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QUANTUM SIMULATION

Spectroscopic observation of
SU(N)-symmetric interactions in
Sr orbital magnetism
X. Zhang,1,2 M. Bishof,1,2 S. L. Bromley,1,2 C. V. Kraus,3,4 M. S. Safronova,5,6

P. Zoller,3,4 A. M. Rey,1,2* J. Ye1,2*

SU(N) symmetry can emerge in a quantum system with N single-particle spin states
when spin is decoupled from interparticle interactions. Taking advantage of the high
measurement precision offered by an ultrastable laser, we report a spectroscopic
observation of SU(N ≤ 10) symmetry in 87Sr. By encoding the electronic orbital degree
of freedom in two clock states while keeping the system open to as many as 10 nuclear
spin sublevels, we probed the non-equilibrium two-orbital SU(N) magnetism via
Ramsey spectroscopy of atoms confined in an array of two-dimensional optical traps;
we studied the spin-orbital quantum dynamics and determined the relevant interaction
parameters. This study lays the groundwork for using alkaline-earth atoms as testbeds
for important orbital models.

S
ymmetries play a fundamental role in the
laws of nature. A prominent example is the
SU(3) symmetry of quantum chromody-
namics, which governs the behavior of
quarks and gluons. When generalized to

large N, SU(N) is expected to generate exotic
many-body behaviors emerging from the in-
creased degeneracy and strict conservation laws.
Owing to the strong decoupling between the
electronic-orbital and nuclear-spin degrees of
freedom (1, 2), alkaline-earth atoms and others
with similar structure prepared in the two
lowest electronic states (clock states with zero
electronic angular momenta) are predicted to
exhibit nuclear spin (I) independence for their
interatomic collisional parameters. This property
directly leads to a SU(N ≤ 2I + 1) symmetry for
the interaction physics (3–6). Thanks to this sym-
metry, in addition to their use as ideal time-
keepers (7) and quantum information processors
(8–11), alkaline-earth atoms are emerging as a
unique platform for the investigation of high-
energy lattice gauge theories (12); for testing of
orbital models used to describe transition metal
oxides, heavy fermion compounds, and spin liq-
uid phases (13); and for the observation of exotic

topological phases (6, 14). Progress toward these
goals includes the production of quantum de-
generate alkaline-earth gases (15–17), imaging
of individual spin components (18), control of
interactions (16, 19, 20), and study of many-body
spin dynamics (21).
Thus far, only indirect evidence for SU(N)

symmetry exists (22), including inference from
suppressed nuclear spin-relaxation rates (18),
reduced temperatures in a Mott insulator for
increased numbers of spin states (23), and the
changing character of a strongly interacting one-
dimensional fermionic system as a function of N
(24). Furthermore, these observations are lim-
ited to the electronic ground state. The corre-
sponding ground-state s-wave scattering parameter
agg has been determined from photoassociation
(25) and rovibrational spectroscopy (26), but the
excited state–related scattering parameters re-
main undetermined.
Here, we report a spectroscopic observation of

SU(N) symmetry and two-orbital SU(N) magnet-
ism in an ensemble of fermionic 87Sr atoms at
microkelvin temperatures and confined in an
array of two-dimensional (2D) disc-shaped, state-
insensitive optical traps (27). The trapping po-
tentials are approximately harmonic, with an
axial (Z) trapping frequency nZ of ~80 kHz and a
radial (X-Y) frequency nR of ~600 Hz; the slight
anharmonicity makes the spacings between the
energy levels uneven. Axial and radial degrees of
freedom are decoupled during the initial lattice
loading and cooling. Under typical temperatures
(1 mK < TR < 7 mK, TZ ~ 2 mK), atoms are cooled to
the motional ground state along the Z direction.
In contrast, the radial modes are thermally
populated. The SU(N) symmetric spin degree of
freedom is encoded in the 10 nuclear spin states

withquantumnumbermI (Fig. 1A) and thepseudo–
spin ½ orbital degree of freedom in the two lowest
electronic (clock) states (1S0 and

3P0, henceforth jg〉
and je〉, respectively). Under typical atomic occu-
pancies (≲ 20 atoms per disc), temperatures, and
trap volume (º TR), the mean interaction energy
per particle is at least two orders of magnitude
smaller than the single-particle vibrational spacing
along any direction. The spectral resolution avail-
able with a laser of 1 × 10−16 stability (28) enables
us to accurately probe these interactions while
addressing individual nuclear spin levels.

