operon expression is increased by uncharged
tRNAT™, In B. subtilis, as described in this
article, uncharged tRNA™™ accumulation leads
to AT production, and AT inactivates TRAP,
leading to antitermination and increased #rp
operon expression. Each of these regulatory
mechanisms appears to be effective in regulat-
ing trp operon expression. The regulatory dif-
ferences observed presumably reflect evolu-
tionary adjustments of ancestral species in their
attempts to optimize gene expression in relation
to operon organization and. overall metabolism
(1-3, 16, 29).
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Experimental Realization of
Noiseless Subsystems for
Quantum Information Processing

Lorenza Viola,"*t Evan M. Fortunato,?* Marco A. Pravia,?
Emanuel Knill,” Raymond Laflamme,’ David G. Cory?

We demonstrate the protection of one bit of quantum information against all
collective noise in three nuclear spins. Because no subspace of states offers this
protection, the quantum bit was encoded in a proper noiseless subsystem. We
therefore realize a general and efficient method for protecting quantum in-
formation. Robustness was verified for a full set of noise operators that do not
distinguish the spins. Verification relied on the most complete exploration of
engineered decoherence to date. The achieved fidelities show improved infor-
mation storage for a large, noncommutative set of errors.

Quantum information is represented in
terms of superposition states of elementary
two-level systems, known as qubits. The
coherence properties of such superpositions
are essential to the extraordinary capabili-

www.sciencemag.org SCIENCE VOL 293

ties that quantum mechanics promises for
quantum simulation (/), computation (2),
and communication (3). At the same time,
they are also extremely vulnerable to the
decoherence processes that real-world
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quantum devices undergo due to unwanted
couplings with their surrounding environ-
ment (4). Thus, achieving noise control is
indispensable for practical quantum infor-
mation processing (QIP). While a variety of
strategies have been devised to meet this
challenge, no single method can compen-
sate for a completely arbitrary noise pro-
cess. Rather, constructing a reliable QIP
scheme depends crucially on the errors that
happen. If the interaction with the environ-
ment is sufficiently weak, then, to a good
approximation, a restricted set of errors
dominates the information loss, and active
quantum error correction (QEC) (5) can be
successfully implemented. Another in-
stance where the relevant errors are a sub-
set of all possible errors occurs when the
system-environment interaction, no matter
how strong, exhibits a symmetry. This mo-
tivated passive noise control schemes based
on encoding quantum information into
“noiseless” (or “decoherence-free”, DF)
subspaces (6—9). A DF subspace is spanned

2059



2060

by states of the system that, up to a possible
common phase factor, experience no evo-
lution under the noise. In fact, the existence
of such invariant states is only one of the
possibilities by which the underlying sym-
metry may reflect into the evolution of the
system, i.e., the one where all the properties
defining the quantum state are effectively
conserved. While this turns out to be an
exceptionally favorable situation, symme-
tries always imply the existence of con-
served quantities. The notion of a noiseless
subsystem (NS) (10) captures this intuition,
opening the way for exploiting symmetries
in full generality. The basic insight is that
protecting quantum information need not
require protecting the entire state. A clas-
sical example is parity preservation under
the action of paired bit-flips, where the sum
(modulo 2) of a bit string is unchanged by
flips of any two bits. Similarly, by encod-
ing quantum information into the abstract
subsystems corresponding to preserved de-
grees of freedom, noiselessness is guaran-
teed even if errors still evolve the overall
system’s state.

The fact that NSs cover the full range of
possibilities for error-free storage has imme-
diate practical significance: Not only can NSs
exist in the absence of DF subspaces, as in the
situation addressed by our experiment, but
they can ensure the same degree of protection
through more efficient encodings (/0). Even
in a scenario where memory resources are not
a concern, NSs allow for a major conceptual
advance in realizing noise control in QIP. The
identification of appropriate NSs provides the
key for linking passive stabilization schemes
with active error control based on either QEC
or quantum error suppression (/1), resulting
in a unified picture of noise control strategies
that is not achievable in terms of subspaces
alone (10-12). In particular, although a cor-
respondence exists between degenerate QEC
codes and DF subspaces (/3), establishing a
similar duality for arbitrary codes requires the
more powerful NS formalism (10, 12, 14). In
fact, the deepest implication behind the NS
idea is to point to the ultimate structure, a
logical subsystem, where quantum informa-
tion can reside. While the full impact of
subsystems in QIP is still to be appreciated,
this is likely to be substantially beyond noise
protection itself—shedding light, for in-
stance, on approaches to quantum universal-
ity (15) and entanglement (/6).

