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Radio plasma fringes as guide stars: Tracking the global tilt
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Abstract. We present a novel technique to alleviate the problem of the global tiltin artificial guide stars for adaptive optics. This
technique is based on the registration of trails of radio-excited plasma spots caused by the atmospheric tilt. Following the time
trace of the trails one can find and measure the tilt produced by atmospheric turbulent lafferesnbDmethods were applied

to estimate the extent of the trails. We describe results of computer simulations, showing the performance of the proposed
approach.
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1. Introduction the past decade have (and still are) concentrated on the devel-

In th ¢ several ; number of 8—10 m around-b opment of LGS technology. However, this solution has many
€ past several years a numboer of o- grouna- af) gblems, both practical and conceptual, slowing its applica-

telescopes have been built and more are now under CONSUHE  For this reason, one of the authors has proposed an al-

té(;r;éhp,‘sl’l ;tfntqr:)zmh?arri S\t/:/”hligltlfrgi':sztLheeitfd(;iiic\)/Zlr::?)ﬁ(;:esn?fatheer- ternative approach to the creation of artificial reference source.
Lo gimo tr?ws p’rovided with adaptive optics AdaptiF\)/ o OTr_1is_method is baseq onthe use of visible pl_asma spots excited
tics éllows one to measure and undo theets of tu}bulence in By fnnge; be_tween intense radio waves (R'b?k 1997, 1998).

A few radio dishes or phased arrays are combined to have 1 m

real time, delivering near-firaction-limited performance at theffringes, tens of kilometers above the telescope, the interference

2dding arficil quide stare, which serve as reference beachRLEI SPANTING UP 1o tens of meters. The air breaks down
9 9 ' ere the radio intensity is the highest, and creates plasma,

for precise measurement of the turbulence even when nea:ef)s){ . . . . .
. ble in oxygen and nitrogen lines. Despite the attraction
stars are too weak for this purpose (Sandler 1999). yg g P

Unfortunately, artificial guide stars #ar from the prob- of the mentioned approach, the problem of lack of a useful

S . . . tip-tilt signal is not solved in the case of radio guide
lem of determination of the ascending beam global tilt, Whlci{)ars (RGSs), just as it is not solved in the case of the LGSs.

s difficult to measure and remove fr_om the descending b_e erefore, the solution of the global tilt problem is very impor-
Because of reciprocity of propagation paths, a conventional ¢ p55s too
synthetic beacon is unable to sense a full aperture tilt and can !

only be used to measure the higher-order distortions. For this The global tip-tilt probIeT has l;)r(]eentattatlckﬁd. n se}/er?:t
reason, the problem of indeterminable tilt of artificial guid ays and now one can count more than ten techniques for

stars is recognised as a fundamental one to be overcome eet_ermmanon (Esposito 1998). A few of these techniques were

. . . : sted experimentally on the sky. Namely, a statistical tech-
f I full f i N o .
ore applying a full adaptive optics correction for any type que (Belen’kii 1995) was tested on Polaris using a Rayleigh

seeing condition (Pilkington 1987). The current solution is j% o
use a further natural star just for measurement of the tilt, co ser beacon (Belen'kii et al. 1999). Shortly afterwards, a per-

plicating the optics and processing of the adaptive optics.

Since laser guide stars (LGSs) play a key role in tfptia
achievement of full sky diraction capabilities at visible wave-°
lengths, the forts of the world astronomical community in

spective based technique (Ragazzoni 1997) was tested by com-
rison on a few stars using a sodium laser guide star (Esposito
al. 2000). Both experiments are open loop ones, i.e. no at-
tempt has been made for real-time correction of tip-tilt, but
data have been collected and later reduced in order to estab-
Send gprint requests toE. Ribak, lish the merits of the technique. Although both experiments
e-mail: eribak@physics.technion.ac.il show a remarkably good agreement with the expected results,
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it is worth pointing out that the correlation between the true and elevation 30— 100km
calculated tilt only amounts to 70-80%. In addition the poly-

chromatic LGS (Foy et al. 1995) is being actively pursued to Plasma fringes
achieve tip-tilt correction in a real adaptive optics system. The
technique is based on non-linear excitation of the sodium layer
and producing return light of two very ftierent wavelengths.
From the propagation dispersion of the two coloured beacons
one can infer the absolute tip-tilt. Such polychromatic LGS has
been observed experimentally on the sodium layer (Foy et al.
2000).

Recently several authors pointed out that wide-field-of-
view adaptive optics (also known as multi-conjugate adaptive
optics, or MCAO) (Beckers 1989) can b&aded by using
natural guide stars (NGSs) alone (Ragazzoni et al. 2000a,b)
It is clear that in such a framework the tip-tilt problem is vir- ...
tually solved as there is no LGS at all. In the case of MCAO __...w
with LGS itis true that one can still apply some form of tomog- +
raphy (Ragazzoni & Rigaut 1998) but this still requires some ~ /
NGSs. All these approaches lead to a sky coverage that, al
though it can be remarkable under some conditions (Ragazzon ,:"
et al. 2002), still does not amount to the whole sky, espe- / N
cially for the shorter wavelengths. Tip-tilt solvers for systems ;
not based on any NGS are still of great interest, especially in [~
the framework of extremely large telescopes (Gilmozzi et al.
1998; Mountain 1997).