SU(N) spin-orbital Hamiltonian in
energy-space lattice

Under our operating conditions, the atomic in-
teractions are insufficiently energetic to transfer
atoms between the initially populated, slightly
anharmonicmotional eigenmodes. To first-order
approximation, atoms remain frozen in these
quantized motional levels and the quantum dy-
namics takes place only in the internal degrees of
freedom (spin and orbital) (21, 29, 30), in a way
analogous to localized atoms in real-space lattice
trapping potentials. This approximation greatly
simplifies the modeling of our system. Here, the
large energy gap between the interaction energy
and the single-particle vibrational spacing, along
with the anharmonicity and nonseparability of
the optical trapping potential provided by the
Gaussian laser beam profile, lead to an energetic
suppression of mode-changing collisions (31).
Moreover, the s-wave and p-wave (Fig. 1B) in-
teractions, which are responsible for the dynam-
ics, provide nonlocal interactions when viewed
within the energy-space lattice, as they couple
atoms without being overly sensitive to the ther-
mally populated motional levels. The decoupling
between motional and internal degrees of free-
dom, combined with the sub-hertz spectral res-
olution of the stable laser, allows us to probe
spin lattice models with effective long-range cou-
plings in a nondegenerate Fermi gas, as sche-
matically illustrated in Fig. 1C. This system thus
paves the way for studies of quantum orbital
magnetism beyond the ultracold regime.
Spinmodels with long-range interactions have

been implemented in dipolar gases (32) or trapped
ionic systems (33), but our system is further en-
riched by SU(N) symmetry and holds potential
for addressing important open questions about
many-body dynamics in spin-orbital models un-
der the co-presence of large degeneracy (13, 34, 35)
and long-range interactions.ByperformingRamsey
spectroscopy with various nuclear spin mixtures,
we determine the nuclear spin independence of
the s-wave and p-wave interactions. Further-
more, we probe the non-equilibrium dynamics
of the orbital coherence, and the results are well
reproduced by a two-orbital SU(N) spin lattice
model in quantized motional eigenenergy space.
Interactions between two 87Sr atoms are gov-

erned by Fermi statistics with an overall wave
function antisymmetrization under exchange in
the motional, electronic, and nuclear spin degrees
of freedom (Fig. 1B). Consider a pair of interacting
atoms (j and k) occupying two of the quantized
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eigenmodes of the trapping potential, nj and nk.
If the atoms are in a nuclear spin symmetric
state, they experience s-wave interactions only if
their electronic state is antisymmetric: ðjeg〉−jge〉Þ=ffiffiffi
2

p
. We denote the elastic scattering length char-

acterizing those collisions as a−eg . They can collide
via p-wave interactions in three possible elec-
tronic symmetric configurations fjgg〉,jee〉,ðjeg〉þ
jge〉Þ= ffiffiffi

2
p g, corresponding to the p-wave elastic

scattering lengths bgg, bee, and bþeg , respectively.
In contrast, if the two atoms are in an antisym-
metric nuclear spin configuration, they experi-
ence s-wave collisions under these three electronic
symmetric configurations, with the correspond-
ing scattering lengths agg, aee, and aþeg , respec-
tively. Similarly, p-wave interactions occur in
ðjeg〉−jge〉Þ= ffiffiffi

2
p

, corresponding to the scattering
length b−eg . These eight parameters characterize
elastic collisions at ultralow temperatures, and
SU(N) symmetry predicts them to be indepen-
dent of the nuclear spin configuration.
The Hamiltonian that governs these interac-

tions, between atoms j and k, can be written in
terms of orbital-spin ½ operators T

ˇ

x ;y ;z

j acting on
the j-atom’s electronic state, {e, g}, and in terms
of nuclear-spin permutation operators S

ˇ

m

n ðjÞ ¼
jn〉j〈mj, acting on the j-atom’s nuclear spin levels,
n,m ∈ {1, 2, …, N} as

H

ˇ

j;k ¼ ðP

ˇ

þ
H

ˇ

þ þP

ˇ

−
H

ˇ

− Þ ð1Þ
and

H
ˇ

T ¼ J
T

j;k

→
T j ⋅

→
Tk þ w

T

j;kT
ˇ

z

j T
ˇ

z

kþ

CT
j;k

T

ˇ

z

j þ T

ˇ

z

k

2

0
B@

1
CAþ KT

j;kI

ˇ

ð2Þ

(31), where I

ˇ

is the identity matrix, and

�
I

ˇ

T∑
n;m¼1

N

S

ˇ

n
mðjÞS

ˇ

m
nðkÞ

�

2
ð3ÞP

ˇ

T¼

are nuclear spin projector operators into the sym-
metric triplet (+) and antisymmetric singlet (–)
nuclear spin states, respectively. Equation 1 states
that if the nuclear spin of the atoms is in (+) or (–),
then they interact according toH

ˇ

þ
or H

ˇ

−
, respec-

tively. The coupling constants JTj;k,w
T
j;k,C

T
j;k,K

T
j;k

depend on the scattering parameters ah and bh,
h ∈ {ee, gg, eg+, and eg–}, and the wave function
overlap of the radial vibrational modes of the
j- and k-atoms in the 2D traps (31).
The total interaction Hamiltonian is the sum

over all pairs of atoms, H

ˇ

SO ¼ ∑j> kH

ˇ

j;k , and com-
mutes with all the SU(N) generators, S

ˇ

m

n ðjÞ.H

ˇ

SO

is
thus invariant under transformations from the
SU(N) group [i.e., SU(N) symmetric]. This im-
plies that the number of atoms in each of the
nuclear spin sublevels is conserved.N is chosen
by the initial state preparation of the nuclear
spin distribution and can vary from 1 to 2I + 1 =
10 in 87Sr (I = 9/2). In this experiment, we con-
trol N via optical pumping through another
electronic state.