A relevant symmetry arises when the
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environment couples to the qubits without
distinguishing between them. This “far
field” regime, where each qubit “feels” the
same fluctuation, is entered whenever the
spatial separations between the qubits are
small relative to the correlation length of
the environment. The resulting “collective”
noise behavior provides the paradigmatic
situation for discussing passive noise con-
trol. Experimental efforts to date have been
limited to demonstrating the existence of
protected subspaces under special types of
collective noise—a single DF state of two
photons (/7) and a DF subspace of two
trapped ions (/8). For arbitrary collective
noise acting on three qubits there are no
protected subspaces, but there is a NS.
Here, we realize this minimal, three-qubit
NS to guarantee the preservation of one
qubit against the most general collective
noise.

Our physical system is composed of three
spin 1/2 particles. Let @, @ = x, y, z, denote
Pauli spin operators acting on the jth qubit,
7 =1, 2, 3. Under collective noise conditions,
only global angular momentum operators S,
= (6® + ¢@ + ¢@®)/2 contribute to the
system-environment interaction. If the spins
are initially in a pure state 2, , the effect of
the environment may be depicted in terms of
a quantum operation that leaves them in a
mixed State’ gin_) gout = cé(gm) = 2a Ea gin
E?, for a set of error operators {E,} satisfying
3, El E, = 1. The possible errors that the
error generators S, can induce belong to the
“interaction algebra” s (10), which contains
all the linear combinations of arbitrary prod-
ucts of S_ and the identity. In the weak-noise
limit addressed by ordinary QEC, the rele-
vant first-order errors essentially coincide
with the generators S,. Error operators in-
volving products of any number of S, occur
for sufficiently strong or sufficiently long
exposure to noise. Thus, & provides the ap-
propriate tool for discussing protection of
information with “infinite-distance,” against
arbitrarily large noise strength and/or order in
time. The interaction algebra s{_ for general
collective noise consists of all the totally
symmetric operators—which reflects the per-
mutation-symmetry of the noise. For three
qubits, the dimension of the symmetric oper-
ators’ subspace is 20, so an error basis for
describing an arbitrary collective noise pro-
cess can be constructed from 20 three-spin
operators (out of the possible 64). Simpler
collective noise models, like the ones probed
in (17, 18), correspond to smaller error alge-
bras. For instance, collective dephasing with
arbitrary strength, €,, is described by an abe-
lian subalgebra o spanned by four elements,
1, S,, 82, S>—and similarly for any fixed
axis. The full, nonabelian s can be induced
by cascading noise processes along at least
two noncommuting spatial directions, e.g.,

gout = %zx(gm) = %z (%x(gm))

The NS reported here lives in the four-
dimensional subspace H, ,, of states carrying
total angular momentum S = 1/2 (10, 19).
Basis states for H, are specified by two
quantum numbers,| \, s,), wheres, = * 1/2 s
the eigenvalue of S, and A = 0,1 accounts for
the existence of two distinct pathways lead-
ing to total angular momentum § = 1/2 (14,
19). Because each of the error generators S,
acts equivalently and nontrivially only within
each path, the quantum number A is preserved
under the action of arbitrary errors in .

- Thus, the logical subsystem L supported by A

is a NS under general collective noise. In
other words, H,,, can be pictured as the state
space of two abstract qubits: L, which is fully
protected against collective errors, and Z,
which carries all the entropy inserted by the
noise. The stability of information encoded in
L against all error operators in & _ character-
izes L as an infinite-distance QEC code for
collective noise (/0). Because four physical
qubits are required for attaining the same goal
through a DF subspace (6), the three-qubit
NS realizes the smallest one-bit noiseless
quantum memory under .

In terms of the single-qubit input p,, and
output p_, for the data spin alone (see Fig. 1
for outline of experiment), the overall effect
of the procedure is described by a one-bit
quantum operation that maps p,, —> p,,, =
Q(p,,)- Ideally, p_ . = p,.. In the presence of
unavoidable imperfections, we invoke the en-
tanglement fidelity F, (20) as the appropriate
measure for quantifying the preservation of
the quantum data. For a given process Q,
F () = 1ifand only if © perfectly preserves
every input state. A complete characteriza-
tion of © from experimentally available
data can be obtained by “quantum process
tomography” (21), which relies on measur-
ing the output states generated from a com-

lete set of independent input states. Let
?0) and |1) denote the eigenstates of a_,
and define | +) = (10) + | 1))/ V2, | +i) =
(10y + i [1))/V2, respectively. Under the
assumption that Q describes a “unital” pro-
cess for which (1) = 1, F(Q) can be
calculated as (22) :

F(Q)=(FioytF |yt Fy—1)2

where F,, = Tr{[y, X Wl @ (14, )0,.D}
is the input-output fidelity for the intended
one-bit pure input state |¢in).

