Page 1 of 16

ALMA MEMO 332

PHASE CORRECTION OF INTERFEROMETER DATA AT

MAUNA KEA AND CHAJNANTOR

Guillermo Delgado

Onsala Space Observator y/ European So uthern Observ a tor y

Casilla 19001, Santiago 19, Chile

E mail: gdelgado@eso.org

Angel Otárola

European Southern Obser vator y

Casilla 19001, Santiago 19, Chile

E mail: aotarola@eso.org

Lars- Åke N yman

Onsala Space Observator y/ European So uthern Observator y

Casilla 19001, Santiago 19, Chile

E mail: lnyman@eso.org

RoyBooth

Onsala Space Observator y

S-43992 Onsala, Sweden

E mail: ro y@oso.chalmers. se

Victor Belitsky

Onsala Space Observator y

Radio and Space Science, S-41296 Göteborg, Sweden

E mail: belitsky@o so.chalmers.se

Denis Urbain

Onsala Space Observator y

Radio and Space Science, S-41296 Göteborg, Sweden

E mail: denis@oso.chalmers.se

Richard Hills

Mullard Radio Astrono my Obser vator y

Cavendish Laboratory, Cambridge CB3 OHE, UK

E mail: richard@mrao.cam.ac.uk

Yasmin Robson

Mullard Radio Astrono my Obser vator y

Cavendish Laboratory, Cambridge CB3 OHE, UK

E mail: yr @astro.ox.ac.uk

Pierre Martin- Cocher

Mullard Radio Astrono my Obser vator y/ ASI AA

P.O. Box 1-87, Nankang T aipei, 11 529 T aiwan

E mail: pierre

# asiaa.sinica.edu. tw

Page 2 of 16

00/11/06

Abstract ˘ We describe here a method to correct interfero meter phase variations due to fluctuations in

the atmo spheric water vapour. T he fluctuations are estimated b yfitting an atmo spheric water line

model to antenna temperature values measured at frequencies near the water vapour line at 183 GHz.

T he fitting is done with the atmo spheric water vapour density as a variable, iterating until agreement

between observation and prediction is achieved. Fro mthe comp uted value o f water vapour density, an

int e grated value for the precipitable water vapour ( PWV ) contained in the atmospheric column is

derived.

T he variations on the amo unt of P WV are directlyrelated to electrical path length variatio ns of an

electr o magnetic wave travelling through the atmo sphere. T his quantity, at millimetre and sub -

millimetre frequencies, can be linearlyrelated to a phase variation in an astro no mical signal arriving to

the elements of an inte r fero meter.

T his method to estimate the PWV has been used before to analyse the data fro m a 183 GHz radiometer

operating at Llano de Chajnantor, the selected site for the Atacama Lar ge Millimeter Array( ALM A),

creating a time series of the PWV in the area. T he derived values have been previouslycorrelated with

observations o f atmosp heric opacityat 225 GHz and radiosonde measurements, with good r e sults [1].

Here we applythis radio metric method of phase variatio n estimatio n to two real cases. One is the data

fro m interfero metric observations at Mauna Kea between the James Clar k Maxwell T elescope (JCMT )

and the Caltech Sub millimeter Obser vator y(CSO), operating at 356 GHz. T he second case is at

Chajnantor, where we have a 300-m baseline interfero meter operating at 11.2 GHz. In both cases we

compare the phase estimated byradio metr yand the interferometer phase. Figures for correlation and

achieved phase correction are given. So me error sources are discussed.

1 Introduction

T o a first order approximation, water vapour distrib utes exponentiallyin the troposphere but, because

water vapour is not well mixed, it is mo ved b ythe predo minant winds in bubbles or patches, generally

trapped in well-defined layers o f the atmosp here. T he size of these water vapour structures is such that

phase changes occur, in time scales of a few seco nds, when the disturbance crosses in front of the

elements of an interfero meter.