In addition to elastic interactions, 87Sr atoms
exhibit inelastic collisions. Among those, how-
ever, only the e-e ones have been observed to give

rise to measureable losses (36); we denote these
two inelastic scattering lengths as gee and bee
for the s-wave and p-wave, respectively. We
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Fig. 1. Diagram of the interacting spin lattice. (A) Energy levels for the two lowest electronic states
(1S0 and 3P0) of

87Sr atoms in a magnetic field, each with 10 nuclear spin states, depicted by colors.This
color scheme is used in all figures to denote the interrogated state. (B) Interactions between two fermionic
atoms characterized by four s-wave (a) and four p-wave (b) elastic scattering parameters.The interactions
are governed by symmetries in motional states (bottom labels), nuclear spins (left labels), and electronic
orbitals (white arrows). (C) Left panel: Schematics of the interacting electronic orbitals (spin-½ arrows)
distributed over a lattice spanned by motional eigenenergies. In our system, the energy levels are pop-
ulated according to a Boltzmann distribution and the energy spacings are slightly anharmonic; the latter is
crucial for freezingatoms in their initially populatedmotionalmodes. For simplicity, neither the anharmonic
lattice spacing, nor the Boltzmann population ofmodes are reflected in the figure.The shaded connections
illustrate the long-range nature of the interactions in energy space. In our theoretical approach, those
interactions are calculated using the matrix element overlap of the corresponding modes (31). To a first-
order approximation, p-wave interactions can be treated collectively and can be assumed to be of all-to-all
type.Thus, we can replace the values of the coupling constants with their thermal averages (29). Colored
circles show the possibility of preparing statistical mixtures of N nuclear spin states. Right panel: Illus-
tration of a few occupied eigenmodes in our optical trap formed by a Gaussian beam.
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set other inelastic parameters to zero because
of their negligible contributions in measure-
ments (36).

Density-dependent frequency shift for
nuclear spin mixtures

We first tested SU(N) symmetry in a two-orbital
system by measuring the density-dependent fre-
quency shift of the clock transition under various
nuclear spin population distributions. We used a
Ramsey sequence to measure interactions (21)
under an external magnetic field that produces
Zeeman splittings much larger than the interac-
tion energy. The sequence starts with all atoms
in jg〉 (Fig. 2A). Only atoms in a particular nuclear
spin state are coherently excited and interrogated,
whereas atoms in other states (“spectators”) re-
main in jg〉. We denote the number of inter-
rogated atoms byN tot

i , the number of spectator
atoms by N tot

s , and define a population ratio
f ¼ N tot

s =N tot
i and the interrogated fraction

xi ¼ N tot
i =ðN tot

i þN tot
s Þ. We controlled the

fraction of interrogated atoms excited to je〉, pe =
(1 – cos q1)/2, by varying the initial pulse area q1,
where 0 < q1 < p. After a free evolution time
tfree = 80 ms, a second pulse of area p/2 was
applied for subsequent readout of the electronic
orbital distributions. The resonance frequency
shift was recorded as a function of the atomic
number in the trap, which can be varied in a
controlled manner. Interactions between atoms
modify the resonance frequency in a density-
dependentmanner, and themeasurement of this
frequency gives us information about the inter-
action parameters.
We operate with highly homogeneous atom-

laser coupling such that the orbital excitation is
the same for all interrogated atoms. Consequent-
ly, in a fully spin-polarized sample, the s-wave
interactions are suppressed and the p-wave in-
teractions dominate the free evolution dynamics
(21). The s-wave interactions are allowed only
when spectator atoms populate other nuclear
spin states. The existence of SU(N) symmetry
in the scattering parameters results in an inde-
pendence of the density shift with respect to both
the interrogated nuclear spin state and the dis-
tribution of spectator atoms among the various
spin components. Moreover, in the presence of
a large magnetic field (which energetically sup-
presses excitation of the spectator atoms), the
density shift should be only a function ofN tot

i ,
pe, and N tot

s .
In Fig. 2B, we compare the fully spin-polarized

case (mI = +9/2) against three other scenarios
with different spinmixtures under TR = 6 to 7 mK.
The density shift is expected to be a linear func-
tion of pe, arising from the fact that the p-wave
interaction among N tot

i has a quadratic depen-
dence on the z component of the total orbital spin
(21). When scaled to the same number of inter-
rogated atoms (N tot

i = 4000), the observed den-
sity shifts show three features: (i) The linear slope
l depends only onN tot

i , (ii) the offset with respect
to the polarized case increases linearly with f,
and (iii) both l and the offset are independent
of how the atoms are distributed in the nuclear