Thus more work is needed to provide a reliable system able
to produce high Strehl ratios. The Kolmogorov turbulence is
peaked at the very low frequencies, making the tip-tilt compo-
nent very.imp.ortant. Hen_ce o.nly its very ac_curate removal can radio transmitters 30-100km apart
prevent significant deterioration of the achievable Strehl ratio
(Rigaut & Gendron 1992). However, there are theoretical sugg- 1. Radio guide stars are created as radio beams interfere and the
gestions that in the case of favourably smaller outer scales @if’reaks down at the crests of the fringes.
tip-tilt contribution can be so low that, under special but not
impossible circumstances, it will need no correction. 2. Radio guide stars

Even RGSs cannot solve the problem in full, since thgne need for artificial guide stars has led to the suggestion
pointing accuracy of the central fringe produced by the radjg yse inexpensive sodium lamps, and to image them on the
beams is limited due to their large wavelength. In addition, &gdium layer (Wirth & Jankevics 1992). Since this image is
mospheric fects are estimated to cause the interfering beaig® |arge to center on, interfering radio waves could quench
to wander at about 0.1 m at the elevation of 50 km. On top ge radiation along narrow fringes. This idea led to proposing
that, local winds up to 40 nT$ might carry the plasma spotthat the interference itself could produce light by creating a
away, although its elevation can be chosen to be minimally g&ry high local electric field in the crests of the fringes (Fig. 1).
fected by the wind. To make things easier, since the pulse reg@ch a strong field causes a breakdown of the thin air at high
tition rate of the radio beams is chosen to leave residual plasgi@yations, and the radiative recombination will be the artificial
for the next pulse (to save on power), this repetition rate cBBacon (Ribak 1997, 1998). This is a kitchen table-top demon-
be tuned to have a known spot drift. See the book by Gurevigfiation — every gas lighter produces a strong electric field, with
etal. (1997, hereafter GBM97), for many details on the abovgpjue spark that flows through air as a result. These photons
mentioned considerations. are the result of radiative relaxation of the excited plasma. The

We suggest here a new concept for absolute tilt retrievalkectric field required for breakdown is much lower at lower
based on RGS technology. Because of the large scale of direpressures, but the lines are the same — nitrogen and oxy-
radio fringes, this solution has direct implications also for thgen lines. It turns out that this idea was tested before for other
fields of radio astronomy, radio interferometry and optical inpurposes. We detail now previous experiments for the inter-
terferometry, laser communications and power beaming (s&ied reader. The description of our method continues in the
below). In all these fields, there is a need for a local referengext section.
frame to help phase the elements of the radio dish, or co-phaseBaily (1937), Gurevich (1972), Utlaut (1975) and oth-
the diferent dishes to serve as one coherent unit. The adéed proposed to create an artificial ionosphere for reflection
capability to track tilts as proposed here will enhance thesé radio waves above and behind the horizon. In the sim-
devices. plest scheme, a radio beam heats up and ionizes or creates ¢