Our implementation was performed by
liquid-state nuclear magnetic resonance
(NMR) on a sample of '3C-labeled alanine
(Fig. 2) in D,O solution, with a 300-MHz
Bruker Avance spectrometer. NMR QIP
has been extensively discussed in the liter-
ature (23). Room-temperature NMR qubits
exist in highly mixed, separable states.
Thus, NMR QIP relies on “pseudo-pure”
(p.p.) states whose traceless (or “devia-
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tion”) component is proportional to that of
the corresponding pure state. The identity
component of the density matrix is unob-
servable and can be treated as a constant
under the assumption of unital dynamics
(24). Initialization of the qubits in one of
the 3-spin p.p. input states QPP =
|00y, )00, |, where the data-bit state
[,y = 10), [+), |+i) is defined above,
was accomplished with standard gradient-
pulse techniques. A sequence of transfor-
mations generating the above states from
the 3-spin thermal equilibrium state, as
well as other implementation details, can be
found in (25). State preparation was veri-
fied by tomographically reconstructing the
resulting 3-spin deviation density matrix.
An amount of identity component able to
optimize the fidelity with the intended
3-spin p.p. state was added to the experi-
mental QPP (26) and maintained through-
out the analysis. The evolution of a p.p.
state is equivalent to the corresponding
pure-state evolution under unital dynamics.
The logical manipulations involved in the
NS encoding and decoding were mapped
into ideal pulse sequences by standard
quantum network methods (23). Pulses
were implemented by modulating the inter-
nal Hamiltonian of the alanine molecule
(Fig. 2) with externally controlled radio-
frequency (RF) magnetic fields.

To investigate the NS performance in a
controlled way, the time delay between en-
coding and decoding is designed to imple-
ment a net evolution of the spins under a
desired collective noise model. Unwanted,
symmetry-breaking dynamics generated by
the molecule’s internal Hamiltonian were
refocused by using standard average Ham-
iltonian techniques (23). A variety of col-
lective noise processes can be engineered
through gradient-diffusion methods (27,
28). A pulsed magnetic field gradient
9B, /dz parallel to the static quantizing field
B, causes the spins to precess with a z-

Fig. 1. Logical quan-

Encoding
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dependent Zeeman rate, thereby acquiring a
phase factor that is identical for each spe-
cies but varies linearly with z (29). These
spatially dependent phases add incoherent-
ly to zero when the integrated signal from
the sample is measured. Thus, the action of
a strong gradient pulse over the ensemble
amounts to an incoherent implementation
of all the possible collective phase errors,
emulating the error algebra s, of the strong
dephasing regime. Collective noise along
an arbitrary axis is induced by sandwiching
a z-noise between RF pulses, effecting a
collective rotation of the spin state to the
desired axis (28). The incoherent action of
a single gradient pulse could be refocused
by a second inverse gradient. A truly irre-
versible, decoherent implementation of col-
lective noise is obtained by allowing for
molecular diffusion to take place for a time
At before applying an inverse gradient. Be-
cause the molecules have moved, the spins’
phases are not returned to their original
values but are randomly modified. Thus,
the combined gradient-diffusion action re-
sults in an exponential signal loss whose
effective decay rate 1/t is proportional to
the diffusion constant and tunable with the
gradient intensity (27).

Decoherent collective noise of variable
strength was engineered by stepping the
gradient amplitude from 0 to the maximum
achievable value of about 0.5 T/m, and
applied for a fixed evolution time ¢,,. All
noise strengths 1/t were calibrated by in-
dependent measurements with a gradient
stimulated echo sequence (27). The at-
tained ratios ¢, /7 are sufficient to push the
evolution beyond the weak-dephasing re-
gime that can be compensated for by QEC
(30). Separate experiments were performed
to expose the NS-encoded qubit and the
unencoded data spin, C;, to single-axis col-
lective z and y noise (Fig. 3). Both the
unencoded and NS-encoded data are fit to a

decaying exponential model, F, = 4,

Decoding

exp(—t,,/T) + B (3I). The asymptotic F,
value given by B is a relevant figure of
merit for lower-bounding the entanglement
fidelity attainable for single-axis noise of
arbitrary strength. The test data are expect-
ed to decay under a single-qubit dephasing
channel along y—i.e., 4, = B = 0.50—as
opposed to the observed values of 4, =
0.51 £ 0.04, B = 0.43 = 0.03. For the NS
data, the theory predicts a constant unit F,.