SCIENCE sciencemag.org 19 SEPTEMBER 2014 • VOL 345 ISSUE 6203 1469

Fig. 2. Nuclear spin independence of interaction effects. (A) Ramsey sequence with an initial pulse
of area q1, a final p/2 pulse, and a free evolution period tfree = 80 ms.The spectator atoms remain in jg〉.
(B and C) Upper panels: Illustration of the interrogated states (black arrows) and population distribu-
tions among various nuclear spin states. Lower panels: Measured density shifts (in symbols) for dif-
ferent nuclear spin configurations at (B) TR = 6 to 7 mK and (C) ~2 mK. For consistency, the shifts are
scaled for N tot

i = 4000. The solid and dotted lines show theory calculations for the corresponding xi
and TR as indicated in the plots, with beg

− and aeg
− evaluated using the fitting parameter extracted from (E)

and other remaining parameters determined from previous measurements (Table 1). The gray band in
(C) corresponds to pe0

� , the excitation fraction for zero density shift in a polarized sample.The spectator
atoms generate a temperature-dependent density shift, which is independent of pe of the interrogated
atoms and thus manifests as a net offset from the purely polarized density shift. (D) Ratio of the slope
of the frequency shift between the spin-mixed and spin-polarized samples. The dotted lines represent
the standard error. (E) The difference in the zero-shift excitation fraction between the spin-mixed and
spin-polarized samples. The solid and dashed lines are theory fits used to determine beg

− and con-
sequently aeg− by the analytic relations between s- and p-wave scattering parameters (31). In (D) and
(E), two values of TR are used: 2.3 T 0.2 mK (open symbols) and 6.5 T 0.4 mK (solid symbols). In addition
to conditions used for (B) and (C), other spin configurations are studied: open up triangles (xi = 49%),
open diamond (41%), open right triangles (46%), open and solid hexagons (26%), open and solid left
triangles (24%), solid pentagons (29%), and solid stars (12%). Error bars represent 1s multiplied
by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
wreduced

2
q

.
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spin levels. The last point is verified, for example,
by measuring the same shifts when interrogat-
ing 29% of the total population in either +9/2
or +7/2.

Temperature-dependent
SU(N)-symmetric interactions

To determine the temperature dependence for
the density shift and for additional confirmation
of the observed nuclear spin independence, we
interrogated other nuclear spin states, –9/2 or
–3/2, at a lower TR ~ 2 mK, when the distribution
across all spin states is nearly even (Fig. 2C). The
measured density shifts scaled to N tot

i = 4000
are again similar to each other, providing further
direct experimental evidence for SU(N = 10)
symmetry. At this lower TR, the slope still de-
pends only on N tot

i , but there is a smaller
offset of the density shift relative to the po-
larized case when xi varies. To quantify the TR
dependence, we plotted all measured ratios, l/l0,
where l0 is the linear slope for the polarized
case. We see that (I) the ratios collapse into a
single value independently of f and TR for fixed
N tot

i , yielding l/l0 = 1.00 ± 0.03 (Fig. 2D). This
result agrees well with the SU(N)-predicted
ratio of unity and verifies this symmetry to the
3% level.
We emphasize that the test of two-orbital SU(N)

symmetry (at the 3% level) is based directly on
the measured interactions that are independent
of nuclear spin configurations, and it does not
require accurate knowledge of some common-
mode system calibrations. For quantum simu-
lations of SU(N) physics, it is important to precisely
test this symmetry to a level much below all rele-
vant energy scales. Although our measurement
uncertainty (3%) has not reached the ultimate
theoretical prediction (0.1%) resulting from a
small admixture of the 3P0 state with higher-lying
P states with finite electronic angular momenta
(1–3), it is already sufficient for realizing a SU(N)-
symmetric, unity-filling spin lattice system (31).
Further reduction in our experimental uncertain-
ty can be achieved by enhancing the measure-
ment precision with improved laser stability. We
observe that l decreases by only 10% when TR is
raised from 2 mK to 6 mK, verifying its low sen-
sitivity to TR as expected for p-wave interactions
in 2D systems.
We also determined the excitation fraction

where the shift is zero for a spinmixture, p*e , and
compare it to that of a polarized sample, p*e0
(gray bands, Fig. 2C), for various interrogated
spin states (colors in Fig. 2E). The difference
shows the following features: (II) It collapses
onto a single line (for a given TR of either 2.3 or
6.5 mK) as a function of f, which provides fur-
ther evidence for the spin independence of the
interactions; (III) atN tot

s = 0 (fully polarized), the
two lines cross each other at the origin, as ex-
pected from the TR insensitivity of the p-wave
interactions. The proportionality constant of
(p*e0− p*e ) to f is finite for 6.5 mK (lower line) and
decreases to almost zero for TR ~ 2.3 mK (upper
line). This near-zero proportionality constant for
TR ~ 2.3 mK reflects an accidental cancellation

of the spectators’ s- and p-wave interaction ef-
fects at this temperature.

