[ atoms are produced at the w; = 3w, energy
level (at ~10.6 eV). This signature is also
evident in the modulation data. Between
354.98 and 356.18 nm, which corresponds to
the region of the 5dm and 5d8 resonances of
HI (20), we obtained control with a 150° lag
between the two signals. Between 354.28 and
354.88 nm (the region of the 5fo and 5fw
resonances), we saw little or no modulation of
the ion signals, while between 353.78 and
354.23 nm (the region of the 550 resonance)
we again obtained modulation, but in this
case there was no lag between the HI* and [*
signals. Finally, for wavelengths shorter than
353.78 nm, modulation was again absent.

In order to obtain phase modulation of I
the controlled state must be reached by both
o5 and 30,. Because HI autoionization struc-
ture dominates the w; spectrum of 1" (Fig.
4B), it follows that I atoms are produced by w;
and 3w, at 10.6 ¢V (21). This evidence rules
out the second mechanism, which produces 1
at the 2w, level. Moreover, the autoionizing
structure of 1(°P;,) is absent in the I spec-
trum (Fig. 1B). In particular, a strong reso-
nance at the atomic ionization threshold (22)
is conspicuously absent in this spectrum. Also,
tuning the UV laser to the 2-+1 REMPI fre-
quencies of I(°P,;, 5, failed to produce any
structure in the I spectrum (Fig. 1B). If two
photons produce an excess of [ atoms, both of
these features would be prominent in the
spectrum.

Another possibility involving two se-
quential control steps (for example, reac-
tions 7 and 9) can be also ruled out, because
this mechanism would cause 17 to have
twice the modulation frequency of HI™.

We have controlled the outcome of a
chemical reaction by quantum-mechanical
interference between competing excitation
paths. We have used two laser beams to
promote the HI molecule to a state that is
embedded in both autoionization and pre-
dissociation continua. By varying the phase
difference between the two beams we favor
one reaction product over the other. The
ultimate goal of using lasers to break specif-
ic bonds in a molecule appears to he within
reach.
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Radar Images of Asteroid 4179 Toutatis
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Delay-Doppler images of the Earth-crossing asteroid 4179 Toutatis achieve resolutions
as fine as 125 nanoseconds (19 meters in range) and 8.3 millihertz (0.15 millimeter per
second in radial velocity) and place hundreds to thousands of pixels on the asteroid, which
appears to be several kilometers long, topographically bifurcated, and heavily cratered.
The image sequence reveals Toutatis to be in an extremely slow, non-principal axis

rotation state.

Optical investigations of Earth-orbit—
crossing asteroids (ECAs) are limited by
their small angular sizes (typically <<1 arc
sec), but radar measurements of the distri-
bution of echo power in time delay and
Doppler frequency can be used to synthesize
images of these objects. Toutatis’s approach
to within 0.024 astronomical unit (AU)
(9.4 lunar distances) on 8 December 1992
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was an unprecedented opportunity for radar
investigation of a small body. We present
images that achieve areal resolutions ~100
times finer than previously obtained (1) for
any ECA and reveal an object with startling
characteristics.

The images were obtained with the
Goldstone Radar in California daily from 2
to 18 December and at the Arecibo Obser-
vatory in Puerto Rico daily from 14 to 19
December (Table 1). We used binary-phase
coded wave forms (2) that provided a time
resolution At equal to the temporal extent
of each code element, a range resolution
equal to At times half the speed of light, and
a frequency resolution

Af: 1/(RP X Neon X Lggr) = I/TCOH (1)

where the code repetition period RP equals
At times the number of elements in the
code (255 for Goldstone, 8191 for Arecibo)

and N is the number of successive, RP-
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long time series of decoded voltage samples
that are coherently summed before spectral
analysis with a fast Fourier transform of
length Ly (256 for Goldstone, 2048 for
Arecibo). A power spectral estimate for
each delay “bin” is obtained from coherent
analysis of T, seconds of data; we refer to
such an image as one “look.” Spectral
estimation noise (3) is chi-square distrib-
uted and the fractional root-mean-square
(rms) fluctuation in a sum of N looks is
N~Y2, Thus, fine frequency resolution re-
quires a long coherence time T, and
low noise requires incoherent summation
of many looks. However, long integrations
are undesirable if the resolution is degrad-
ed by smearing from either the target’s
rotation or its translational motion with
respect to the delay-Doppler prediction
ephemeris, which is used to drift the sam-
pling time base to maintain coregistration
of echoes from any given range bin and to
tune the receiver to the Doppler-shifted
echo. The Doppler-prediction error Av,
defines the rate of change of the delay-
prediction error AT_, and hence the rate
of delay smearing

dATcph(t) _ _Avcph(t)
dt —  Fry

where Fy is the transmitter frequency. Our
observations progressed through several
generations of increasingly accurate ephe-
merides (Table 1).

