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Characterizing Atom Sources 
with Quantum Coherence 
S.S. Hodgman, R.G. Dall, A.G. Manning, M.T. Johnsson, K.G.H. Baldwin and A.G. Truscott

R esearchers can characterize atom 
sources by coherence properties, 

viewed either in the wave or particle 
picture, in analogy with quantum optics. 
First-order coherence measures amplitude 
fl uctuations related to, for example, 
fringe visibility in an interferometer.  
Second-order coherence measures in-
tensity variations as manifested in laser 
light speckle.

Hanbury Brown and Twiss (HBT) 
demonstrated that incoherent sources are 
characterized by photon bunching in the 
particle picture, whereby the second-
order correlation function exceeds unity 
for short arrival times between pairs of 
photons (coherence time).1 In contrast, 
a coherent source—e.g., a laser—has a 
correlation function value of unity for 
all times; and per Glauber’s quantum 
theory, this is expected to be true to all 
orders of the correlation function.2

Previous experiments by other re-
searchers observed atom bunching for 
thermal (incoherent) sources of bosonic 
atoms (anti-bunching for fermions), 
and a second-order correlation function 
unity value—i.e., an equal probability 
for all arrival time—for Bose-Einstein 
condensates (BECs) by analogy with 
coherent optical sources.

We have used a new approach to 
measure the temporal third-order cor-
relation function for both thermal and 
BEC ensembles of atoms. Our results 
demonstrate atom bunching for ultracold 
metastable helium atoms sourced from 
a 1 µK thermal ensemble, where the ob-
served 6 percent bunching enhancement 
is less than the theoretical maximum (n! 
for nth order coherence) due to the fi nite 
resolution of the detector. By contrast, 
we measured a unity (within 0.1 percent) 
third-order correlation value for the BEC, 
thereby demonstrating that a BEC is 
coherent to a higher order and confi rming 
Glauber’s hypothesis.3

We have extended these quantum 
statistical measurements to atomic de 
Broglie waves guided within a red-
detuned laser beam. � e waveguide 
is capable of supporting the lowest-
order mode (BEC, yielding a Gaussian 
transverse spatial profi le) or several 
low-order modes that we are able to 
selectively control.4 For multimode 
guiding, the transverse spatial profi le 
exhibits a structure corresponding to 
atomic speckle. By adding the speckle 
images over multiple realizations of the 
experiment, the spatial profi le yields an 
expected smooth average for indepen-
dent thermal sources.

To further test the speckle hypothe-
sis, we measured the second-order corre-
lation function for the guided atoms. We 
detected HBT atom bunching, indicat-
ing that multimode guiding is associ-
ated with matter-wave speckle.5 When a 
BEC is loaded into the guide with up to 
65 percent of atoms in the lowest order 
mode, the atom bunching disappears, a 

(Left) Third-order correlation function for thermal atoms, 6 percent bunching enhancement 
(a) and a Bose-Einstein condensate, unity value, within 0.1 percent (b). (Right) Image of 
atomic speckle (top) and second-order correlation function (bottom) for multimode guided 
atoms, 21 percent bunching enhancement.
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fi nding that is consistent with the propa-
gation of a coherent matter wave in the 
lowest-order mode of the guide. 

� ese experiments demonstrate the 
usefulness of the quantum statistical 
properties of matter waves as a diagnos-
tic for atomic source coherence proper-
ties. By being able to determine the 
transverse mode occupancy and spatial 
structure (speckle) for atoms guided 
by an optical potential, researchers can 
characterize de Broglie wave fronts for 
use in atom optics applications such as 
matter-wave interferometry. t
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Photon Extra-bunching in Twin Beams 
A. Godard, F. Boitier, N. Dubreuil, P. Delaye, E. Rosencher and C. Fabre

Twin photons are produced when 
a light beam propagates in opti-

cal nonlinear materials and its photons 
spontaneously split into a stream of 
photon pairs when their wavelength is 
equal (at degeneracy). When this eff ect 
was discovered in the 1960s, questions 
were raised about the simultaneity of 
photon pair creation.1 � e primary ques-
tion could be summarized as: “To what 
extent are twin photons twins?”

� is layman question was given a 
theoretical background by introducing 
the second-order correlation function 
g(2)(t), which is linked to the conditional 
probability of one photon arriving at 
time t + t, knowing that another photon 
arrived earlier at time t. For example, 
zero-delay second-order correlation 
functions are equal to two for chaotic 
sources, an eff ect named “photon bunch-
ing.”2 In the 1970s, theoretical inves-
tigations concluded that, if the photon 
pairs were eff ectively twins, an “extra-
bunching” eff ect [g(2)(t) ≥ 3] should 
appear in the twin beams at very short 
delay (tens of fs), describing the tendency 
of the photons to aggregate in pairs.2, 3 
� is spectacular prediction has not been 
validated until now because previous 
experimental techniques did not allow 
photon counting within this time range.