Experiment-theory agreement
and determination of the
scattering parameters

In the presence of a large external magnetic field
that produces differential Zeeman splittingsmuch
larger than the interaction energy, those terms in
the Hamiltonian that exchange the population
between the occupied spin-orbital levels are en-
ergetically suppressed and the populations of dif-
ferent spin-orbital levels are conserved. Hence,
the Hamiltonian is dominated by Ising-type in-
teractions that preserve the spin-orbital popula-
tion. In this regime, themany-body dynamics for
a single lattice site withN atoms can be captured
under a collective approximation that replaces
the coupling constants with their corresponding
thermal averages, OT

nj;nk→O
T
(29). For the ex-

perimentally relevant case where only Ni atoms
in spinmI are interrogated and whereNs atoms
in the other spin components remain in jg〉, the
effective many-body Hamiltonian during tfree
simplifies substantially. It consists of two parts,
H

ˇ

SO ¼ H

ˇ

i þH

ˇ

s. The first part, H

ˇ

i ¼ wþðT

ˇ

z Þ2þ
C
þT

ˇ

z

N i, describes the p-wave interactions be-
tween the interrogated atoms (21, 29), where
T

ˇ

a¼x ;y ;z

= ∑N
j S

ˇ

mI

mI
ðjÞT

ˇ

a¼x ;y ;z

j are collective orbital
operators acting on theNi interrogated atoms.
The density shift induced by these interactions,
Dni =N iðCþ− cos q1wþÞ, withwþ = ½ðb3ee þ b3gg −
2bþeg

3Þ=2�〈P〉T R
and C

þ
= ½ðb3ee−b3ggÞ=2�〈P〉T R

, de-
pends linearly on the number of excited atoms
Ni pe. Here, 〈P〉T R

corresponds to the thermal
average of the p-wavemode overlap coefficients.
Assuming a Boltzmann distribution of initially
populated radialmotionalmodes,wehave 〈P〉T R

º
ðTRÞ0 (insensitive to TR) (21). For a spin-polarized
sample, the observed density shifts are well
reproduced by theory (solid black lines in Fig. 2,
B and C) based on the same p-wave parameters
as determined in (21). The second part, H

ˇ

s ¼
N sL T

ˇ

z

, describes the interactions between the
interrogated and spectator atoms with both p-
and s-wave contributions. The related density
shift is Dns ¼ L N s, with

L ¼ C
þ þ C

−− J
þ− J

−− wþ− w−

2

¼ aþeg þ a−eg − 2agg

4
〈S〉T R

þ

bþeg
3þ b−eg

3 − 2b
3

gg

4
〈P〉T R

ð4Þ

The s-wave thermal average, 〈S〉T R
, decreases

with TR as 〈S〉T R
ºðTRÞ−1. So far we have fo-

cused on a single lattice site. To compare with
the experimental results, we perform averag-
ing over the atom distributions across all lat-
tice sites. Consequently, the density shifts Dns

and Dni become proportional toN tot
s andN tot

i ,
respectively.
This model fully reproduces the experimental

observations as summarized in points (i) to (iii)

and (I) to (III) above and shown in Fig. 2. To
quantitatively compare with the experiment,
we performed a Poissonian average of the atom
number across the array of 2D traps and used
the average excitation fraction to account for the
two-body e-e losses (21, 36) during tfree. The ca-
pability of the SU(N) spin lattice model to repro-
duce the experimental observations also enabled
us to determine the remaining s- and p-wave scat-
tering parameters. For each of the four channels,
h ∈ {ee, gg, eg+, eg–}, the s-wave and p-wave pa-
rameters relate to each other through the charac-
teristic length, āh, of the van der Waals potential
(37). Thus, after we determined āh using the avail-
able van der Waals C6 coefficients (31), only four
elastic scattering parameters remained indepen-
dent. Among those, agg, bee, and bþeg (and thus their
respective p- or s-wave counterparts) are known
(21), leaving only one unknown parameter as-
sociated with the eg– channel. Using the the-
oretical predictions and a single parameter to
fit the data in Fig. 2E, we extracted values for
a−eg and b−eg . Table 1 lists all the scattering pa-
rameters determined from the prior and current
measurements.