Figure 1 shows our Goldstone 0.5-ps
images and Arecibo 0.2-ms images (4).
These images are very different from opti-
cal pictures. Constant-Doppler planes are
parallel to both the line of sight (LOS)
and the target’s apparent spin vector, and
constant-delay planes are normal to the
LOS. These two orthogonal sets of planes
cut the target into rectangular cells, and
each image pixel shows the sum of echo
power in one cell. Beyond the leading
edge, each cell can capture echoes from
surface regions on either side of the appar-
ent equator, so the surface-to-image map-
ping is potentially two-to-one or even
many-to-one. Moreover, the kilometers-
per-hertz conversion factor for any image
depends on the asteroid’s apparent spin
vector, as follows. For a rigid body whose
center of mass (COM) is at a constant
distance from the radar, the Doppler fre-
quency of the echo from a point r with
respect to the COM is

eph

(2)

(W, Xr)e

V=TT (3)

where the unit vector e points from the
COM to the radar and we ignore parallax
and second-order terms. The target’s ap-
parent spin vector W, satisfies

w =W + Wsky (4)

app
where W is the intrinsic spin vector and
W, is the contribution from the target’s
plane-of-sky (POS) motion (Table 1). The
kilometers-per-hertz conversion factors are

Goldstone: 87.2/|W,,, X el
= P/(4.13cosd) (5)

Arecibo: 312/| W, X el
= P/(1.15c0sd) (6)

where spin rates are in degrees per day, P
= 360/| W_Am,| is the instantaneous, appar-
ent spin period in days, and & =
cos"(|WnPP X e|/|Wnpp|) is the instan-
taneous, apparent, target-centered decli-
nation of the radar.

The following discussion focuses on the
Goldstone images. The distribution of
echo power is extremely bimodal in most
images (two lobes were perceptible even
on 3, 7, 14, and 17 December, when they
were at similar ranges and overlap), indi-
cating a prominent bifurcation in Touta-

tis’s shape. On 5 to 6 and 15 to 16 De-
cember, the lobes’ central frequencies
were similar and the large lobe was be-
tween the radar and the small lobe. No
eclipse of the small lobe was evident, so a
POS view of the asteroid would be expect-
ed to show both lobes. However, during 10
to 12 December, when the small lobe was
closer, the large lobe’s limb extended sev-
eral microseconds further at frequencies
not shared by the small lobe than it did at
frequencies containing echoes from both
lobes, indicating partial occultation of the
large lobe by the small lobe. The 11 De-
cember image also shows the echo’s great-
est delay depth. Thus it appears that the
lobe-lobe line coincided approximately
with the asteroid’s longest dimension and
that both were closer to the LOS on 11
December than on any other date. The
delay dispersions of the two components’
echoes place lower bounds of 0.9 and 1.9
km on their maximum overall dimensions,
but further interpretation of the images
requires knowledge of the kilometers-per-

Fig. 1. Toutatis radar images (Table 1). (A) Goldstone low-resolution images and (B) Arecibo images
plotted with time delay increasing toward the bottom and Doppler frequency increasing toward the left.
Numbers indicate the date in December 1992. On the vertical sides, ticks are 2 ws apart. Two horizontal
sides have ticks separated by 1 Hz for Goldstone and 0.28 Hz for Arecibo; those intervals correspond to
a radial velocity difference of 18 mm s~'. Gray scales were designed to show the extent of the

delay-Doppler distributions.
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hertz conversion factor as a function of
time.