visible/radio telescopes
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break-down in the atmosphere. At an elevation of 30—60 knfimmentation was observed in the heated area, as well as in
patch of plasma is thus createdtiEient reflection of the dis- laser sodium guide stars. It is not clear what is the typical spa-
tant radio waves occurs only at a very high plasma density, & frequency of the patches and what is their contrast. They
the idea was improved to have two radio beams interferinghave only been resolved down to the ten meter scale, somewhat
order to create fringes. The electric field density culminates éonsistent with theoretical predictions. The visible natural in-
the fringes where ionization starts, and the few electrons mtensity (night glow) is usually few tens of Rayleighs, and in the
tiply very fast. The ionized fringes serve as a radio Bragg rexperiment values above 250 Rayleighd §"/arcseé) were
flector, a more fiicient scheme than mere return from a crudsso produced.
plasma volume (Gurevich 1980). In a laboratory experiment, The choice of beacon elevations is important from the point
clear visible fringes were apparent and served to trace thfeview of adaptive optics: the higher the better, provided the
plasma distribution (Kuo & Zhang 1990). Among other applipattern is stable enough and of high enough contrast on the few
cations, the use of artificial ionization was suggested as a mearcsecond scale. Above 200 km the random pattern can still
to create a high power nitrogen laser (100 kW inside?) im be used as a reference source, much in the same way that the
the atmosphere, shining down on the ground (GBM97). Fringeslar surface serves for adaptive optics. Below 100 km the den-
are created between moving microwave beams, with a crosssity of the atmosphere is high enough that the plasma mean free
area moving down at the speed of light. The advancing bregdath (a few cm) is much shorter than the required fringe period,
down regime is a source of spontaneous followed by stimulatetiich is less than 2 m (Baharav et al. 1994, 1996). Thus the
emission. In laboratory tests 3 kW radiation at 337.1 nm wel@minescent fringes follow the radio-heated ones. Laboratory
produced (Vikharev et al. 1991). Full description of the phygxperiments show that the most powéieatent air break-down
ical processes involved can be found in GBM97, and physiecurs around 0.5-5 Torr (Kuo & Zhang 1990), correspond-
cal and engineering aspects are described in Gaponov-Grekingvto an elevation of 30-80 km. Although this paper focus
& Granatstein (1994). The detailed set of parameters of thssentially on the use of RGSs as a way to produce a suitable
system for production of visible fringes (power of transmittereference beacon at a general altitude, the sodium layer at 87—
diameter of dishes or phased arrays, etc.) for astronomical ps-km is also a respectable compromise (now excited by radio
poses depends upon a humber of variables (geographical dmeams and not by lasers). In addition, the created plasma field
straints, available infrastructure, etc.) which have to be takean break up sodium dust particles into atoms and increase the
into account in a full engineering design as discussed in lengéturned signal (Wuerker 1997).
in these same references, to which the interested reader isA portion of the sodium layer was irradiated by a 1.35 MHz
directed. transmitter with a resulting enhancement of the sodium lines
One should be concerned by other lines, and especidily 100 Rayleighs (Lyakhov et al. 1984), correspondingte:
by the background produced by the plasma, as such light dafiarcseé. No details were given for the actual power used or
hamper detection of faint objects if not properly filtered outhe spot size created, except that it was measured from a dis-
Luckily previous experiments did look for lines others than thiance of 90 km, at an elevation of 80—-100 km. Natural and laser
ones mentioned here, and found them insignificant. In pringuide stars need to be brighter tham = 12-14. To achieve
ple, however, these could be removed by a proper set of blotis, single lasers need be brighter than 8-12 W. Laser fringe
ing filters, unless they are numerous. As this would be the cagestems, which measure more than one atmospheric layer, re-
of OH lines we point out that given the altitude where RGSwire 200-500 W (Baharav et al. 1994, 1996). However, these
are produced, their existence is very unlikely. estimates can be reduced drastically by employing an optical
The ionosphere around 250 km (Bernhardt et al. 1988) wiaigge demodulation scheme (Ribak & Ragazzoni 2001) to
studied by similar methods: radio heating of a large volume, loy, = 11-13 (11-16 W). This is close to the theoretical limit,
a single radio dish, creates plasma and cavitation of the headetl by the number of degrees of freedomrempatches, to
volume. The result is enhanced air glow, as well as a typical tze measured. In two conjugate layers there are only 20-30%
dio signature, over tens of kilometers. Electrons ionized@ndmorerg patches than one integrated volume. Thus by reducing
accelerated in the heated volume spiral out of it, along tkiee plasma spot size by a factor of one hundred with respect to
earth’s magnetic field, and create an illuminated regime wheyakhov et al. (1984), the integrated surface brightness could
they hit denser neutral species. However, at these elevatiogach the required level for a full sky coverage. This reduction
(above 150 km) the diusion of the plasma and the fast windé size can be achieved by employing phased arrays and inter-
disperse and shift swiftly any created patterns. In these explering beams, and wavelengths shorter by orders of magnitude.
iments, relatively low power was required (10 kW-2 MW), in
a continuous_mode. At lower eIevatior_15, the Wa\_/elength haSBt.oThe tilt tracking technique
be shorter (microwave), and because its absorption decreases as
more plasma is created, it is necessary to utilize pulses rathit; produced by atmospheric turbulent layers, can result in
than continuous radiation. In a recent experiment, a structuiedrail of the spot of the artificial guide star visible from the
enhancement of the 557.7 nm line was observed at 90 km, ete&lascope. The saméect occurs due to fferential piston be-
though the radio beam was heating a higher volume (Kagaveen interfering radio beams. In considering this spot move-
etal. 2000). ment, we pose a question: is it a positive or a negatitece
The ionospheric air glow is very patchy. This is due tand can it be used to break down the reciprocity and to sense a
the density variations of the excited volume. In additiorfull aperture tilt with an artificial guide star?
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To answer this question, let us suppose that the upward in- 0

terfering beams exciting the beacon are characterised by an up-
ward wanderingb(t). In what follows, we only consider the
central interference crest, which we term loosely as fringe. By
using distant phased arrays we can control the shape of the in-
terference pattern and create distant sharp maxima. Averaging
of more maxima (which move in unison butfi@ir in plasma
detail) can only improve the method discussed below. Let us
also suppose that the excited spot has a certain decaydime

In other words, if one excites the beacon with a single short
pulse of intensitylp, one will observe a beacon intensity that
changes with time accordingly to