� e question of twin photons was 
revisited this year using the newly 
developed two-photon counting inter-
ferometry.4 In two-photon absorption, 
photons promote an electron from the 
valence band to a virtual state in the 
semiconductor gap. A second photon is 
then absorbed in as much as the: 1) sum 
of the two-photon energies is larger than 
the semiconductor gap; and 2) delay 
between the two photons is smaller than 
the lifetime of the electron on the virtual 
state, given by the Heisenberg second 
uncertainty principle (a few fs in GaAs). 
Once excited in the conduction band, 
the photo-electron is accelerated in the 
space charge region, yielding a count-

ing event called two-photon counting 
(TPC). TPC intrinsically fi ts for ultra-
short time photon correlation study.

Twin beams are created by paramet-
ricly down-converting a mode-locked 
Ti:sapphire laser in a periodically poled 
lithium niobate crystal. � e beams are 
sent either on a standard Michelson 
interferometer or a modifi ed Mach–
Zehnder setup, where they are split 
into diff erent wavelengths, each along a 
separate path with a respective tunable 
delay. In both cases, they are recombined 
onto a GaAs two-photon counter. � e 
two-photon counting signal is directly 
linked to the second-order correlation 
function of the beams.5 An additional 
chromatic dispersion setup allows us to 
tune the dispersion between the beams. 
Since only the exact coincidences due to 
twin photons pairs are altered by chro-
matic dispersion, adjusting compensation 

(a) Two-photon absorption in semiconductors allows us to measure the different photon co-
incidence times within the virtual state lifetime, i.e., a few fs. (b) Coupled with an interferometer 
and a dispersion compensation technique, the mutual coherence (the exact coincidence 
rate between pairs of photons) can be sorted out from the different contribution. Measured 
and theoretical g(2)(t) for degenerate (c) and non-degenerate (d) twin beams. 

(a)

(c) (d)

allows us to tune our source from highly 
correlated twin beams to two indepen-
dent beams of the same spectrum. � e il-
lustration shows correlation function g(2)

(t), measured using this new two-photon 
counting interferometry setup. Our re-
sults confi rm the 40-year-old prediction 
of extra-bunching [g(2)(t) = 3] in twin 
beams within a few tens of fs. t
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Quantum Frequency Translation 
of Single-Photon States 
Kartik Srinivasan and Michael G. Raymer

Optics-based quantum information 
processing (QIP) has evolved in 

many systems, including trapped atoms 
and ions, semiconductor quantum dots 
and nonlinear optics. A hybrid quantum 
system has multiple platforms that are in-
tegrated to use each one’s strengths while 
minimizing its limitations. For example, 
one envisions long distance transmission 
by photons in optical fi bers at low-loss 
telecommunications wavelengths and 
data storage in quantum memories at 
visible wavelengths. Quantum frequency 
translation (QFT)1,2—the ability to 
change light’s wavelength without alter-
ing its other quantum mechanical prop-
erties—would thus play a crucial role in 
QIP, and it has been demonstrated in the 
preservation of time-energy entanglement 
between two optical fi elds after one was 
frequency translated.3 � is year, two 
groups demonstrated QFT on single-
photon states.4,5 

A University of Oregon team used 
third-order nonlinear processes in pho-
tonic crystal fi ber (PCF) for both single-
photon generation and wavelength trans-
lation.4 Single photons were created by 
spontaneous four-wave mixing, where two 
pump photons are annihilated and create 
simultaneous signal and idler photons, so 
that the detection of an idler photon “her-
alds” the presence of a signal photon. � e 
signal photons, at 683 nm, are then sent 
into another length of PCF for QFT by 
third-order nonlinear Bragg scattering,2 a 
process by which two pump photons (at 
808 nm and 845 nm) create an eff ective 
grating that scatters the signal photon to 
a new, frequency-translated wavelength 
(659 nm) determined by the diff erence 
in energy between the two pump fi elds. 
Photon-number statistics measurements 
then confi rm the single photon character 
of the frequency translated light. 

A team from the National Institute 
of Standards and Technology used 
“triggered” single photons from a single, 

cryogenically cooled semiconductor 
quantum dot.5 Behaving like an isolated 
two-level system, the quantum dot is 
repetitively excited with a pulsed laser, 
with each pulse placing the quantum dot 
into its excited state, and, upon relaxation 
into the ground state, generating a single 
photon at 1,300 nm. � ese photons 
are coupled into an optical fi ber and 
combined with a strong 1,550-nm pump 
beam inside a periodically poled lithium 
niobate waveguide. Here, the second-
order nonlinear process of sum-frequency 
generation produces new single photons at 
710 nm. Photon correlation measurements 
confi rm that the translated light was pre-
dominantly composed of single photons. 