Toutatis’s hour-to-hour rotational mo-
tion was barely perceptible, but day-to-day
changes in the orientation of the line con-
necting the two lobes were obvious. During
the first few days, the motion of the lobe-
lobe line and naive application of Eq. 5
suggested a rotation period between 4 and 5
days [compared with 0.1 to 1.0 days for
almost all other measured ECA rotation
periods (5)] and a view closer to equatorial
than pole-on. For example, because the as-
teroid’s typical overall dimension appears to
be about 2 km and its typical bandwidth
was about 2 Hz over most of the imaging
sequence, one might gather from Eq. 5 that
the POS component (| W,,, X e|) of W,
was roughly 90° per day (6). However, as
the experiment progressed, it became in-
creasingly difficult to identify any constant
value for W that was consistent with the

evolution of the delay-Doppler signature,
and by the end of the experiment we real-
ized that our premise of principal-axis rota-
tion was incorrect.

According to force-free rigid-body dy-
namics, if the angular momentum vector L
is not aligned with a principal axis, the
body-fixed inertia ellipsoid will freely pre-
cess about L while W executes a periodic
motion in the body, its direction defining a
closed curve on the inertia ellipsoid (7). Let
the principal axes x,, x,, and x5 correspond
to moments of inertia [, = I, = I;. Rotation
is stable only about x,; or x;. Convergence of
L with x; generally will occur whenever
energy dissipation is taking place in a quasi-
rigid body (8); light curves show that such
rotation is predominant among the aster-
oids (9). In contrast, for Toutatis, the lobes
always overlap in frequency, even when
they are at similar ranges, so we never see
W__ normal to the longest dimension. Be-

app

cause IW\k | is small compared to lW‘ .
el, we conclude that W is not normal to the
asteroid’s longest dimension; in fact, most
of the images suggest that W is closer to the
longest dimension than to its normal. This
circumstance suggests either non—principal
axis rotation or very unusual physical prop-
erties, but in the absence of information
about the asteroid’s shape and internal den-
sity distribution (and hence the inertia el-
lipsoid’s shape and body-fixed orientation),
it does not in itself preclude principal axis
rotation.

However, other aspects of the image
sequence do demonstrate variation of W,
thereby establishing non—principal axis
rotation. If W were constant in body-fixed
and inertial frames, the similarity of the 2
and 13 December images (for which e
differs by 110°) would require & to be
similar on each date, but that possibility is
ruled out by the bandwidth collapse on 11

Table 1. Toutatis observations, ephemeris corrections, and astrometry.
Goldstone image designations are the day of year followed by a two-digit
index. Goldstone observations used the 70-m antenna, DSS-14, for trans-
mission. Negative image designations indicate bistatic observations, done
by transmitting continuously from DSS-14 and receiving at DSS-13, a 34-m
antenna 22 km away. Arecibo observations were monostatic. For each
image in this paper we give Toutatis’s right ascension (RA), declination
(DEC), distance, and rate of sky motion (| W, |) ata UTC epoch (t,) near the
midpoint of data reception; N is the number of looks summed. The frequen-

cy resolution Af has a radial-velocity equivalent of Af/2 wavelengths per
second and a length equivalent of Af times the kilometers-per-hertz con-
version factor from the Hudson-Ostro (74) model. For Arecibo, the data
processing introduced high correlation between adjacent frequency cells.
Delay-Doppler ephemeris 27N was calculated on 27 November, 2D on 2
December, etc. Av,,,, and A, are model-based (74) COM corrections to
the specified ephemerls Astrometry corresponds to echoes received at ¢,

from Toutatis’s COM. For DSS-13 and DSS-14, the reference point is the

intersection of the azimuthal and elevation axes.