Coherent dynamic spectroscopy

We performed coherent dynamic spectroscopy
to explore the development of many-body cor-
relations as a key effect of Ising orbital mag-
netism, in the combined orbital and nuclear
spin degrees of freedom, generated by the p-wave
and s-wave interactions. This allowed us to fur-
ther validate the SU(N) spin-orbital model (Eq. 1)
as a description for our system. The many-body
correlations that build up during the free evol-
ution manifest as a decay of the e-g orbital co-
herence in the form of Ramsey fringe contrast
CðtfreeÞ ¼ 2=N tot

i

ˇffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
〈

x

Ttot〉
2 þ 〈Ttot〉

2
p ˇ

that we
measure as a function of tfree. Here, T

ˇ

x ;y

tot is the
sum of T

ˇ

x ;y

over the 2D traps. We extracted a
normalized value of C by comparing the high-
atom-number raw contrast against that of the
low atom number; this normalization removes
single-particle decoherence effects. The decay
of C during the free-evolution period has been
shown to be a particularly suitable observable
for characterizing the role of interactions dur-
ing the dynamics (38). For example, contrast mea-
surements in an array of polar molecules pinned
in a 3D lattice provided clear signatures of dipolar
interactions and their description in terms of a
spin exchange model (32, 39).
In the presence of a large magnetic field, the

decay of C has two sources. The first arises from
within the interrogated atoms: p-wave elastic
interactions, two-body e-e losses, higher-order
interaction-induced mode-changing processes,
as well as dephasing induced by the distribution
of atoms across traps. All these p-wave effects
are accounted for in our theory using the same
p-wave parameters that were determined in (21)
and then reconfirmed with our density shift mea-
surements in this work (Fig. 2). The second source
comes from spectators, which act on the interro-
gated atoms at a given site as an inhomogeneous
and density-dependent effective magnetic field
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along z, with both s- and p-wave contributions.
The effective magnetic field is static if the atoms
are frozen in their motional states, but can vary
with time in the presence of higher-order mode-
changing processes. Thep-wave interaction plays
a dominant role at high TR = 5 to 6 mK, whereas
the s-wave interaction, which has a stronger
dependence on the mode distribution, becomes
important at lower TR. We focus first on the nu-
clear spin-polarized case (Fig. 3) to benchmark
our model, and then use various population dis-
tributions among nuclear spin states to inves-
tigate the interplay between orbital and spin
degrees of freedom (Fig. 4).

Two-orbital dynamics in
spin-polarized atoms

To understand in detail the orbital dynamics
induced by p-wave interactions, we first studied
a nuclear spin polarized sample (xi = 100%) for
TR = 5 to 6 mK and q1 = p/4 (Fig. 3B). To sep-
arate the effects of dephasing and many-body
correlation in the contrast decay, we applied a
p echo pulse in the middle of the Ramsey se-
quence (Fig. 3A, lower panel). The p echo pulse
modifies the contrast decay in a q1-dependent
way because of the enhanced e-e loss after the
echo pulse (note the number normalization in
C) for q1 < p/2, as well as because the p-wave
contribution to contrast decay contains both
q1-independent and q1-dependent terms. The
q1-independent contribution is generated by
the term C

þT

ˇ

z

N i. This term is responsible for
the density-dependent dephasing between atoms
distributed in different 2D traps. The echo pulse
removes it as well as other dephasing effects
of technical origin. The q1-dependent contri-
bution is generated by the term w−þðT

ˇ

z Þ2 in the
Hamiltonian and can lead to many-body orbital
correlations that are not removable by echo.
For q1 = p/4, the Ramsey contrast decays more

slowly with an echo pulse (Fig. 3B). This positive
echo effect can be attributed to the suppressed
dephasing from inhomogeneous atomic densi-
ties across different 2D traps (q1-independent
contribution) and to the faster number loss with
echo (as we normalize the contrast against re-
maining atom number).
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Fig. 3. Evolution of orbital coherence in nuclear spin-polarized samples. (A) Upper panel: Ramsey
sequence with varying q1 and tfree. Lower panel: Sequence with an echo (p) pulse.The group of circles
illustrates the orbital configurations for interrogated atoms (black circles). (B and C) Normalized
Ramsey contrasts for q1 = p/4, xi = 100%, under two different radial temperatures, TR = 5.4 mK and 2.6 mK,
respectively. The contrast is normalized by comparing the high-atom-number raw Ramsey fringe
contrast, C (defined in the main text), against the low-atom-number raw contrast.The high total atom
numbers (measured at a very short free evolution time, tfree = 20 ms) are in the range of 2200 to 3100
for Figs. 3 and 4 (day-to-day variation over 4months). However, for each specific case, the data without
and with echo were taken on the same day and their atom numbers are matched to within 3 to 7%.
These atom numbers are recorded and serve as inputs to our theory calculation of Ramsey contrast
decay. Solid and open symbols denote measurements with and without echo; solid and dashed lines
show theory calculations with and without echo, respectively, using a two-orbital model with indepen-
dently determined parameters (based on measurements shown in Fig. 2 and previous studies, see
Table 1). Under the conditions of (B) and (C), the dominant source for contrast decay arises from p-wave
interactions between the interrogated atoms. (D) Effects of echo, characterized by the ratio of contrast
with echo to that without echo, for q1 = p/4 (antidiagonal ellipse and solid line), p/2 (horizontal ellipse and
short dashed line), and 3p/4 (diagonal ellipse and short dotted line), under xi = 100%. Error bars represent
1s multiplied by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
wreduced
2

q
.

