from Table I of
Ken’s paper.

observe a broad distribution of rotational states owing
the small rotational constant of CO (X1⌃) of only 2.78 K.
Therefore, to avoid any background signal due to thermal
excitations of excited vibrational states

II. RELAXATION TIME OF DIATOMIC
MOLECULES

Relaxation time is one of the most intriguing and fun-
damental magnitude for ab initio calculations of trans-
port coe�cients [2–4]. In particular, vibrational relax-
ation times have received a lot of interest and several
approaches have been developed, among them one finds
the celebrated Landau-Teller approach [5] which is a one
dimensional model for vibrational-translational energy
transfer and it is quantitative accurate for high energy
molecular collision. Lately, Millikan and White by look-
ing at all the experimental information available at that
time of vibrational relaxation times in molecules, were
able to find and empirical relationship between such mag-
nitude and the temperature which reads as
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Here p is the total pressure of the gas in atm, ⌧
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is the
vibrational relaxation time in s, µ is the reduced mass
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Many theoretical and experimental studies of He!CO
collisions have been performed recently in order to provide
data of interest in astrophysics and chemistry,1,2 test and re-
fine interaction potential energy surfaces !PESs",3–7 and un-
derstand mechanisms underlying vibrational and rotational
energy transfer in collisions of diatomic molecules possess-
ing large moments of inertia with light atoms.5–13 The ex-
perimental measurements of the vibrational relaxation !VR"
of CO(v"1) have, thus, yielded rate constants over the tem-
perature range 20–2500 K. These results have been used as
the reference data in several theoretical investigations of vi-
brationally inelastic He ! CO collisions at low temperatures.
It has been shown, for example, by Balakrishnan et al.9 that
quantum mechanical close coupling calculations of rate con-
stants for VR performed on the most recent PES14 at tem-
peratures less than 100 K agree well with experimental data.
Reid et al.6,7 have reported vibrational close coupling-
coupled states !VCC-CS" calculations of rate constants for
VR of CO(v"1) below the temperature 300 K. Their results
obtained on the same PES have underestimated the experi-
mental values by a factor of 1.6 on average. A large number
of closely spaced rovibrational levels in the CO molecule
prohibits accurate quantum mechanical calculations at high
collision energies and only approximate breathing sphere15
or rotational infinite-order-sudden !RIOS"12,15,16 calculations
of rate constants have been performed for the He!CO sys-
tem at temperatures higher than 300 K. Approximate classi-
cal approach quantum encounter treatment has also been pro-
posed for vibrationally inelastic He!CO collisions.17

Unfortunately, both the experimental measurements and the
quantum mechanical calculations at the RIOS level of ap-
proximation produce averaged results which provide little, if
any, mechanistic insight into the collision dynamics.

Understanding dynamics of rovibrational transitions in
collisions of rotationally and vibrationally excited diatomic
molecules with atoms is important for modern experimental
techniques allowing measurements of the state-resolved en-
ergy transfer processes.18 The collisions of excited diatomic
molecules with atoms show many interesting features like
the resonant vibrational energy transfer19,20 or the strong
competition between vibrational and purely rotational energy
transfer.21 These effects cannot be reproduced by the ap-
proximate quantum mechanical calculations neglecting the
rotational energy spectrum of diatomic molecules and the
classical dynamics calculations do not always provide reli-
able results. Accurate quantum mechanical calculations of
rovibrational transitions in collisions of excited diatomic
molecules with atoms should, therefore, assist experimental
measurements and development of adequate theoretical mod-
els. To the best of our knowledge no quantum mechanical
calculations of VR in vibrationally excited CO molecules
have been reported.

In the present paper we focus on investigation of colli-
sions of vibrationally and rotationally excited CO molecules
with He atoms. Rate constants for vibrational relaxation of
CO(v"1) by He are computed using the VCC-CS method-
ology and compared with experimental data in a wide range
of temperatures extending to 1500 K. Vibrationally reduced
channel coupled states approach using energetically local ba-
sis sets of vibrational functions is implemented to obtain rate
constants for VR of higher vibrational states and investigate
the dependence of the vibrational and rotational energy trans-
fer on the vibrational quantum number. The role of rotational
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3⇥104 molecules in the ⌫ = 1 and ⌫ = 2 states, re-
spectively. This large number of molecules can be ex-
plained in virtue of the harmonic frequency 3124 K of
the molecule at hand and
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observe a broad distribution of rotational states owing
the small rotational constant of CO (X1⌃) of only 2.78 K.
Therefore, to avoid any background signal due to thermal
excitations of excited vibrational states

II. RELAXATION TIME OF DIATOMIC
MOLECULES

Relaxation time is one of the most intriguing and fun-
damental magnitude for ab initio calculations of trans-
port coe�cients [2–4]. In particular, vibrational relax-
ation times have received a lot of interest and several
approaches have been developed, among them one finds
the celebrated Landau-Teller approach [5] which is a one
dimensional model for vibrational-translational energy
transfer and it is quantitative accurate for high energy
molecular collision. Lately, Millikan and White by look-
ing at all the experimental information available at that
time of vibrational relaxation times in molecules, were
able to find and empirical relationship between such mag-
nitude and the temperature which reads as
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We will be able to explore DM particles in a mass  
range of almost 4 orders of magnitude, from 100 
keV to 1GeV.
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Assuming an ultra-light mediator
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Some future work
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