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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



Molecules as a probe of DM?

Direct detection of sub-GeV dark matter
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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)
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Etot=mDMv2/2 = 50 eV x (mDM/100 MeV)

Vibration of molecules 
 mDM ~ MeV 



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

Mixed Molecular gas
Photon detectors



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

Bonus: Photon absorption



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

v=0

v=1, 𝝉1 ~100 ms

A10 B10



2. Thermal population

The temperature has to be low enough 
to ensure that almost every single 
molecule is in the vibrational ground 
state

The lower the temperature the lower 
the pressure to avoid clustering of 
the gas, i.e, formation of droplets on 
the gas

Zvib =
X

⌫

e�~!(⌫+1/2)/kbT

v=0
v=1
v=2

P⌫ =
e�~!(⌫+1/2)/kbT

Zvib We prefer lighter molecules, i.e., large 
vibrational spacing



3. Black body radiation

v=0

A10=~10 s-1

v=1, 𝝉1 ~100 ms

2

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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, 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

Molecules with smaller dipole 
moment will have smaller BBR rate 
!
Low temperatures are better!!!

Dipole matrix element Vibrational frequency

We prefer lighter molecules, i.e., large 
vibrational spacing
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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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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.
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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.
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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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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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as dashed lines whereas the quantal results from Ref. [6] are
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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
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

Molecules with large vibrational  
energy spacing 
!
Low temperatures T≲ 60 K
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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 

* This work has been supported in part by the Ballistic Sys-
tems Division of the U.S. Air Force. 
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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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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). 

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
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/k
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, (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 is a great candidate

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 (BBR) 
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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 �
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, 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

CO @ 40K



CO in detail (Rovibrational population)

For CO @ 40 K the pressure must be 
≲ 0.1 mbar to have all the molecules 
in gas phase

The rotational level distribution is accounted for 
in the rate calculation 



CO in detail (bonus as I promised)

The emitted photon can be absorbed by another 
molecule before it reaches the detector
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The emitted photon can be absorbed by another 
molecule before it reaches the detector
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�abs(!) = ~!Bijg(!)

Absorption cross section 
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1
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PHe=0.99995 bar

PCO=5x10-5 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 

* This work has been supported in part by the Ballistic Sys-
tems Division of the U.S. Air Force. 
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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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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

Landau-Teller theory for 
 v-v and v-t energy transfer

Experimental data
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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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tices that at 100 K the probability to find a molecule in
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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
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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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Here p is the total pressure of the gas in atm, ⌧
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kv,v-1=1.8x10-12 cm3/s

CO @ 75 K
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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

Mixed Molecular gas
Photon detectors
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We will be able to explore DM particles in a mass  
range of almost 3 orders of magnitude, from 100 
keV to 100 MeV.
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Some future work
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