Table 1. s- and p-wave scattering lengths in units of the Bohr radius. Here, except for agg = 96.2 T 0.1 a0, all the other scattering parameters are
extracted in this work on the basis of current (this work) and previous measurements (21, 36) as well as the analytic relations (37).

Channel

Scattering lengths in units of
the Bohr radius (a0) Determination method

s-wave p-wave

gg 96.2 T 0.1 74.6 T 0.4 s-wave: Two-photon photoassociative spectroscopy (25)
and rovibrational spectroscopy (26)

p-wave: Analytic relation between s- and p-wave parameters (37)
eg+ 169 T 8 –169 T 23 s-wave: Analytic relation (37)

p-wave: Density shift in a polarized sample (21)
eg– 68 T 22 −42−22

þ103 s-wave: Density shift in a spin mixture at different temperatures (this work)
p-wave: Analytic relation (37)

ee (elastic) 176 T 11 –119 T 18 s-wave: Analytic relation (37)
p-wave: Density shift in a polarized sample (21)

ee (inelastic) gee = 46−32
þ19

bee = 121 T 13 Two-body loss measurement (36) and analytic relation (37)
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In a polarized sample where p-wave interac-
tions dominate, the contrast decay is expected to
be insensitive to TR. This is confirmed with mea-
surements performed at TR = 2.6 mK (Fig. 3C)
that show similar decay behaviors to those at
5.4 mK (Fig. 3B). In addition, we find an excellent
agreement between the data and the theoretical
model that uses temperature-insensitive p-wave
parameters. Figure 3D plots the ratio of contrasts
with and without echo for different pulse areas
and illustrates the positive echo effect in sup-
pressing contrast decay for q1 = p/4, as well as the
negative effect for q1 = 3p/4 when the echo en-
hances contrast decay. The negative echo effect
can be attributed to both the development of

many-body orbital correlations for q1 = 3p/4 (21)
and the reduced e-e loss after the echo. All mea-
surements are well reproduced by our spin lat-
tice model.

Spin-orbital SU(N) dynamics in
spin mixtures

To investigate the interplay between orbital and
spin degrees of freedom, we performed similar
spectroscopic measurements in spin-mixed sam-
ples (Fig. 4A). We studied the spin-mixed cases
under TR = 5 to 6 mK, with q1 = p/4 and the
interrogated fraction xi = 14% and 56% (Fig. 4, B
and C, respectively). Here, the data show similar
positive effect of an echo pulse in the presence of

spectator atoms. Because p-wave interactions be-
tween interrogated atoms are reduced as the in-
terrogated fraction decreases, the overall contrast
decay becomes slower. On the basis of the deter-
mined scattering parameters, ourmodel predicts
that spectator atoms cause almost negligible de-
coherence effects at this high TR = 5 to 6 mK (31).
Whenwe decreased TR to ~2 mK, the rise of the

s-wave contribution caused enhanced decoher-
ence effects coming from the spectator atoms.
Figure 4D illustrates the influence of spectators
for the xi = 14% minority case, where contrast
decay is clearly faster than in Fig. 4B. The in-
clusion of off-resonant mode-changing colli-
sions as higher-order corrections is required
for temperatures below 5 mK to accurately re-
produce the experimental observations (31). These
mode-changing collisions can be visualized as
relocating pairs of atoms in the energy-space
lattice shown in Fig. 1C, analogous to interaction-
induced tunneling processes in a real-space lat-
tice. The echo pulse suppresses the part of contrast
decay arising from mode-preserving collisions
between spectators and interrogated atoms, but
it cannot reverse the decay due to mode-changing
processes. In Fig. 4D, the measured contrast de-
cay with echo enables us to determine a single
parameter characterizing themode-changing pro-
cesses (31).
For a further and independent test of our

model, we explored another case with xi = 56%
and TR ~ 2 mK, such that both the interrogated
atoms and spectator atoms have important con-
tributions to the contrast decay. The data were
well described by the same theorymodel (Fig. 4E
and fig. S1) without any variation of the pre-
determined parameters, demonstrating a firm
understanding of the system dynamics.
The experimental exploration of exotic SU(N)

physics is just starting. The unique capability of
precision laser spectroscopy has so far allowedus
to explore Ising orbital magnetism at relatively
high temperatures. Future studies will explore
the full Hamiltonian including the exchange in-
teractions by controlling the atomic density,
temperature, and the magnetic field to engineer
various spin-spin and spin-orbital dynamics.
This will allow expansion of the frontier of emer-
gentmany-body quantumphysics at increasingly
high temperatures, as well as the study of time-
resolved dynamics in the SU(N) Kondo lattice
and Kugel-Khomskii models (3, 40, 41) in the
quantum gas regime.
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STRUCTURAL BIOLOGY