Phase fluctuations in millimetre and sub millimetre inter ferometric observatio ns produce a loss in

resolution and decreases the signal strength. A proposed method to correct the phase fluctuations is to

estimate the amount of P WV in the observed column o f atmosp here, and to use this value to deter mine

the excess path delay. Measuring the variability of the P WV , at each element of an inter ferometer, a

relative phase difference can be deter mined, and this value can be used to remove the interfe r ometer

phase fluctuatio n.

Different methods are available to retrieve the precipitable water vapour content of the atmo s phere

fro mground based observations [2]. However, not all of them are suitable for our application, which

needs continuous, sensitive, and nearly real time measurements with little or no supervision and in the

same direction as the inco ming astrono mical signal. Here we present a detailed description of a method

to estimate the amo unt of P WV based on measurements o f antenna temperatures at different

frequencies near the 183 GHz water line with a radiometer. T hese values are co mpared with the output

of an atmo spheric model that predicts the 183 GHz water line intensity for different values o f water

vapour density. T he water vapour density is iterated until agreement is achieved with the measured

antenna temperatures. T he best-fitting water vapour density value is integrated to obtain a value for

PWV and, fro mthis value, the assoc i ated electrical pathlength. Since the atmo sphere is highly no n-

dispersive at these frequencies, the electrical pathlength variations translate directlyto phase vari a tions

at anygiven frequency.

Here we present this type of phase correction method applied to two cases of real phase data taken

simultaneouslywith the radiometer data at 183 GHz. One set of data was obtained at Mauna Kea

between the JCMT and the CSO telescopes working in inter fero meter mode, at 356 GHz, which was

kindly provided byMartina Wiedner fro mobservations conducted during October 1998. T he other set

of data was obtained byus, using a 11.2 GHz 300-m bas e line interfe r ometer at Chajnantor, the selected

site for ALM A.

Page 3 of 16

00/11/06

2 Phase correction using 183 GHz data

2.1 Calculation of PWV

T he theoryo f radiative transfer describes the behaviour of a flo wo f radiation propagating in a general

class of media that absorbs, emit, and scatter the radiation. In the case of atmo spheric propagation, we

can neglect scattering. In this wa y we obtain a simple differential equatio n where the change in

intensity, in an element of volu me, is given solely b ythe absorption in the media plus any possible

generatio n of ener gywithin the volume. Further more, if we assume local ther mod ynamic equilibrium

i.e. each point in the media is characterised b ya temperature T , the source ter mcorresponds to the

Planck function.

At millimetre wavelengths h

n << kT for most temperatures, which is also kno wn as the Rayleigh-Jeans regime, and the brightness temp erature can be considered proportional to an equivalent blackbod y temperature. One exception is the cosmic background emissio n that can not be represented accurately bythe Ray l eigh-Jeans approximation at 183 GHz because of its lo w brightness temperature. Under these conditions, if we observe with an ideal antenna a sector of the sky, free fro memission other than the background radiation, the brightness temperature at a frequency n is given b y:

( )

( ) n n t n

t n

n t - -

-

+ - = e e k

h e T T

B T k h atm b 1

1

1 (1)

Where h is the Planck´s co nstant (6.626076·10 -34 [Js]), k is the Boltzmann´s constant (1.38066·10 -23

[J/K]), T

B

is the cosmic background temperature (2.7 [K]), t n

is the opacityor optical depth at frequency n , and T atm

is the effective temperature of the atmosp here [K].

In equation (1), the fir st ter mo f the right side is called the atmo sp here brightness temperature. It represents the total effective brightness temperature of the atmo sphere that, near 183 GHz, is due mainlyto the ther mal emission o f the water vapour line.

T he opacity t n

is a dimensio nless function of the frequency n , defined as the integral of the unit volume a b sorption coe f ficient k n

along the total path s through the atmo sphere.

ds k

s ò =

0

n n

t (2)

T he absorption coefficient k n

describes the intera c tion between the electro magnetic radiation and the atmospheric gases and depends not only on their ato mic properties, but also on their pressure, density and temperature. It is equal to the sumo f the unit volume absorption coefficients for each of the transitio ns of the gases co nstituting the atmosp here along the line of sight.

