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Collision phenomena are ubiquitous and of importance in determining the microscopic structures and inter-
molecular interactions of atoms and molecules. The existing approaches are mostly based on atomic or molec-
ular scatterings, which are hindered by the inconvenience of using ultra-high vacuum and low-temperature
systems. Here we demonstrate a spin-noise spectroscopic approach by measuring optical polarization rotation
noise of the probe light with simple apparatus and ambient conditions. Our approach features tens of gigahertz
bandwidth and one part-per-million resolution, outperforming previous spin-noise techniques. Enabled by the
technique, we observe the collision-sensitive spin noise of alkali atoms, and precisely determine key collision
parameters, such as collision diameter, well depth, and dominant interaction type. Our work provides a tool to
study a broad range of collision phenomena under ambient conditions.

Introduction.-Collisions are ubiquitous in physics, chem-
istry and thermodynamics. The analysis of collision phe-
nomena plays important roles in determining the microscopic
structures [1, 2], interactions [3–5] and energy stability [6–
13] of atoms and molecules. Collision phenomena have been
studied by a large variety of techniques, such as scattering
experiments [1, 2, 4], absorption spectra [3, 5, 14] and nu-
clear magnetic resonance [15, 16]. Among these techniques,
scattering experiments using atomic or molecular beams are
mostly used. However, such scattering methods usually re-
quire high vacuum degree less than 10−3 torr and low temper-
ature as low as tens of kelvin [4], which place severe limits in
their realistic applications. It remains challenging to, for ex-
ample, study collisions under relatively high pressures, where
projectile atoms or molecules collide with target gases multi-
ple times. This increases the complexity of collision processes
and introduces additional experimental errors. Besides, such
approaches are not suitable for in situ measuring collisions in-
side of encapsulated quantum devices, which have many im-
portant applications in atomic vapor magnetometers [17–21]
and electrometers [22]. Therefore, it is highly desirable to de-
velop techniques that can investigate collision phenomena in
wide-ranging experimental conditions.

Colliding particles may exhibit new properties, such as en-
ergy level shifts [6–9, 13, 23, 24], collision-induced absorp-
tion [3, 5, 14] and interatomic entanglement [25–28]. Re-
cently, collisions between alkali atoms and inert atoms or
molecules have attracted considerable attention in the areas
of frequency standards [6, 9], metrology [17–22], and quan-
tum information [27, 28]. Direct measurement of spin noise
in thermodynamic equilibrium by optical rotation is becoming
a mainstream approach for non-perturbative studies of energy
structures [29–41], spatial properties [42–44] and correlated

states [45–49] in diverse systems, such as alkali atomic va-
pors [29, 30]. Collision phenomena can be analyzed by mea-
suring the collision-sensitive spin noise whose frequency is
altered due to collisions. Specifically, collisions can be inves-
tigated by measuring energy spectra of the collision-sensitive
spin noise. However, when it is used to measure collision-
induced energy shifts, this places high demands both for mea-
surement bandwidth and for spectral resolution. Specifically,
direct observation of collisional shifts of Zeeman sublevels is
much more difficult than that of inter-hyperfine levels. For
example, shifts of Zeeman sublevels at a magnetic field of 1
G are seven order of magnitude smaller than that of the inter-
hyperfine levels [7]. Accordingly, to detect collisional shifts
of microwave inter-hyperfine levels, the gigahertz bandwidth
is required. The other requirement is high resolution, because
collisional shifts are still only 1-10 part-per-million for inter-
hyperfine levels [6, 8, 9]. Unfortunately, existing spin-noise
techniques based on optical-rotation approach suffer from a
trade-off between bandwidth and resolution [35, 40, 50, 51].
The best resolution is only several hundred kilohertz at giga-
hertz frequency range [51].

In this Letter, we demonstrate a realization of measur-
ing collision phenomena by developing and applying spin-
noise spectroscopy that has gigahertz bandwidth and part-
per-million resolution. The collision-sensitive spin noise aris-
ing from inter-hyperfine levels is detected by optical rotation.
Noise spectra are analyzed to reveal collisional energy shifts.
We apply our technique to in situ measure spin noise of alkali
atoms colliding with a variety of inert atoms and molecules,
and obtain key collision parameters, including the collision di-
ameter, the well depth, and the dominant interaction type. The
results are in good agreement with theory. Our method avoids
extra heating effects and atom loss caused by pumping [52],
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and provides a promising way for non-perturbatively studying
cold and ultracold collisions [45–47].