I(t) = loexp(t/to). 1)

For the mesospheric sodium layer, excited by laser light at the
same Q) and D lines (Happer et al. 1994; Sandler 1999),

tg is few tens of nanoseconds. Thieet of the trails caused .
by turbulent atmosphere tilt is negligible and hence useless.
However, in exciting the oxygen or nitrogen in a plasma cloud
using radio waves, the decay tirgecan take much longer val-

ues. Because the recombination of plasma varies according to
the density of the atmosphere, the decay time will depend upon
the height of the excitation. At the altitude of 60 km the decay — >

time of plasma is of the order ¢ ~ 0.01 s, comparable with Old and new beacons Observed pattern
the time required for the excited beam to be detected above Estimated shift

the noise level. The repetition rate is chosen so as to leave ex- _
actly this residual plasma for the next pulse. Hence, we willg- 2. Decay and motion of the plasma spot. On the left are shown

see simultaneously the recently excited spot and some resifi\fdecent few spots, and on the right their (noiseless) appearance. The
of previous spots next to it. As a time-series, this looks Iiketwo bars and arrows are estimates from this observed pattern, where

. . >XLIo TL /AS 8 IME-Series, tRe global tilt is not known.
bright spot with a trail behind it. This is similar in appearancetoeglO aliitis notknown

an over-exposed image intensifier showing trails behind bright

moving spots. Therefore, in the case of RGS the trails of the

excited plasma spot, produced by tilt, will be visible from thable to retrieven(t). Each measurement of the finitefdrence

ground-based telescope. will be affected by some error and the integration error will
The elevation of the plasma can be chosen by the transngitew with time leading, at a certain time, to some unacceptable

ting phased arrays. As a result the local air density will varyalue. If this happens after long time (comparethjpone can

and with it the decay timi. Thus it can be chosen to be of thdock onto a much fainter natural guide star and close the low

same order of the Greenwood frequency. However, there isfrequency loop there. Such an approach was discussed in detail

need to havé, locked to some specific frequency related to thereviously (Ragazzoni 1996).

atmospheric parameters. . Using the assumption that) is always much smaller than
Except for an ionospheric beacon (Ribak 1997, 1998), thee isoplanatic patch, the measurement of the trail extent and
spot and its trail are always contained within an isoplanafifsition angle is only marginallycted by the downward tilt,
patCh. In this situation, we will see the evolution of the be%'ecause both(t) and b(t - tO) are observed at the same time
con. Because of the non-zero decay timeve will see a sort and are in the same isoplanatic patch. Hence, this downward
of evanescent trace that follows the beacon movements. Tifhas no dfect on the dierential evaluation of the derivative
direction and extension of portion of the trail closer to the begf the upward tilt.
con is an indication of the variation of the upward tilt. A slowly Also, vibrations of the telescope structure are directly ob-

moving upward tilt will produce a short trail, a fast moving upgaped (Foy et al. 1995), as the upward beacon is not produced

we_lrd tilt will prqduce a angertrail. Forinstance, Iook_ing at thBy the observing telescope at all, but by interference between
brightest pointin the trail (the current beacon), of brightrlessistant radio dishes, whose detailed pointing is almost mean-
and at an adjacent point of brightndgs, one will see exactly ingless in the position of fringes.

an angular separation of

Therefore, the full aperture tilt of the atmosphere can be
S(t) = b(t) - b(t - to). (2) foundand measured following the time trace of the trails of the

radio beacon. It means that the proposed technigue permits the
This is, roughly speaking, the derivativelaf). More precisely, sensing of the full-aperture tilt of the atmospheric wave front
this is a finite diference ofb(t) with respect tdp (Fig. 2). In distortions using a RGS, eliminating one of the fundamental
any case, by integration or numerical summation one shouldlimitations of adaptive optics.
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4. Signal and noise estimates (and hence the trail) of the radio beams can be as smallas 0.1 m

We wish to find out the required intensities for our scheme to %BMQ?)' Even a smaller drift can be detected by extending

applicable. The (angular) size of each fringeligb, wherea itintentionally. Since the radio beams are interfered to create
. ’ r H H H
is the radio wavelength arl the base line. The centroidingbrlght fringes, all one has to do s to change the phase of the

. . beams relative to each other in an oscillatory manner. Notice,
error is;/b YN, whereN is the number of photons and IOho'however, that the shift of the spot cannot be larger than its diam-

ton shot noise is the only r_elevant noise source. The nqm%?ér’ since each radio pulse re-vitalises the plasma from the pre-
of measurements is the ratio of the total measurementtime.

. . S L vious pulse, this being more powsfieient than a continuous
to the single frame integration tintg (which is the smaller of citation (GBM97). The shape of the plasma spots depends on

X

:)r:‘emGeraeseLTr\gomoedn;?(ger?)r\:\;jst;;tpliﬁgacgﬁfral driitge)ér'?grtgfowgfﬁgrchosen wavelength, elevation, and distance between trans-

as v/l The number of ph(c))'tons in a single integratidh mitters (GBM97), an(_j can range between a few decimett_ars and

is relatea to the number of photons per secal througr; afew decameters (Ribak 1997, 1998). We used a Gaussian spot
! profile, of standard deviation varying between 75 and 200 cm.