All real optical systems have so me losses and the radio meter will not couple with 100% efficiency to the sky. I n general, the response o f a radiometer, called antenna temper a ture, is given b y

( ) ( ) ( ) h t h t n n

- + = 1 amb b A

T T T (3) where h is the coupling efficiencyto the sky.

T he first ter mof the right side of equation (3) represents the brightness temperature, reduced bythe coupling efficiencyo f the radiometer to the radiation co ming fro mthe sky , this ter mis detected through the main beam of the a n tenna. T he second ter mrepresents the detected po wer through sidelobes and scattering fro mthe ground, optics and surround ing str uctures at ambient temper a ture.

Here we calculate the atmosp here brightness temperature considering o nlythe water vapour contribution, neglecting all other gases present in the atmosphere. In particular we do not consider oxygen with lines near 60 GHz and 118 GHz and the relatively narro wand weak ozone lines o ver 100

GHz. We follo wthe procedure outlined b yWaters [3], were the absorption coefficient k n

is calculated as the sum of two co mponents: one due to the molecular line emission properties and the other an empirical correction ter m. T he line shape utilised is the kinetic line shape.

Page 4 of 16

T he atmosp here is modelled as a discrete parallel atmo sphere, with the troposphere divided in 15 equal layers of 200 meach. Since most of the water vapour is distributed close to the ground, calculations are done to a maximum altitude of 8 km. Radiation travels fro m the higher layers do wn with the brightness temperature of each layer calculated as the sum o f two ter ms: one corresponding to the radiation entering the layer fro mlayers above and the other ter mcorresponding to the blackbod yemission of the layer. Each layer is assumed to be of unifor mdensity and at ther mal equilibrium, with these conditio ns chan g ing b e tween layers. T he cosmic background radiation is not considered at this stage of the calculatio ns.

Under these assumptions, at each layer the brightness temperature is given b y:

( ) ( )

( ) s k j

s k brightness brightness

e T e j T j T D - D - - + - = n n 1 1 (4) where T brightness

(j) is the brightness temperature of the radiation entering the j -layer fro mlayers above, k n

is the absorption coeff i cient of the j -layer, D s is the distance travelled b ythe radiation through the j - layer, and T j

is the blackbod ytemperature of the j -layer

T he calculation is started at the highest layer and proceeds to the last layer close to ground.

Ground based meteorological data (atmosp heric pressure and temperature) serves as input to the model.

T he pressure assumed to var ywith height according to the expressio ns:

( ) ( )

ò

=

- h dh h H e P h P 0

1

0

(5) where H(h ) is the pressure scale height defined by:

( )

( ) g M

h T R h H d

= (6) with P

0

the pressure at ground level [ mbar], R the Molar gas constant, 8.31451 [J mole -1 K -1 ], M d

is the mo lecular weight of ^dr y~ air, 0.02896 [kg mole -1 ], and g is the gravitational constant, 9.8 [ms -2 ].

For the temperature, we assume that there is a 2% drop per kilo metre fro ma temperature T

0

at ground level,

( ) ( )

[km]

0

98 0 h . T h T = (7)

T he 183 GHz water line radiometer s are of the heterodyne type, with three double sideband channels, with the channels spaced at 1.2, 4.1, and 7.6 GHz awayfro mthe line centre at 183.31 GHz. T heyhave been described elsewhere [1, 4].

Fro minitial observatio ns, the response cur ve of the three IF channels as function o f the amount of PWV was calculated using 1.5 kmfor the scale height of the water vapour distrib ution and over a wide range of meteorological var i ables. Under these conditions, the amount of PWV can be fitted accuratelywith a second order polyno mial as function o f the antenna temperature of the 7.6 GHz IF channel. T his is explained in more details in a previous report [1], in particular we refer to Figure 6 there.