Spin noise as a probe of collision.-Consider the case of bi-
nary collision, where two particles interact through an effec-
tive potential depending on their relative distance. For an al-
kali atom colliding with an inert atom or molecule, the wave
function of the valence electron is perturbed and thus energy
levels (e.g. optical energy levels [24, 53] and hyperfine energy
levels [6–9, 23]) undergo shifts. According to the statistical
theorem, the mean energy shift of the alkali atomic ensem-
ble equals the statistical mean of all perturbations under every
general condition [6, 23]. Therefore, the collisional frequency
shift can be expressed as (here we assume h = 1) [6]

νshift = 4πn
∫

δE(r)e−U(r)/kBT r2dr, (1)

where r is the distance between the collision pair, U(r) is the
effective intermolecular potential, δE(r) is the energy pertur-
bation on the alkali atom from collisions, n is the density of
inert atoms or molecules, and T is the temperature.

The intermolecular potential and the energy perturbation
can be simplified as the summation of a long-range van der
Waals attraction and a short-range Pauli repulsion, such as the
Lennard-Jones potential [54]

U(r) = 4ε1[(σ1/r)12− (σ1/r)6],

δE(r) = 4ε2[(σ2/r)12− (σ2/r)6].
(2)

Here σ1 is the node where the potential U(r) is zero, and is
called the collision diameter. ε1 is the well depth. Similarly,
δE(r) is zero at r = σ2 and its minimum is −ε2. As an exam-
ple of collisional shifts shown in Fig. 1, the hyperfine splitting
of alkali atoms arises from the Fermi-contact interaction of the
valence electron and the nucleus [55], and is proportional to
the valence electron density at nucleus [8]. Figure 1(a) shows
such an alkali ensemble and corresponding unperturbed en-
ergy levels (we adopt two of these levels as an example). Here
we neglect shifts induced by collisions between alkali atoms
themselves, which are usually less than 10−6 Hz [10]. The at-
tractive force tends to pull the valence electron away from the
nucleus and therefore reduces the hyperfine interaction while
the short-range repulsive force increases the interaction. As
shown in Fig. 1(b), a inert atom or molecule with relatively
large electric polarizability, such as CH4, usually has a dom-
inant van der Waals attractive force, which therefore causes
negative shifts of hyperfine interaction [8]. Whereas inert
atoms or molecules with relatively small electric polarizability
as shown in Fig. 1(c), such as N2, cause positive shifts [8].

We now consider how to use spin-noise technique to mea-
sure collisions in a vapor cell. The vapor cell comprises of
natural abundance rubidium atoms and other colliding atoms
or molecules to be studied. As depicted in Fig. 2, linearly po-
larized light is focused through the cell, the longitudinal spin
polarization of the atoms causes rotation of the light polariza-
tion. As the spin polarization fluctuates randomly, the polar-
ization rotation is in turn fluctuating. The transient rotation
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FIG. 1. (color online). Collision-induced energy shifts. (a) Unper-
turbed energy level of alkali atoms, such as rubidium atoms. (b) Neg-
ative energy shift of alkali atoms colliding with atoms or molecules
with large electric polarizability, such as Rb−CH4 collision. (c) Pos-
itive energy shift of alkali atoms colliding with atoms or molecules
with small electric polarizability, such as Rb−N2 collision.

can be measured with a high-bandwidth photodiode and anal-
ysed by a home-built field-programmable gate array (FPGA)
based spectrum analyzer [56]. According to the fluctuation-
dissipation theorem [35, 40, 57, 58], collision-sensitive spin-
noise spectra can reveal spin properties of colliding alkali
atoms, such as energy levels [35, 40, 58] and their collisional
shifts, and spin dephasing rates [57]. This establishes a bridge
between collisions and the spin-noise spectrum