Fig. 2. Molecular structure of '3C-labeled
alanine. The internal Hamiltonian for the
three carbon qubits is accurately described by
H,, = @v,e + v,6® + vo® +
(J12008) + 1550800 + J150{"aP)/2)]. The
resonance frequency of carbon-13 nuclei in a
magnetic field of ~ 7.2 T is v, = 75.4736434
MHz. The chemical shifts and the J-coupling
parameters are as follows: v, — v, = 7167
Hz, v, — vy = —2286.5 Hz, v; — v, =
—4881.4 Hz, J,, = 54.1 Hz, J,, = 35.0 Hz,
and J,; = —1.3 Hz. Conditional gates be-
tween qubits 1 and 3 were replaced by com-
positions of operations between pairs (1,2),
(2,3) to avoid using the slow (1,3)-coupling.
Once the logical operations were translated
into sequences of RF pulses and delays, com-
plete pulse programs for U, . U, resulted
from the compilation of the partial pulse
programs for individual gates. Consecutive
pulses were combined whenever possible to
allow for a faster implementation. The pulses
were designed to guarantee self-refocusing
of all the J-coupling and chemical-shift
evolutions.

tum network for the

NS experiment. The
information is initially

stored in qubit 3, |0> _

while qubits 1 and 2 2

are initialized in the

state |0). A unitary |l//i,,>3 U,

Uy

Gate U applied conditional

Engineered
noise
)
N

on control state being 0
0
B | Win >2

Gate U applied conditional

on control state being 1

encoding transforma-
tion U, is applied to 11 i

map the initial input == ]
state space into the 2l
NS (79). A time delay

follows, during which the qubits are stored in the NS memory. Applying
the unitary transformation U, returns the information to the state of

=11 =L

2] 1o -
o o

transformation U

coll

] o =exp(2mi/3)

X NOT (or 6,) operation

looy, ) = l¥,), ® |—1/2),. A collective noise
process €_,, = {E,} only affects the Z subsystem. U, decodes a generic

carbon 2. Encoding and decoding networks are expressed in terms of
controlled rotations. U, is a simplified version of U;.! obtained by
exploiting the knowledge of the initial non-data bits. For N:in) = a|0)
+ Bl1) with arbitrary complex o, B, la|2 + |g|2 = 1, and an initial
3-spin state [0); ® 0), ® |y, ); = |00Y,), U, implements a

enc

www.sciencemag.org SCIENCE VOL 293 14 SEPTEMBER 2001

noisy state £, (14 ), ® [—1/2),) in H,,, to the computational basis,
Uy e 10y, & 1"5) ® (c,1=172), + d,|+1/2))] = ac,lo00) +
BcaTO‘lO) + ad,|00T) + Bd,|011) for appropriate coefficients. This
produces the intended state of qubit 2 upon discarding spins 1 and 3, i.e,,

Tr1,3 {Udec[%coll(l‘l’in>L<‘l’inl ® |_1/2 >Z <_1/2|)]Uzec} = |"l"in>2<"l"in"
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Fig. 3. Experimentally determined entanglement fidelities for the decoherent implementation of
single-axis collective error models. We used a diffusion time At ~ 34 ms and gradient times 8 ~
5 ms, giving a fixed t,, = 28 + At ~ 44 ms. Variable-strength collective noise along either the y
axis [NS-encoded (squares) and un-encoded data (triangles)] or the z axis [NS-encoded data only
(circles)] was applied during t,,. The decay of the un-encoded spin, C;, was measured by turning off
the NS-encoding and -decoding sequences. Both the un-encoded and encoded data are fit to an
exponential decay, with the interpolated (solid) and extrapolated (dashed) lines shown in the plot.
Best estimates and standard deviations of the parameters are also given. The relatively large error
bars of the data arise from a conservative estimate of the uncertainties associated with the

noise-strength determination.