T o start the programcalculations we begin b yestimating a seed value for the PWV fro mthe antenna temperature of the 7.6 GHz IF channel. Assuming an exponential distribution of the water vapour density, the relatio n between the amo unt of P WV [ mm], the water vapour density at ground level r

0

[kg/m 3 ], and the scale height of the water vapour distrib ution h [ m] is given b y ò - = s h s ds e PWV

0 0

r (8)

Solving (8) for the water vapour density, the model is run from this starting value and a line strength is calculated. T his value is then co mpared with the mea s ured antenna temperatures at each o f the IF channels, using equatio ns (1) and (2), including the cosmic background contributio n. Iterations are done over the water vapour densityuntil a su c cessful fit is achieved. Once a successful fitting for the water vapour density is obtained, the amo unt o f P WV contained in the atmo spheric column observed b y the radio meter beamis obtained fro m(8).

For the case of Chajnantor, from radiosonde measurements we have deter mined that the average scale height is closer to 1.5 km, being smaller than the standard value of 2.0 kmused extensivelyin the

Page 5 of 16

literature. Also there is a possible diurnal change of its magnitude. T his value should be deter mined for

Chajnantor to have an accurate P WV statistics but it is not relevant o n the calculatio ns done here, were differential variations are relevant.

T he PWV value estimated at (8), fro mantenna temperature measurements, is alo ng the line of sight.

T his value can be nor malised to zenith b ymultiplying b ythe sine of the elevatio n angle, i.e. dividing

(8) bythe number of atmo spheres at the line of sight.

2.2 Phase correction

In simple ter ms, the amo unt of P WV is linearly related to an excess pathlength delay L , through the equation:

PWV L 3. 6 = (9) with L and P WV in the same units [5]. T his relation holds under the specific conditions of an isother mal atmosphere at 280 K and, for the case of Chajnantor, with lower atmo sphere temperature the proportionalityfactor should be higher.

T he excess pathlength variation between the two radiometers is calculated as:

( )

2 1

3 . 6 PWV PWV L - = D (10)

T hese excess path delayvariations D L translate to an equivalent phase variation Df , at a wavelength l , though the equ a tion:

l

f

L D

= D 360 (11)

Because in the millimetre and sub millimetre range the atmosp here is almo st no n- dispersive at frequencies away fro mthe line centres, this equatio n allo ws us to calculate the phase variations d ue to the electrical pathlength variatio n at any frequency within this range.

2.3 Relative calibration between the two radiometers

In general, two independent radio meter s observing the same piece of skywill give rise to differ ent calibrated antenna temperatures. T his unless special care is taken on assuring that the radiometer optics, as well as all other associated optics ( e.g. telescope coupling optics), are identical, with all mo vable mirrors properlyaligned. Also, care has to be taken to guarantee that the calibratio n loads are identical.

In practice, not all variables can be controlled and different antenna temperatures will be obtained b y different radio meters observing the same sky section.

Having different antenna temperatures at each radio meter, under the same meteorological conditions, will yield the atmo spheric model to produce different values o f PWV for each radio meter. T his translates to an offset o f the pathlength variations calculated using (10). T his offset can be eliminated bya simple first order baseline remo val of the data. In the case analysed here, we are using time intervals of 10 minutes to calculate the average o f the phase data subtracting this value fro mthe raw data.

2.4 Noise considerations

Ideally, the po wer measured bya radio meter is given b y:

( )

RX A

T T B k P + = (12) where T

A

is the antenna temperature, and T

RX

is the equivalent noise temperature of the receiver, k is

Boltzman´s constant, and B is the receiver band width.

T he receiver output, after do wnconversio n, filtering, and amplificatio n, is a voltage signal proportional to the po wer of this signal. T his signal is processed b ya voltage to frequencyco nverter (V/F), which produces a frequencysignal proportional to the power amplitude of the signal. T his frequencyis

Page 6 of 16

integrated (counted) on buffers that are read bythe co mputer at a fixed rate. For each channel, these values relate to the po wer P through:

( )

RX A

T T B k IF + = a (13) where IF is the uncalibrated total power response o f one of the three IF channels o f the radio meter as read bythe co mp uter, and a is the ^conversio n factor~ of this channel. T his conversio n factor accounts for the po wer to voltage and voltage to frequency conversions; it is also function of the integratio n time.