Sα(ν) =∑
m,n

(ρm +ρn)| 〈m|S · α̂ |n〉 |2
γmn

(ν−νmn−νmn
shift)

2 + γ2
mn

,

(3)
where ρm is the occupation factor of level m with eigenfre-
quency νm. α̂ is the unit vector along the probe laser propaga-
tion direction. νmn + νmn

shift = νm− νn + νmn
shift is the transition

frequency of the alkali atom, and is usually on the order of
1 GHz and 1 MHz for hyperfine splittings and Zeeman split-
tings, respectively. The spin dephasing rate γmn, which is usu-
ally on the order of 1 kHz, determines the spectral resolution.

However, current spin-noise techniques are not suitable to
measure collisions. Existing works are mostly limited to mea-
sure spin noise originated from Zeeman sublevels [30, 34, 41,
42], where collisional shifts are only on the order of 10−2 Hz
[7] and challenging to observe. Moreover, although hyperfine
frequency shifts are on the order of 100 kHz, existing tech-
niques suffer from a trade-off between bandwidth and spec-
tral resolution. Specifically, the bandwidth is usually below
1 GHz because of limited bandwidths of available balanced
detectors and data acquisition cards (DAC) [35, 40, 50, 51].
Although some photodetectors and DAC can have gigahertz
bandwidth, applications of them are still challenging since
they require unrealistically high-speed real-time storage and
large data processing [56, 59]. Many ongoing efforts have
been recently reported, for example, using ultrafast pair laser
pulses [35, 50] or optical heterodyne [51], but the state-of-the-
art resolution is still only a few hundred kilohertz [51].

To address this difficulty, we introduce a frequency down-
conversion technique as shown in Fig. 2, where the collision-
sensitive spin-noise signal is converted from microwave to
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FIG. 2. (color online). Schematic of measuring collision-sensitive
spin noise. A vapor cell containing natural abundance Rb atoms and
inert atoms or molecules is placed within an oven, and shielded in-
side a five-layer mu-metal shield. A 14 mW linearly probe laser
is detuned 100 GHz from the Rb D2 optical transition and focused
through the cell with about 230 µm diameter. Intrinsic fluctuations
of Rb spins δSx(t) impart small rotation fluctuations δθ ∝ δSx(t) on
the laser [30], detected by a linear polarizer (LP) and a photodetector
(PD) with a bandwidth of 12.5 GHz. The high-frequency raw signals
are then mixed with an array of microwave (M. W.) synthesizers to
generate low-frequency signals (see text). At last, down-converted
signals are sent to a home-built FPGA-based spectrum analyzer [56].

radio-frequency range. Specifically, raw spin-noise signals
oscillating at νmn + νmn

shift are multiplied with reference sig-
nals at ν ref

mn, which are close to νmn, by a low-pass mixer to
reserve low-frequency signals at ν rel

mn = |νmn − ν ref
mn + νmn

shift|
[60]. Although νmn is on the order of 1 GHz, ν rel

mn can be
about 10 MHz. Therefore real-time measurement of down-
converted spin-noise signals can be achieved with DAC with
tens of megahertz bandwidth, significantly reducing the data
amount by ∼ 99%. The phase noise of reference signals
causes the spectral broadening γref ∼ 0.1 Hz [60], which is
far smaller than γmn and thus can be neglected.

Figure 3 shows an example of experimental noise spectra
from Rb atoms colliding with N2 molecules. To simulta-
neously detect hyperfine transitions of two Rb isotopes, we
use the array of two microwave synthesizers to down-convert
spin-noise signals. Figure 3(a) shows such a spectrum of nat-
ural abundance Rb in zero magnetic field. The blue and red
spectra are from colliding 85Rb and 87Rb atoms, yielding hy-
perfine splittings, i.e., 3035.79 MHz and 6834.83 MHz, re-
spectively. The theoretical hyperfine splittings are 3035.73
MHz and 6834.68 MHz for free 85Rb and 87Rb atoms [61],
respectively. A small frequency shift exists between experi-
mental and theoretical values, which is different for two iso-
topes. The observation of the small shift demonstrates the
ability of our technique for measuring collision phenomena.
The effective spin dephasing rate is about γmn ≈ 7 kHz, which
is mainly due to the transit time of atoms across the∼230 µm
beam [30]. In spite of this transit-time broadening, the reso-
lution of our method is still at least two orders of magnitude
better than existing gigahertz spin-noise techniques [50, 51].