N = Npto. The total centroiding error is . . -
In the simulation, we created a single plasma spot; for three

AT transmitters one would get at least three, around the telescope,
o= . 3) .
to VNob but we only wish to prove the method here. The next pulse

will create a new nearby spot, while the older one is reduced
&y a decay factod, chosen between 0.1 and 0.7 (i.e. with de-
cay times diferent fromtp). These values were selected fol-
lowing exploratory simulations to define the relevant range: a
larger decay would give too small a separattonhile a very
small decay will make the tail too extended to be centred ac-

ba
) ) ) ] o ] curately. The next shot will add yet another new spot, with the
To get the required brightness in Rayleighs we divide this nu;, o1der ones decayed again by the same factor. Some snap-

S .
ber by 18° photons for Sl units, by the aperture area and by t s of these simulations are shown in Fig. 3. Between shots,

fringe angular area: we moved the beam using a Kolmogorov spectrum of tips and
No 6.7 x 107111 tilts, with a preset standard deviation varying between 1 and
B= 1097(D/2)2(1, /b)2 > 212 ‘ () 3 pixels as measured tangentially with respect to the line of
sight of the telescope. In the analysis of the fringes, we added
For the sodium line we take as representative values an integme Poisson noise to the detected signal: we show results
tion timet, = 0.01 s and total integration time af = 0.1 s, for 20 to 2000 photons at the brightest pixel. Other noise
obtaining 2x 10° Rayleighs from a single fringe crest, muchsources, such as detector additive noise, or non-homogeneous
in line with the estimates in Sect. 2. This integration timglasma, were neglected. Specifically, at high pressure (low ele-
should allow for full sky coverage provided that a faint NG$ation), non-linear growth of the plasma patches might not fol-
in the isoplanatic patch is used to corroborate the measuremeitthe shape of the peak of the generating fringes (GBM97).
(Ragazzoni 1996). In fact dgis a short time with respect to Higher up, this shape quicklyfilises into a Gaussian.
the inverse of the Greenwood frequency (Glindenmann 1997; o\ calculations were performed in terms of pixels only,

Parenti & Sasiela 1994; Tyler 1994y,is not as small and yhere we arbitrarily define the scale of each pixel te-Bel. m

the continuous centroiding of the faint star is used 10 recovgf e plasma elevation. Further studies need to be carried out
from the cumulative errors in the tilt derivative estimates o find the best pixel size in order to maximise the accuracy. We
s. Inclusion of all the crests will reduce this requirement eve{y\y have a sum of two Gaussians, one strong and one weak,
more. This is because the number of fringes in each dimefy even weaker residues of older Gaussians (Figs. 2, 3). We
sion is proportional to the ratio of the base libdo the sin- paye g identify the Gaussians, so as to detect the most recent
gle aperture diametet. For (b/d)? fringe crests the error will .o and the distance from it to the previous one. A foremost

drop 2by p/d and the total plasma pattern area will grow bquuirementis speed of calculation, in view of the limited time
(b/d)*, with an attendant drop in the necessary flux by a faganyeen pulses. This is afficult task, even without includ-

tor of (b/d)®. ing noise in the signals. We tried a number of ways to analyse
the data.

This error has to be smaller thatyaD, wherea =~ 2.3
(Sivaramakrishnan et al. 1995). Solving for the number
photons per secondlly, we get

Q'ZT ( D/lr
o >

2
z —) photongs. 4)
0

5. Simulations

To check the proposed approach we ran many computer sfa)- We first identified the brightest point in the pattern. This is
ulations. Following the previous section, we assume that we the approximate location of the current spot. We subtract a
have enough photons to identify precisely the centroid of the Gaussian from the intensity pattern, and locate the previous
data. Now we wish to see if we can reduce the demands in spot as being the next brightest point again. This is similar
order to follow and integrate on the spot trails to reduce the to the CLEAN algorithm used to deconvolve radio maps
tilt problem. Specifically, we generated a series of RGS spots (Thompson et al. 1986; Perley et al. 1985), except that we
using a plain Kolmogorov spectrum for the upward tilt, com- stop after only two iterations. The resolution is limited to
mon to the three radio beams involved. The drift in the tilt integer pixels.



370 E. Ribak et al.: Radio plasma fringes as guide stars: tracking the global tilt

decay

03 L Rl B ! s P b= g =]
+ +
03 ’ » ) 5 P B P E 4
04 ’ ® A 7 © g B 0 L=
05 L ¥ 2 o J i - G F
0s L ® I g R | ] B L]
07 L) £ ;] 23 P g g B o
beam beacan input CLEARN fit & crn fit all o w2 ey reCLEARN

Fig. 3. Sample simulation step: the location of the previous (cross) and current (box) beacons are the same but the deeysnaieogi
to bottom). From left: noiseless signal, signal with noise, true locations, and results of the six estimators. The mean number of photons ¢
brightest pixel was twenty.