T he radiometer is calibrated continuouslyb y measuring alternatively a hot and a war m load. Together with the skymeasurements, we obtain a set of three values for each channel:

( )

( )

( )

RX warm warm

RX hot hot

RX A sky

T T B k IF

T T B k IF

T T B k IF

+ =

+ =

+ = a

a

a

(14)

T he difference between load readings can be calculated fro m

( ) warm hot warm hot

T T B k IF IF - = - a (15)

T hus, warm hot

warm hot

T T

IF IF

B k

-

-

= a (16)

Solving for the antenna temperature in ter ms o f measured calibration (load) parameters,

RX sky warm hot

warm hot

A

T IF

IF IF

T T

T -

-

-

= (17) with T

RX

, warm hot

warm hot hot warm

RX IF IF

T IF T IF

T

-

-

= (18)

All measured signals will have noise associated with them. If for the mo ment, we assume that all the calibration (load) measured quantities remain co nstant (or at least noise-fr ee); the only noise source remaining is in the signal from the sky IF sky

. T hus, the noise amplitude in T

A

will be given by:

sky A IF warm hot

warm hot

T IF IF

T T s s

-

-

= (19)

T his means that in the best case, when the onlynoise co mes fro mthe sky signal, we have a

^fundamental limit~ to the amplitude of the calibrated antenna temperature noise.

In (19), we assumed that all calibration quantities remained constant. In real life theyall have noise and add to the noise budget of the calibrated antenna temperature calculated fro mthe measured response of the radio meter. A way to reduce this effect is to average the load po wer response and the physical temperature readout of these loads.

In Figure 1 a) the antenna temperature for the 4.1 GHz IF channel of West radio meter is sho wn compared with the total po wer output of this same channel. T he noise on the calibrated signal is evident. In Figure 1 b) we have the same antenna temperature calculated with a 60-s mo ving average over the total po wer response of the loads and their physical temperature readout. In this case, the noise level on the antenna temperature signal is reduced to the noise o f the uncalibrated total power signal.

3 Measurements at Mauna Kea

Page 7 of 16

3.1 Experimental set-up at Mauna Kea

T he JCMT and the CSO are separated bya fixed baseline of 164 m. Inter fero metr y is not the nor mal operating mode of these telescopes and thus the set-up o f the 183 GHz radiometer s is not reallypart of the routine operations. T he observations used here were done b yMartina Wiedner at a frequency of

356 GHz during October 24, 1998.

T he 183 GHz radiometers used at Mauna Kea are similar to the ones used at Chajnantor, with small differences in the IF channel positio ns. T he experimental set-up at Mauna Kea is best described in [6].

Here we will just recall that at both tel e scopes the 183 GHz radiometer s are situated behind the main dish and share the main beamthrough an off-axis mirror. At the JCMT and the CSO the mounting scheme is different thus resulting in different r e sponses to the skysignal.

T he measured coupling efficiencies of the radio meters was 96% for the JCMT and 86% for the CSO

[7], but the best fitting of the data could onlybe achieved b yusing a coupling efficiencyo f 88% for the

JCMT and 92% for the CSO. With these values the difference between the predicted and the measured antenna temper a ture, in both radio meter s, was always close to zero on the 1.2 and 7.8 GHz IF channels.

T he measured antenna temperature in the 4.2 GHz IF channel was always about 20% higher than the estimated value for both rad i ometers.

Our atmo spheric water line fitting method needs the ground meteorological data as an input parameter.

T he weather data was not recorded during the observatio n period so we used constant values of T amb

=

273.16 K and P atm

= 600 mbar for the co mplete observatio n period [7].

3.2 Phase data at Mauna Kea

3.2.1 356 GHz interferometer data

T he interfero meter data file includes the relative p hase between the CSO and the JCMT tel e scopes, as well as a time stamp. T he recorded data covers a period of almo st two ho urs and is sampled ever y 10 seconds.

It can be seen in Figure 2 that the interfero meter phase fluctuatio ns are stable around an average value during the first hour of observatio n, and a large drift d uring the last hour of observatio n. T his drift has been attributed to ther mal expa n sion o f a cable, and is thus instr umental rather than atmospheric [7].