Crystal structure of the CRISPR RNA–
guided surveillance complex
from Escherichia coli
Ryan N. Jackson,1 Sarah M. Golden,1 Paul B. G. van Erp,1 Joshua Carter,1

Edze R. Westra,2* Stan J. J. Brouns,2 John van der Oost,2 Thomas C. Terwilliger,3

Randy J. Read,4 Blake Wiedenheft1†

Clustered regularly interspaced short palindromic repeats (CRISPRs) are essential components
of RNA-guided adaptive immune systems that protect bacteria and archaea from viruses
and plasmids. In Escherichia coli, short CRISPR-derived RNAs (crRNAs) assemble into a
405-kilodaltonmultisubunit surveillance complex called Cascade (CRISPR-associated complex
for antiviral defense). Here we present the 3.24 angstrom resolution x-ray crystal structure
of Cascade. Eleven proteins and a 61-nucleotide crRNA assemble into a seahorse-shaped
architecture that binds double-stranded DNA targets complementary to the crRNA-guide
sequence. Conserved sequences on the 3′ and 5′ ends of the crRNA are anchored by proteins
at opposite ends of the complex, whereas the guide sequence is displayed along a helical
assembly of six interwoven subunits that present five-nucleotide segments of the crRNA in
pseudo–A-form configuration.The structure of Cascade suggests a mechanism for assembly
and provides insights into the mechanisms of target recognition.

C
lustered regularly interspaced short palin-
dromic repeat (CRISPR) loci provide the
molecular memory of an adaptive immune
system that is prevalent in bacteria and
archaea (1–5). Each CRISPR locus consists

of a series of short repeats separated by non-
repetitive spacer sequences acquired from foreign
genetic elements such as viruses and plasmids.

CRISPR loci are transcribed, and the long prima-
ry transcripts are processed into a library of short
CRISPR-derived RNAs (crRNAs) that contain se-
quences complementary to previously encoun-
tered invading nucleic acids. CRISPR-associated
(Cas) proteins bind each crRNA, and the result-
ing ribonucleoprotein complexes target invading
nucleic acids complementary to the crRNA guide.
Targets identified as foreign are subsequently
degraded by dedicated nucleases.
Phylogenetic and functional studies have iden-

tified three main CRISPR-system types (I, II, and
III) and 11 subtypes (IA to IF, IIA to IIC, and IIIA
to IIIB) (6). The type IE system from Escherichia
coli K12 consists of a CRISPR locus and eight cas
genes (Fig. 1A). Five of the cas genes in this system
encode for proteins that assemble with the crRNA
into a large complex called Cascade (CRISPR-

associated complex for antiviral defense) (7). Ef-
ficient detection of invading DNA relies on com-
plementary base pairing between theDNA target
and crRNA-guide sequence, as well as recognition
of a short sequence motif immediately adjacent
to the target called a protospacer-adjacent motif
(PAM) (8–10). Target recognition by Cascade trig-
gers a conformational change and recruits a trans-
acting nuclease-helicase (Cas3) that is required
for destruction of an invading target (8, 11–15).
However, an atomic-resolution understanding of
Cascade assembly and crRNA-guided surveil-
lance has not been available.
Tounderstand themechanismof crRNA-guided

surveillancebyCascade,wedetermined the 3.24 Å–
resolution x-ray crystal structure of the complex
(Fig. 1). The structure explains how the 11 pro-
teins assemble with the crRNA into an interwoven
architecture that presents discrete segments of
the crRNA for complementary base pairing. Over-
all, the Cascade structure reveals features required
for complex assembly and provides insights into
the mechanisms of target recognition.

Overview of the Cascade structure

We determined the x-ray crystal structure of Cas-
cade by molecular replacement, using the 8 Å
cryo-electron microscopy (cryo-EM) map as a
search model (Fig. 1, fig. S1, table S1, and sup-
plementary materials and methods) (12). Initial
phases were improved and extended to 3.24 Å by
averaging over noncrystallographic symmetry
(16). The asymmetric unit contains two copies of
Cascade that superimpose with an average root
mean square deviation (RMSD) of 1.29Å for equiv-
alently positioned Ca atoms (fig. S2). Here we
focus our description on complex one, but both
assemblies consist of 11 protein subunits and a
single 61–nucleotide (nt) crRNA that traverses
the length of the complex. Nine of the 11 Cas pro-
teins make direct contact with the crRNA, and
eight of the nine RNA-binding proteins contain a
modified RNA recognitionmotif (RRM) (Fig. 1, B
to D). The 5′ and 3′ ends of the crRNA are derived
from the repeat region of the crRNA and are
bound at opposite ends of the seahorse-shaped
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