� e single-photon conversion effi  cien-
cies were estimated to be 29 percent4 
and 75 percent,5 and are expected to 
approach near-unity conversion. Second-
order nonlinear processes are well suited 
for wavelength translation over widely 
separated bands, circumventing the 
challenges of telecommunications-band 

Quantum frequency translation via (a) nonlinear Bragg scattering4 and (b) sum frequency 
generation.5 (a) Heralded single photons generated in a photonic crystal � ber (PCF) are 
combined with two pump photons in another length of PCF to produce frequency trans-
lated single photons. (b) Triggered single photons generated by a single quantum dot are 
combined with pump photons in a periodically poled lithium niobate waveguide to produce 
frequency-translated single photons. Photon coincidence counting measurements were 
used to verify the single photon character of the frequency translated light. 

(a)

(b)

single-photon counting by convert-
ing light to the visible. Alternately, the 
second pump beam in nonlinear Bragg 
scattering gives greater fl exibility in 
achieving translation over arbitrary 
wavelength separations, including small 
separations for which second-order 
processes run into challenges. � is can 
be used to produce indistinguishable 
photons from independent, non-iden-
tical single-photon sources. Altogether, 
QFT provides important tools for hybrid 
quantum systems that use photons for 
transmitting quantum information. t
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Quantum Optics and the “Heisenberg 
Limit” of Measurement
M. Napolitano, M. Koschorreck, B. Dubost, N. Behbood, 
R.J. Sewell and M.W. Mitchell 

The quantum limits of measurement 
have provoked intense theoretical 

debates at least since the time of Einstein 
and Bohr. In recent years, however, 
quantum limits have become a practi-
cal concern: A variety of ultrasensitive 
instruments, including gravitational 
wave detectors and optical magnetom-
eters, are approaching the sensitivity 
limits set by quantum physics. Soon, 
the performance of these state-of-the-art 
systems will be determined by our skill 
at quantum measurement. We recently 
demonstrated a new measurement based 
on the interaction of quantum particles, 
in this case photons. 

By using cold atoms as a nonlinear 
optical medium, we generate precisely 
controlled photon-photon interactions 
for quantum-limited optical magnetom-
etry. � e new technique achieves a mag-
netic sensitivity scaling as N–3/2 (N is the 
number of photons), an improvement 
over both the shot noise limit (SNL) and 
the so-called “Heisenberg limit,” which 
is often described as the “ultimate limit” 
of quantum measurement.1 

� e magnetometer operates by para-
magnetic Faraday rotation: A linearly 
polarized input experiences polarization 
rotation as it passes through a laser-
cooled ensemble of 87Rb. � e rotation, 
which is proportional to the on-axis 
atomic magnetization FZ , is detected 
with a balanced polarimeter. 

With low-noise lasers and detectors,2  
we reach the SNL dFZ ~ N–1/2. � e 
usual approach to beating the SNL uses 
entangled photons or squeezed states. 
� ese can achieve at best dFZ ~ N–1, 
the so-called “Heisenberg limit.” � e 
name refers to the Heisenberg uncer-
tainty principle for number and phase: 
With at most N photons in the entangled 
state, the uncertainty in phase must 
be at least N–1. Even so, for large N, the 

Heisenberg limit is a big improvement 
over the SNL. 

We adopt a completely diff erent yet 
complementary strategy. Recent theory 
shows that interactions among quantum 
particles can boost sensitivity beyond 
even the Heisenberg limit.3 Already op-
tical Kerr nonlinearities, which produce 
pairwise interaction of photons, can give 
dFZ ~ N –3/2. 

To apply this strategy in a magne-
tometer, we fi rst produce a controlled, 
quantum-limited optical Kerr nonlin-
earity. By precise tuning within the 
hyperfi ne spectrum of the D2 line, we 
generate a nonlinear paramagnetic 
Faraday rotation.4 � e rotation angle 
is now proportional to both FZ and N. 
In eff ect, the nonlinearity amplifi es the 
signal by the factor N while still obey-
ing the uncertainty principle, which 
mandates a minimum noise level. 
Sensitivity measurements, shown in the 
fi gure, clearly demonstrate the N –3/2 

Ultra-sensitive measurement based on the optical Kerr effect in cold atoms. Measure-
ment uncertainty dFZ falls off as N –3/2, faster than both the shot-noise limit and the 
Heisenberg limit.

scaling beyond the Heisenberg limit over 
two orders of magnitude.

� e result confi rms interaction-based 
measurement as a valuable new resource 
for ultra-sensitive measurement, and 
challenges us to rethink the “ultimate 
limit” of quantum measurement. � e 
technique may improve both ultrasensi-
tive optical instruments and also systems 
as disparate as nanomechanical resona-
tors and Bose-Einstein condensates. t
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