3.2.2 183 GHz radiometer data

T he rawradio meter data file includes a time stamp and columns representing the antenna brightness te m perature for each IF channel at each radio meter.

T he data is collected as a 5-sec average per point. T he time stamp o f the radio meter observatio ns and the recorded interfero meter phase fluctuations does not coincide, thus we interpolated the estimated amount of P WV to coincide with the interfe r o meter time stamp.

T he amo unt o f P WV is estimated fro mthe antenna brightness temperature of the 7.6 GHz IF channel as described in the previous section. T he result is sho wn in Figure 3. T he amount of PWV measured at the

CSO is consi s tentlyhigher than the amount of P WV measured at the JCMT . T he average ratio for the first hour of observatio n is 1.09 ± 0.01. T his means that there is either a calibration difference between both radiometers or a lo wer coupling efficiencyto the telescope beamfor one of the radio meters that will produce ground pick-up at ambient temperature. T he absolute difference is not relevant in the phase correction scheme sho wn here because it will sho w up as a constant phase offset, and we are interested only in the devi a tions around the average value.

3.3 Phase correction at Mauna Kea

We analysed the fir st ho ur of the observation period, between 5 to 6 UT. T he onlydata processing done is the remo val of the average for each phase cur ve.

Page 8 of 16

T he phase variation curves measured b ythe two systems, sho wn in Figure 4, sho wthe same trend but different amplitudes.

T he standard deviation of the inter fero meter phase variatio n is s interferometer

= 64.45 ° . T he standard deviation for the corrected phase, obtained bysubtracting the radio meter phase variation from the interfe r o meter phase variation, is s corrected

= 43.65 ° . T he corrected phase is effectively decreased by

32% bysubtracting the phase variations estimated fro mthe 183 GHz water line measurements.

T he correlation between the phase measured bythe interferometer and the radio meter can be seen in

Figure 5. T he observed period sho ws a correlation:

radiometer eter interferom

f f D + = D 4359 . 1 0048 . 0 (20) with a correlation coefficient of 0.7722.

4 Measurements at Chajnantor

4.1 Experimental set-up at Chajnantor

T here are two interfero meter s at Chajnantor, one installed b yNRAO and the other one installed b y

ESO. Each inter fero meter has two 1.8-m antennas separated b ya 300-mbaseline, observing a 11.2

GHz beacon fro ma geostationar y satellite. After do wnco nversion the signal fro mone o f the antennas is phase locked to the sate l lite beacon. Further do wnconversio n and digitising is done, before extracting the relative phase between both signal streams [8]. We have placed a 183 GHz water vapour line radiometer close to each antenna element of the ESO interfero meter. T hese radiometers, built in a collaborative effort between Onsala Space Observator yand the Mullard Radio Astrono my

Observator y, have been described before in [1, 4]. T he amount of PWV in the line o f sight is determined as described in sectio n 2.1. During the measurements described here the 183 GHz water vapour radiometer s are looking at the satellite observed b ythe NRAO interfero meter, because of so me problems with the ESO interfero meter. T his is not the ideal situation because the distance between the

NRAO interfero meter antennas and the radio meter is about 6 meters, co mpared with about 2 meters between the ESO inter fero meter and the radio meter. T his separation is along the N-S direction, while the interfero meter baseline is along the E -W direction.

In order to compare the phase variatio ns measured b ythe interfero meter and tho se estimated fro m radiometric measurements, we need to observe the same atmospheric column. T his is done b ypointing the steerable mirror of the radiometer to wards the direction of the satellite observed bythe interfero meter.

T o improve the alignment of the radio meter and interfero meter antenna beams, we used the solar eclipse pr o duced bythe mo tion of the satellite in front of the sun during its transit between hemispheres in the days around the equinox. T his event leaves a clear signature in the inter fero meter response (Fig.

6). Bymaximising the total power level of the rad i o meters at the same time, we can align the radiometer beams with the inter fero meter beams.