In the experiment, both a constant term,
B =0.64 = 0.02 (y) and B = 0.62 £ 0.02
(2), and a small decaying contribution,
A, = 0.03 = 0.03 (both y and z), are seen.
For both the NS- and the unencoded cases,
departures from the ideal values are ex-
plained by pulse imperfections and by nat-
ural relaxation processes, whose action is
assumed to be independent of the applied-
noise strength. Several remarks are in order
concerning the NS data. First, the fact that
4, is compatible with zero suggests that the
measured signal predominantly originates
from the NS, as a signal from other loca-
tions would decay with increasing applied
noise. Second, because B well exceeds the
threshold value of 0.50, the implementation
guarantees, in principle, entanglement pres-
ervation for arbitrary noise strength (32).
Finally, the fidelities achieved for suffi-
ciently strong noise imply an actual im-
provement in preserving quantum informa-
tion via the NS code.

A variety of incoherent collective error
processes were also implemented to ex-
plore exhaustively the NS robustness under
strong single- and multiple-axes noise that
fully probe the nonabelian error algebra of
general collective noise. Incoherent imple-
mentations have the advantage that full-
strength error models can be induced quick-

ly as compared with the natural relaxation
time scales. The experimental data for both
unencoded and NS-encoded evolutions are
summarized in Table 1. As in the decoher-
ent case, the F, values for single-axis noise,
. @ = X, y, z, demonstrate the infinite
error-correcting behavior of the NS code
against errors in the corresponding abelian
subalgebra . Robustness against the full
A, is verified through the composite pro-
cesses (Q,, Q,,» Q,.,) obtained by sequen-
tially implementing evolution periods cor-
responding to single-axis error models
along different directions. The measured
input-output and entanglement fidelities are
consistent with the expectation that single-
axis and composite noise processes induce
full phase-damping and full depolarization
on the unencoded data bit—with predicted
fidelities of 0.50 and 0.25, respectively.
Infinite-distance error-correcting behavior
with respect to &_ is established by the
unchanged fidelity levels observed in
the presence of the applied noise relative to
the corresponding no-error case. The data
show a substantial increase in the amount
of information retained under the action of
the applied error models.

NSs provide extremely efficient means of
preserving quantum information whenever a
dominant symmetry occurs in the noise.

Table 1. Summary of experimental data for the
incoherent implementation of various collective
error models. The first column lists the one-bit
quantum processes realized in the experiment.
Gradient fields with maximum strength ~ 0.5 T/m
were applied during a fraction 3 ~ 0.5 ms of the
evolution period, t,, ~ 3, 6, 9 ms for single-,
double-, and triple-axes error models, respectively.
In addition to the applied error model €,, €, €,,
bpo €y, and 8, the channel label specifies
whether (ns) or not (un) encoding and decoding
procedures were implemented. The processes
Qons Loons ANd Qoo s differ in the length of the
evolution period over which they apply the triv-
ial error model (i.e., the identity evolution). For
each process, the input-output fidelities f),, ,
involved in the process tomography as well as
the resulting entanglement fidelities F, are list-
ed. Statistical uncertainties are ~ 2%, arising
from errors in the tomographic density matrix
reconstruction.

uantum
Qprocess Fioy F 14) Flaiy F,
Qyun 0.50 0.97 0.49 0.48
Qons 0.84 0.74 0.78 0.68
Quns 0.79 0.74 0.78 0.66
Qyns 0.81 0.77 0.82 0.70
Qzns 0.86 0.72 0.76 0.67
Qooun 0.49 0.50 0.50 0.24
Qoouns 0.80 0.79 0.80 0.70
2ons 0.78 0.80 0.82 0.70
Qay.ns 0.79 0.80 0.82 0.70
Qooo.ns 0.77 0.79 0.78 0.67
Qyzins 0.75 0.80 0.77 0.66

Therefore, symmetry should be a leading cri-
terion for engineering QIP. We have shown
that the implementation of NSs is within the
reach of current quantum information tech-
nologies. Although the attained fidelities are
less than ideal and point to the need for
improved quantum control capabilities, our
implementation convincingly demonstrates
improvement in error-correcting a class of
both abelian and nonabelian error models via
an infinite-distance one-qubit quantum code.
The encoding, decoding, and verification
techniques used here are exportable to other
quantum information devices, where the
dominant noise mechanisms are collective in
nature. Besides providing the chief source of
ambient noise in trapped ion QIP (I8), col-
lective noise behavior is also expected to be
predominant in solid-state architectures based.
on either nuclear spin (33) or quantum dot
(34) arrays. NS coding, possibly combined
with fault-tolerant and active control meth-
ods, can thus play a practical role for both
reliable storage and manipulation of quantum
information in future QIP.
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REPORTS