(b) Next, we tried to use optimisation: we fitted one Gaussian moments. Lew be the variance of the Gaussian spat,
near the brightest pixel, and subtracted it as before. The andx, the first and second moments, adhe location of
older spot was located by finding the center of gravity of the brightest spot. The old and new spots are at
the residual.

(c) The first two methods $ier from bias in the choice of the @ = X3 — sign(xs — x1) [(—Xf -v+ x2) /d]
first spot, a bias introduced by the nearby second spot. To
avoid this bias, we fitted two Gaussians simultaneously. P = X1(1+d)-ad. 9)
The optimisation process involved in the fitting is rather. L )
slow compared tey. (f) Since the spots tend to merge, it is possible to sharpen the

(d) Another way to tell the new and old spots apart is by com- ?magg]gshdiﬁitalrl]y. We _usledha Wier}erhdeconvolution sghemﬁ,
paring the first moment of the intensity pattern and the first " Which the theoretical shape of the spot was used as the

moment the square of the intensity pattern. Because the object, and the noise has Poisson statistics (Christou et al.
older spot is weaker, it will show less on the squared im- 1986; Ribak 1986). In the Fourier domain the deconvolved

1/2
b

(8)

age. Letd be the decay factor (ratio of the previous to cur- Image IS

ren_t inten_sity), and the first and sgcond intensity mo_ments lecomv= lsoureS"/ (S S + N), (10)

bei; andi, . Call for short the estimates for the previous,

current, and separation, b, ands = b — a, respectively. wherelgeconu Isource@ndS are the Fourier transforms of the

Now we get deconvolved image, the original image, and the spot profile.
N is the mean power spectrum of the noise, and * symbols

s=(ip —ip) /|d?/ (1+ d?) - d¥?/ (1+ d"?)], (6) conjugation. After deconvolution, the brightest and next
brightest spots are identified, as in (a). The accuracy is lim-

b=iy- s/ (1+d?). (7) ited again to integer pixels.

(e) In an alternative analysis, we found the first and secoAéter identification of the two last spots in the pattern, we cal-
coordinate moments of the elongated spot. Assumingcalated their distance. We integrated this quantity for a large
Gaussian profile for each spot, we found the analytical vadumber of pulses. Although we have quite good knowledge
ues of these moments along the two Cartesian axes. Thifishe statistics of the beam wander, we did not include them
we could find the locations of the two recent spots an the calculation as a prior. This allows one to include other
hence their separation. Including the location of the brighdeurces of tilt, such as mechanical vibrations, as well as inten-
est spot in the pattern broke the central symmetry of thetienal scanning of the beams. In the simulation, we used the
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known Gaussian spot shape for fitting it in théfelient meth-

. . . : Fig. 5. Comparison of methods atft#érent decay values (0.1 to 0.7 for
ods. In the experiment, this profile will have to be measured.each method), for signals up to twenty phofpieel. The standard

In Fig. 3we see the true location of the trail as _created Blviation of the beam jitter was 4 pixels, and that of the beacon size
the radio beacon in the sky, and the calculated location from th@ixels. Better models of the physical processes should improve all
data reduction using theftierent schemes. It should be stresseadsults.

that although the image included the whole history of the drift-
ing spot, the fitting was made only to the two recent spots; t
rest of the trail, not accounted for the the calculation, reduc
the quality of the fit. As shown next, the method works besthe process of the creation of trails of RGSs may be more com-
when the trail extentis the longest and the spots are nearly sglzated than simulated here, since atmospheric wind disper-
arated, when the decay in time is the least, and when the najgsh and general ffusion can also result in thisfect. These
is negligible. Identification of the brightest location is alwaygrocesses tend to spread even the single beacon (GBM97).
quite accurate, but that of the pI'EViOUS one is Iacking. This|is particu|ar, the maximum Speed of winds at altitude of
the main source of error. We should remark that discretisatigBout 60 km (where inter-pulse time is about 10 ms) and lat-
errors, in some of the methods, grow with the square root @fides between 30 degrees north and 30 degrees south (where
the integration time. Still, we could see that the numerical ipost telescopes are located) can reach a reasonable value of
tegration did follow the actual beam with time even for quitghout 20 mst. Tuning of the plasma to an altitude of slower
unfavourable conditions. wind is possible. However, in this study we have notintroduced
We compared the six methods forfférent decay values. any influence of wind on the beacon layer for simplicity. We
In this case, the Gaussian spot had a standard deviatiorbelieve that wind, if constant in direction and intensity, will in-
3 pixels, and the jitter, random or intentional, a standard deeduce an additional apparent constant value in the derivative
viation of 4 pixels. The mean signal at the brightest pixestimate. This can be removed easily in the real-time reduction
was twenty photons, and the simulation included 200 stegsocess, because it is a constafiset in the derivative, esti-
If the true and estimated translation vectors (between old amated at each update loop on the faint natural guide star.
new spot, Fig. 4) at stepweret; and g, what is shown is How does the distance between the old and new plasma
[Iti—&|?/Zi]¥2. The results are shown in Fig. 5: the two methodspot dfect our results? Of course, the further the points are
with the least error (b and d) are also the methods that tendhe easier they are to separate numerically. If this separation
slightly underestimate the translation vector — the other methtoo small, we can enhance it by scanning the relative phases
ods slightly overestimate it. At higher fluxes, the accuracy inof the interfering beams, and thus moving the fringes across
proved proportionately, with the more precise methods (b atitk interference pattern. Unfortunately artificial sweeping of
d) keeping their edge over the other methods. the spots, or by atmospheric propagation phase and local wind,