(DDa(;[g ( rtfr)] . imege N ﬁf k}_rr/ Af i At dRA %EC DAjsJ, |V§,'/Skg| Eph. A:' Ate, Tim(i delay Dopplller ireguency
1560) rmm) (H) Hz (mxm) (deg) (deg) (AU) (/d (H  (u9) CEg) (Hz = Ha)
Goldstone (8510-MHz, 3.5-cm) low-resolution (At = 500 ns) images (Fig. 1)
2 21:40 33707 7 0100 096 96x75 262 —32 0.042 53 27N —15.75 —2009.69 42.180312122 + 0.65 523514.760 + 0.13
3 19:30 33804 14 0.100 0.86 86x75 256 —33 0.038 6.7 2D -1.15 20.63 37.450923337 + 0.36 494766.019 = 0.07
4 1810 33904 14 0.100 0.85 85x 75 248 —-33 0.033 86 2D -8.04 74.80 32.975711079 = 0.41 443775.732 = 0.08
5 17:30 34003 18 0.100 0.89 89 x 75 237 —-33 0.029 11.0 4D 1.03 76.59 29.027804001 + 0.30 362243.902 * 0.06
6 16:40 —34104 76 0.100 0.95 95 x 75 223 —-31 0.026 136 4D 3.07 49.58 26.056497203 + 0.23 248335.943 * 0.04
7 17:20 —34204 83 0.100 1.12 112 x 75 207 —-27 0.024 156 4D -2.58 32.40 24.307305745 *+ 0.61
8 1440 34304 25 0.100 1.37 137 X 75 194 —-21 0.024 156 7D -0.97 19.38 24.202819270 * 0.12 —58768.687 * 0.02
9 17:30 34402 9 0.100 1.77 177 x 75 179 —14 0.026 135 7D -0.05 28.20 25.938862116 = 0.34 —250054.867 = 0.06
10 17:00 34503 6 0.100 2.88 287 x 75 169 -8 0.029 109 7D 0.99 23.05 28.867565808 * 0.38 —364551.377 * 0.07
11 09:40 34603 15 0.100 4.77 476 x 75 163 -4 0.032 91 7D 0.76 17.11  31.542082782 = 0.34 —389322.673 = 0.06
12 09:20 34703 18 0.100 2.13 213 x 75 157 00036 71 7D -0.30 15.23 35.939781859 = 0.32 —450249.232 * 0.06
13 0810 34803 25 0.100 1.19 119 x75 152 3 0.041 55 7D -0.43 20.58 40.664482454 + 0.41  —487485.645 = 0.08
14 07:50 34903 30 0.100 0.93 86 x75 148 6 0.046 44 7D 0.45 21.15 45.891287505 = 0.48 —515942.546 + 0.09
15 07:50 35002 29 0.100 0.86 86 x75 144 8 0.052 35 7D 0.87 14.10 51.433656661 = 0.59 —537151.849 * 0.11
16 07:10 35104 18 0.100 0.86 86 x 75 142 9 0.057 29 7D -0.58 10.64 56.997841703 £ 0.80 —550720.993 + 0.16
17 06:50 35204 27 0.100 0.90 86 x75 140 11 0063 24 7D -2.05 25,79 62.767761168 + 0.84 —561924.364 + 0.16
18 07:10 35304 151 0.100 1.15 86 x 75 138 12 0.069 20 7D -0.82 45.42 68.800974112 + 0.47  —572657.338 = 0.09
Goldstone (8510-MHz, 3.5-cm) high-resolution (At = 125 ns) images (Fig. 2)
5 1850 34006 22 0.083 0.89 74 x19 236 —32 0.029 112 4D N
6 17:30 —34107 104 0.083 0.95 79x 19 223 —-31 0.026 13.7 4D bt
8 16:40 —34307 106 0.033 1.39 46 x 19 193 -21 0.024 156 7D
9 17:50 —34403 25 0.033 1.78 59 x 19 179 —-14 0.026 134 7D M)
10 17:20 —34504 72 0.033 290 96X 19 169 -8 0.029 109 7D N
11 10:30 —34605 106 0.033 4.85 161 x19 163 -4 0.032 9.1 7D
13 09:10 —34805 162 0.033 1.77 39x19 152 3 0.041 55 7D
14 09:00 —34906 99 0.033 0.92 30x19 148 6 0.046 44 7D
Arecibo (2380-MHz, 13-cm, At = 200 ns) images (Fig. 1)
14 09:00 36 0.012 327 41 X30 148 6 0.046 44 8D
15 08:30 53 0.012 3.30 41 x30 144 8 0.051 35 8D
16 08:10 8 0.012 3.08 38x30 142 90051 29 8D
17 08:00 56 0.012 3.23 40X 30 140 11 0.063 24 8D
18  07:50 47 0.012 409 51 x30 138 12 0069 2.1 8D
19 07:30 46 0.012 567 70x30 136 13 0.075 1.8 8D -—0.26 —2.72
82 SCIENCE e« VOL.270 + 6 OCTOBER 1995