Direct Measurement of the
Preferred Sense of NO Rotation
After Collision with Argon

K. Thomas Lorenz,’ David W. Chandler,” James W. Barr,2
Wenwu Chen,? George L. Barnes,? Joseph I. Cline?

The preferred sense of product molecule rotation (clockwise or counterclock-
wise) in a bimolecular collision system has been measured. Rotationally in-
elastic collisions of nitric oxide (NO) molecules with Ar atoms were studied by
combining crossed molecular beams, circularly polarized resonant multiphoton
ionization probing, and velocity-mapped ion imaging detection. The observed
sense of NO product rotation varies with deflection angle and is a strong
function of the NO final rotational state. The largest preferences for sense of
rotation are observed at the highest kinematically allowed product rotational
states; for lower rotational states, the variation with deflection angle becomes
oscillatory. Quantum calculations on the most recently reported NO-Ar po-
tential give good agreement with the observed oscillation patterns in the sense

of rotation.

Crossed molecular beam studies of inelastic
and reactive bimolecular collisions have pro-
vided the most detailed information on the
elementary processes fundamental to an un-
derstanding of chemical reactions (/, 2). The
power of the crossed beam experiment arises
from the control of initial conditions such as
collision energy and the direction of reactant
approach. Scalar quantities measured in such
experiments include chemical reaction prob-
abilities and energy partitioning among prod-
uct states. Measurements of vector quantities,
such as product velocity or rotational angular
momentum, reveal the correlations among
the directional properties of the reactant and
product trajectories. The vector quantity mea-
sured in traditional crossed beam experiments
is the differential cross section (DCS), which
gives the probability of product formation as
a function of the angle between the directions
of product approach and reactant recoil. Re-
cent advances have made possible the mea-
surement of product recoil direction in coin-
cidence with the direction of product angular
momentum. Such measurements provide a
detailed picture of the final reaction trajecto-
ry, which is highly sensitive to the topology
of the potential energy surface (PES) along
the reaction pathway.

Case and Herschbach have shown that
measurements of four vectors provide a com-
plete account of the scattering dynamics of an
atom-diatom system (3). The important vec-
tors are v, v', j, and j’, which describe the
reactant and product relative velocity and the
reactant and product angular momentum, re-

"Combustion Research Facility, Post Office Box 969,
MS9055, Sandia National Laboratory, Livermore, CA
94550, USA. 2Department of Chemistry and Chemical
Physics Program, University of Nevada, Reno, NV
89557, USA.

spectively (3-35). If the reactant diatom is
nonrotating, then the angular correlation
among the directions of reactant approach v,
product ejection v’, and product angular mo-
mentum j' is of interest. The full v-v'-j’
correlation includes both rotational alignment
(the preferred plane of product rotation) and
the rotational orientation (the preferred sense
of product rotation) with respect to the scat-
tering plane defined by v and v'. Recent
advances in Doppler spectroscopy (6, 7), la-
ser ionization/time-of-flight techniques (8-
10), and ion imaging (//, 12) have made
possible experimental measurements of rota-
tional alignment for a number of reactive and
inelastic scattering systems. However, theo-
retical studies have indicated that rotational
orientation may be a more sensitive probe of
the scattering dynamics (/3—-15). In this pa-
per, we report the first experimental observa-
tions of molecular rotational orientation in a
full two-body collision.

Our experiments study rotationally inelas-
tic collisions of nonrotating, nonvibrating,
ground-electronic-state NO molecules with
Ar atoms [NO 2I1, ,(v = 0,5 = 1/2) + Ar —
NO 2I1,,(v' = 0, j') + Ar] at a center-of-
mass (CM) frame collision energy of 66
meV. The highest NO rotational state that can
be populated at this collision energy is j/ =
16.5. Figure 1 shows a schematic representa-
tion of one type of trajectory for classical
scattering superimposed over image data de-
scribed below. The NO molecule, tilted by an
angle a, approaches from the right with initial
velocity v. The Ar atom approaches from the
left, offset by impact parameter b. After col-
lision, the initial NO velocity, v, is deflected
through the angle 6. For simplicity in this
illustration, we have chosen the reactant NO
internuclear axis to lie in the scattering plane,
so that the product NO angular momentum
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