e
gd Parameters of the method
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cannot exceed a fraction of the spot size: beyond this distanite tilt error might be such that occasional calibrations with a
the seed of ionised air from the last pulse will not be enoudhint natural guide star might be necessary.
to initiate the new breakdown. This is especially important at Another indirect advantage of the method results from the
lower elevations, where recombination is fast and complefact that the fringes extend over a wide field of view, and hence
In the simulation we replaced intentional sweeping by rathe cone &ect is essentially taken care of by any MCAO tech-
dom tilts, created by pure atmospheric spectrum of intentiomigue. In fact the adoption of a set of fringes (laser or radio) is
ally large extent. of interest in MCAO merely because the references will cover
The dfect of noise was also investigated. Since there aaémost uniformly the whole patch of the sky that is going to
only rough estimates for the number of photons availabe adaptively corrected. This uniformity results in a uniform
(Sects. 2, 4 and GBM97), we included in the simulation fromcorrection of the turbulence, not only next to the reference
few to an infinite number of photons. We found out that dowpeacons.
to 20 photons (at the brightest pixel) we could still locate the We have presented a novel technique that allows solving
current and previous beacon, but below that the signal detetioe global tilt problem in adaptive optics. This technique can
rated too fast. In addition, Poisson noise caused over- or undeg-exploited not only in optical astronomy, but also in long
estimation of the locations and translationfiglience) vectors, base line optical interferometry (Gavel 1998), laser commu-
because this noise was not included in the simple model of thigations and laser power beaming to satellites. Another im-
system and the resultant estimator methods (a)—(e). portant application is in radio astronomy and in radio inter-
The dfect of decay of the plasma between pulses is al&yometry. In radio astronomy one needs to phase segmented
important. Since there are again only rough estimates for thdTors and to sense the wave front (Serabyn etal. 1991). One
decay, we assumed the intensity of the previous pulse is péthe most severe problems in radio interferometry is the lack
tween 0.1 and 0.7 of the recent one. The stronger the decay,2h@00d phase calibration between the dishes (Thompson et al.
easier it is to find the location of the two spots. This is part986; Perley et al. 1985). The existence of reference hot spots
because in all six methods we assume (in the calculation) offiy significant step towards solving this problem. As in the vis-
two such spots, and neglect the rest of the history, even thoul@lig regime, it should be set outside the central lobe of the radio
it appears in the image_ Notice that in extreme decay the éhSh or interferometer, but still within their field of view.
ergy in the past spots can be comparable to the recent one(s),
which adds to the error (private communication, anonymous iReferences
viewer). However, when the signal is too weak, a strong dec,

Aeitteht ot gt ; ; BXily, V. R. 1937, Nature, 139, 68, 838
means low signal-lo-noise ratio for the previous spot. Baharav, Y., Ribak, E. N., & J., Shamir 1994, Opt. Lett., 19, 242

As a result of these simulations, we can say that for eaghnaray, v, Ribak, E. N., & J., Shamir 1996, J. Opt. Soc. Am. A, 13,
elevation one should be able to find the optimal choice of pa-1083

rameters. At low elevations (30-50 km), the decay is rapid, Beckers, J. M. 1989, SPIE, 1114, 215

the pulses should be close. If the overlap is then too mudtelen’kii, M. S. 1995, SPIE, 2471, 289

constant wind or artificial sweeping are required. Further @elen’kii, M. S., Karis, S. J., Brown, J. M., & Fugate, R. Q. 1999, Opt.

more power is needed, the plasma decays more slowly, and thlegtt., 24, 637

pulses can be spaced apart, but the weaker signal might B&eghardt, P. A, Duncan, L. M., & Tepley, C. A. 1988, Science, 242,
limitation. Above 100 km the plasma pattern is set by other 1022 .

parameters (GBM97) such as magnetic field lines and is mugh.St0% J C-, Hege, E. K., Freeman, J. D., & Ribak, E. 1986, J. Opt.