December, only 13° from the 13 Decem-
ber position. Also, the 11 December band-
width is about half of that in either adja-
cent image, although the asteroid’s direc-
tion was changing by only 7° from day to
day. If all other factors were equal and if
W were constant in body-fixed and iner-
tial frames, then the twofold change in
bandwidth within a 7° excursion in e
would imply that W,,,, was about 7° from
the LOS on 11 December. If we take 2 km
as an upper bound on the asteroid’s POS
extent normal to W"pp during these dates,
then |W_(le X e| was at least 17° per day
on 11 December and twice that on the
adjacent dates. Because |Wsky| was only
7° per day, the bandwidth collapse on 11
December must have been caused primar-
ily by the collapse of |[W X el, which in

Table 2. Toutatis’s orbital elements and 3¢ un-
certainties (in parentheses, in units of the last
decimal places), estimated with JPL planetary
ephemeris DE 245 and confirmed with ephem-
eris PEP740 from the Center for Astrophysics,
using our radar astrometry (Table 2) and over
400 optical astrometric observations from 1988
through April 1993. Angular orbital elements are
referred to the mean ecliptic and equinox of
J2000. Weighted rms residuals are 0.83 arc sec,
0.087 Hz (1.5 mm s~ 'in radial velocity) and 0.39
ws (59 m in range). TDB, barycentric dynamical
time.

Epoch (TDB) 13.0 Nov 1996

Perihelion passage time 11.04640(2) Nov 1996
(TDB)

Perihelion distance (AU) 0.920615832(13)

Eccentricity 0.634085830(5)

Argument of perihelion 274.45243(135)
(degrees)

Longitude of ascending 128.64567(135)
node (degrees)

Inclination (degrees) 0.46751(1)

turn could mean either that |W| was
much smaller than on dates far from 11
December (that is, the magnitude of W
varies) or that W was very close to the
lobe-lobe line on 11 December. However,
because the lobe-lobe line itself rotated
from day to day through most of the rest of
the sequence, the latter possibility would
mean that the body-fixed direction of W
varies. Hence, the image sequence cannot
be reconciled with a spin vector that is
constant in inertial and body-fixed frames.

Burns (10) argued that for plausible as-
teroid shapes in non-principal axis rota-
tion, the time scale for precession of the
inertia ellipsoid about L will be within a
factor of 10 of the “rotation” time scale (the
period of W’s body-fixed motion). That
those time scales are on the order of days for
Toutatis is suggested by visual inspection of
Fig. 1 and the above analyses. Because the
time scale for damping such slow non—prin-
cipal axis rotation exceeds the age of the
solar system (9, 11), Toutatis’s spin state
might be primordial. Regardless of when it
was acquired, Toutatis's rotation offers a
modern-day, slow-motion example of post-
collision rotation states likely to have char-
acterized most asteroids (12).

Detailed definition of Toutatis’s spin
state (and shape) requires inversion (13) of
the image sequence with a comprehensive
physical model. Hudson and Ostro (14)
have carried out such an inversion on the
Goldstone images in Fig. 1 and the 19
December Arecibo image, and we use some
of their results here. The model-based
ephemeris corrections AT, and Av,,y, (Ta-
ble 1) yield astrometry that has been used to
refine the asteroid’s orbit (Table 2); Touta-
tis will pass 0.010360 AU (4 lunar distanc-
es) from Earth on 29 September 2004, the

Fig. 2. High-resolution Goldstone images (3) of Toutatis from the indicated December dates,
dilated according to kilometers-per-hertz conversion factors predicted by the Hudson-Ostro
model (74) for the asteroid’s spin state, with look-to-look translational smearing removed according
to the model-based estimates of Av,,(f) for each date (Table 1 and Eq. 5). Geometry is as in
Fig. 1. Perimeter ticks are 1 km apart and gray scales were designed to emphasize brightness

contrast.
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closest approach predicted for any asteroid
or comet between now and 2060 (15). The
corrections also have been used to de-smear
high-resolution Goldstone images, which in
Fig. 2 have been dilated according to kilo-
meters-per-hertz conversion factors from
the model solution for Wp(t).

The clearest images in Fig. 2 reveal
numerous craters with diameters from
~100 to ~600 m; in the delay-Doppler
projection, concavities are most readily
discernible near the target’s limb. The sur-
face density of 100- to 600-m craters on
Toutatis does not appear to be radically
lower than that on asteroids 951 Gaspra
(16) or 243 Ida (17) or on Ida’s satellite
Dactyl (18). Inversion of our highest res-
olution images should define the crater
distribution in detail.
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