The collisional shifts of inter-hyperfine sublevels are mea-
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FIG. 3. (color online). Collision-sensitive spin-noise experimental
spectra. (a) Zero-field spin-noise spectra for 85Rb and 87Rb hyperfine
levels. The inset shows a demonstration of 87Rb collision-induced
frequency shift. (b) and (c), The measured spin-noise spectra in a
76-mG transverse and longitudinal magnetic fields, respectively. The
corresponding spin-noise peaks correspond to those transitions be-
tween Zeeman sublevels belonging to different hyperfine sublevels
(i.e., ∆F=1, ∆MF =0, ±1). The insets show the corresponding energy
levels and allowed inter-hyperfine transitions of 85Rb and 87Rb.

sured. To do this, a small magnetic field is applied. Fig-
ure 3(b) and (c) show spin-noise spectra in a transverse and
longitudinal magnetic field (∼ 76 mG), respectively. In these
cases, the zero-field peak splits into resolvable multiplet, cor-
responding to transitions with ∆F = 1, ∆MF =±1 and ∆MF =
0 in turn [32], which is consistent with Eq. (3). Every peak
equally shifts about 60 kHz and 150 kHz for 85Rb and 87Rb,
respectively, which are equal to those in zero magnetic field.
This is because that sublevels within the same hyperfine man-
ifold shift equally, but those in different manifolds shift un-
equally. Besides, the frequency difference between adjacent
peaks is ∆νmn ≈ 71 (106) kHz for 85Rb (87Rb), which is ap-
proximately equal to ∆νmn ≈ 2gF µBB. We observe no signif-
icant collisional shifts of Zeeman sublevels. This verifies that
collisional shifts of Zeeman sublevels are significantly smaller
than those of inter-hyperfine sublevels.

We would like to emphasize differences between our tech-
nique and traditional spectrum analyzers. Due to no need of
high-bandwidth DAC, spectrum analyzers employing swept
local oscillators are usually adopted to measure signals at gi-
gahertz range, however they ignore most data [62]. For exam-
ple, measuring a spectrum with 10 MHz window and 1 kHz
resolution effectively uses only ∼0.01% of data [59]. Con-



4

-100

500

-300

300

100

Buffer gas pressure (torr)

100 300
-500

370350

60

70

150

140 87Rb

T (K)

ν sh
ift

 (k
H

z)

P (torr)

(a) (b)

ν sh
ift

 (k
H

z)

85Rb

87Rb+N2

85Rb+N2

87Rb+Xe
87Rb+CH4

380360

FIG. 4. (color online). (a) Collisional shifts of Rb atoms versus
vapor temperature in the presence of 250 torr N2. The shifts linearly
increase with the temperature. (b) Collisional shifts of Rb atoms
versus vapor pressure at T0=337 K. The shifts linearly increase with
the pressure. In (a) and (b), error bars are within data points.

trastly, our technique avoids this by fast-Fourier transform-
ing of down-converted data in a FPGA [56], realizing 100%
data utilization and therefore reducing measurement time by
more than three orders of magnitude. Moreover, with only one
frequency component detected each time, spectrum analyz-
ers can not extract correlations between different frequencies
[63–65], which are useful to study many-body interactions in
correlated systems [40, 49]. To overcome this, we employ
multiple reference signals to simultaneously measure signals
at corresponding frequencies, as demonstrated in Fig. 3. Be-
sides, spectrum analyzers are not suitable for studying higher-
order correlations that have multi-time moments [49, 66].
With the capability of real-time measurement, our technique
has the potential of measuring higher-order cumulants.