[ trollabl oc. Am. A, 3, 204
oo conrotanie: Esposito, S. 1998, SPIE, 3353, 468

Esposito, S., Ragazzoni, R., Riccardi, A., et al. 2000, Exp. Astr., 10,
139
7. Conclusions and applications Foy, R., Migus, A., Biraben, F., et al. 1995, A&A, 111, 569

. . Foy, R., Tallon, M., Thiebaut, E., et al. 2000, J. Opt. Soc. Am. A, 17,
We showed that the scheme of tracking the trails of plasm ) P

spots in order to reduce the tilt problem is indeed valid for thg;nonoy-Grekhov, A. V., & Granatstein, V. L. (ed). 1994,
simple assumptions made here. We tested a number of methoggppjications of high-power microwaves (Boston: Artech House)
to reduce the data and showed that it is possible to follow tbavel, D. T. 1998, SPIE, 3350, 793

tilting beam with time. The most accurate method was fitting &filmozzi, R., Delabre, B., Dierickx, P., et al. 1998, SPIE, 3352, 778
a Gaussian to the plasma spot, and calculation of the centefbfidenmann, A. 1997, PASP, 109, 682

gravity of the residual. Better results are possible by extensighrevich, A. V. 1972, Geomagnetizm | Aeronomiya 12, 631
of the fit to even older spots, and by fine-tuning of the chosen(Geomagnetism & Aeronomy 12, 556)

parameters for the fit. Gurevich, A. V. 1980, Sov. Phys. Uspekhi, 23, 862

. urevich, A. V., Borisov, N. D., & Milikh, G. M. 1997 (GBM97),
The utility of the method depends strongly on the aCtug] Physics of microwave discharges (Reading: Gordon and Breach)

flux available from the plasma spots. Even for a very smz;_\lapper W., MacDonald, G. J., Max, C. E., & Dyson, F. J. 1994, J,
number of photons we are able to trace the spot to withingy Soc. Am. A, 11,263 , ’ ’

1 arcsec, and for an essentially infinite flux, down tRagan, L. M., Kelly, M. C., Garcia, F., et al. 2000, Phys. Rev. Lett.,
0.03 arcsec. While there seem to be enough photons to locatgs, 218
the centroid accurately enough, the cumulative error in tracikgo, S. P., & Zhang, Y. S. 1990, Phys. Fluids B, 2, 667



E. Ribak et al.: Radio plasma fringes as guide stars: tracking the global tilt 373

Lyakhov, S. B., Managadze, G. G., Petrov, M. S., & Shlyuger, I. Rigaut, F., & Gendron, E. 1992, A&A, 261, 677

1984, JETP Lett., 38, 658 Sandler, D. 1999, in Adaptive Optics in Astronomy, ed. F. Roddier
Mountain, M. 1997, SPIE, 2871, 597 (Cambridge University Press) 253
Parenti, R. R., & Sasiela, R. J. 1994, J. Opt. Soc. Am. A, 11, 288 Serabyn, E., Phillips, T. G., & Masson, C. R. 1991, Appl. Opt. 30,
Perley, R. A., Schwab, F. R., & Bridle, A. H. 1985, Synthetic Imaging, 1227

NRAO Workshop 13 Sivaramakrishnan, A., Weyman, R. J., & Beletic, J. W. 1995, AJ, 110,
Pilkington, J. D. H. 1987, Nature, 330, 116 430
Ragazzoni, R. 1996, APJ, 465, L73 Thompson, A. R., Moran, J. W.,, & Swenson, G. W. 1986,
Ragazzoni, R. 1997, A&A, 319, L9 Interferometry and synthesis in radio astronomy (New York: Wiley)
Ragazzoni, R., & Rigaut, F. 1998, A&A, 338, L100 Tyler, G. A. 1994, J. Opt. Soc. Am., 11, 358

Ragazzoni, R., Farinato, J., & Marchetti, E. 2000, SPIE, 4007, 107®&tlaut, W. F. 1975, IEEE, 63, 1022
Ragazzoni, R., Marchetti, E., & Valente, G. 2000, Nature, 403, 54 Vikharey, A. L., lvanov, O. A., Kim, A. V., & Litvak, A. G. 1991, Proc.
Ragazzoni, R., Diolaiti, E., Farinato, J., et al. 2002, A&A, 396, 731  20th Internat. Conf. Phenomena in ionized gases, 1, Pisa, Italy, 45

Ribak, E. N. 1986, J. Opt. Soc. Am. A, 3, 2069-76 Wirth, A., & Jankevics, A. 1992, Laser Guide Star Adaptive Optics
Ribak, E. N. 1997, Proc. ESO, 55, 186 Workshop, Albuquerque, ed. R. Q. Fugate, 606
Ribak, E. N. 1998, SPIE, 3353, 320 Wuerker, R. F. 1997, Proc. ESO, 55, 16

Ribak, E. N., & Ragazzoni, R. 2001, Proc. ESO, 58, 281