Measurement of collision parameters.-With the use of
collision-sensitive spin-noise spectra, collision parameters
can be precisely determined. As shown in Fig. 4(a), our exper-
iments are performed in a relatively small temperature range,
and collisional shifts are nearly linear to the vapor tempera-
ture. In this case, the collisional shift can be expanded to the
first order of (T −T0). According to the Eq. 1, the collisional
shift is proportional to the number density of inert atoms or
molecules, as confirmed by experiments shown in Fig. 4(b).
Here we change the number density via changing the pressure
of inert atoms or molecules at a constant temperature T0. As a
result, the collisional shift in Eq. (1) can be approximated as

νshift ≈ P0[β +δ (T −T0)]+O
(
(T −T0)

2) , (4)

where P0 and T0 are the reference vapor pressure and tem-
perature, respectively, and are calibrated through absorp-
tion spectra of Rb atoms [60, 67]. β is the pressure-
dependent coefficient and measured to be 559 Hz/torr and
249 Hz/torr for 87Rb−N2 and 85Rb−N2 pairs, respectively.
δ is the temperature-dependent coefficient and measured to
be 0.57 Hz/(K·torr) and 0.25 Hz/(K·torr) for 87Rb−N2 and
85Rb−N2 pairs, respectively. We find the ratio between
pressure-dependent or temperature-dependent shifts of two
Rb isotopes are 2.28 and 2.24, respectively, which are close
to their hyperfine splitting ratio (2.25) [9, 11].

We now consider the intermolecular potential as the
Lennard-Jones potential in Eq. (2), which has been widely
studied in analyzing gas collisions [6, 54]. Based on Eq. (1),
we expand the shift using Eq. (4), and get relations between
pressure-dependent coefficient β and temperature-dependent
coefficient δ with parameters {ε1,ε2,σ1,σ2} [60]. Combined
with other two theoretical formulas, simultaneous analysis
of β (ε1,ε2,σ1,σ2) and δ (ε1,ε2,σ1,σ2) can finally derive the
four parameters [60]. Specifically, for the 87Rb−N2 pair, we
obtain the collision diameter σ1 ≈ 4.19 Å, the well depth
ε1 ≈ 7.6 meV, which are in good agreement with theoreti-
cal results [6]. Moreover, we find that collision parameters
{ε1,ε2,σ1,σ2} for 85Rb−N2 pairs are the same with those of
87Rb−N2 pairs, yielding that collision parameters are usually
independent of the nuclear structure of Rb isotopes.

We also test the feasibility of our technique to investigate
87Rb atoms colliding with different atoms and molecules, for
example, CH4 and Xe. The frequency shifts induced by N2
with relatively small electric polarizability are positive [see
Fig. 1(c)], yielding that the Pauli exclusion is dominant for
Rb-N2 pairs [8]. In contrast, when Rb atoms collide with
atoms or molecules that have relatively large electric polariz-
ability [see Fig. 1(b)], such as Xe and CH4 [see Fig. 4(b)], the
van der Waals interaction dominates [8]. Our result clearly
shows the dominant potential type for different pairs via the
sign of frequency shifts. This suggests a convenient way to
analyse the information of inert atoms and molecules, such as
atomic or molecular electric polarizability.

Conclusion.-In conclusion, we have proposed and demon-
strated a spin-noise technique that is capable of character-
izing collision phenomena in alkali atoms and inert atoms
or molecules. In contrast to frequently used scattering ap-
proaches that require ultra-high vacuum systems, our tech-
nique in situ measures collisions with simple apparatus and
ambient conditions but still with high precision. Comparing
with traditional hyperfine resonance approaches [6, 8, 9, 13],
our techniques are non-perturbative [30, 36, 40] and avoid ex-
tra heating caused by laser pumping, therefore our technique
can be a promising probe of cold and ultracold atomic colli-
sions [45–47]. The present approach can be extended to in-
vestigate complicated intermolecular potentials, for example
modified Lennard-Jones potential [5, 6] and Buckingham po-
tential [54]. To measure such potentials, we can measure the
collision-sensitive spin noise under a large temperature range,
then obtain high-order coefficients of T n term of νshift, and in
turn extract the collision parameters. Besides, this noise-based
method may also adopt optical heterodyne that enables low-
power and small perturbative optical measurement [51, 68].
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[33] G. M. Müller, M. Römer, D. Schuh, W. Wegscheider, J. Hübner,
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