T he jump in the radio meter power outp ut signal is caused b ythe lo ss of lock of the received satellite signal [9]. Nevertheless, we can fit a Gaussian distributio n to the phase-locked signal and obtain the half po wer beamwidth (HPBW) of the interfero meter beam. T his was done for one of the channels and results in a HPBW of 1.02º. T his co mpares ver ywell with 1.05º as predicted fromdiffraction theor y, using a dish diameter of 1.8 mand an operating frequency of 11.2 GHz. T he transit time in front of each inter fero meter antenna can be calculated fro mFigure 6 b ydeter mining it from the centre peak.

T his results in a transit time difference of 41.18 seconds between the two antennas. T his time difference translates to an angular displac e ment of 10´ between the interfe r ometer antennas.

Also a Gaussian fit can be done to the po wer response of the radio meters to the transiting sun (Fig. 7).

T his gives a HPBW of 2.59º for the West rad i ometer and 2.52º for the East radiometer. T he transit time difference for the t wo beams gives a relative angular displacement o f about 3.5´ between the beams o f the two radio meters.

Page 9 of 16

T he angular size of the satellite is much smaller than the ave r age angular size of 0.53º of the sun thus the accuracy of the method is limited to about 0.5º . T he comparison of the average transit time of the interfero meter and the average transit time o f the radio meter s gives an average angular displacement of

27´ between the two beams. T his value is within the experimental acc u racyo f the method.

Despite the good relative pointing of the two instr uments, there is still a significative mismatch in the beamsizes. Because of the different HPBW, at a distance of 1 ,000 m(corresponding to a height of the order of 500 m) the interfero meter beamdiameter will be of the order of 20 m, whereas the radio meter beamwill have about 50 mdiameter.

Byperfor ming measurements of antenna temperature at different elevatio n angles, and fitting least squares to the antenna temperature as functio n of elevation, it is possible to obtain the coupling efficiency to the sky. A coupling efficiencyo f h = 97% was found for the West radiometer, and h =

98% for the East radio meter.

4.2 Phase data at Chajnantor

4.2.1 11.2 GHz interferometer data

T he rawinter fero meter data, sampled at a 1-seco nd rate, is divided in 10-minute periods. T o remove long ter m drifts in the phase, caused b ythe orbital drift of the satellite fro mthe antenna beam centres and instrumental drifts, a second order baseline is removed fro m the data sets.

4.2.2 183 GHz radiometer data

T he rawradio meter data files, one for each radiometer, include a time stamp and columns representing the uncalibrated total po wer response for each IF channel. T he file is read bya C program, running on a

PC compatible, which calculates the antenna brigh t ness temperatures and estimates a value o f PWV . A new file is written, keeping the time stamp and adding columns for the zenith PWV , the line of sight

PWV , the path delay, the zenith opacityand brightness temperatures for each IF channel. As described in sectio n 2.4, to reduce the noise on the P WV estimation, before performing the antenna temp erature calibration we calculated mo ving averages of 60 sec on the values of the physical temperature reading of the loads as well as on the radio metric total po wer readings o f these loads.

T he radiometer data is sampled ever y 2 seconds. Since this time stamp does not coincide with the recorded interfero meter phase fluctuation, we interpolated the resulting estimated amount of PWV to coincide with the radio meter time stamp (2-sec time series). A file with the time stamp and columns for the phase vari a tion in the interfero meter and the radio meter is generated.

T he radiometer at the West side of the baseline has been in operation since September 1998. T he radiometer at the East side was made operational onlylate March 1999.

4.3 Phase correction at Chajnantor

Here we will co ncentrate on the data obtained on November 15, 1999. T he time series for this dayis divided in 10-minute periods and, after a linear baseline remo val of the radio meter data , both signals are correlated using least squares fitting to a linear relation between the inter fero meter phase

(independent variable) and the radio meter phase (dependent variable).

eter interferom radiometer

b a f f D + = D (21)

Ideallythe offset coefficient a sho uld be zero, the linear coefficient b should be one, and the correlation coefficient between both time series sho uld also be one.

T he degree of correlation varies during the dayfro mno correlation (correlation factor close to zero) to high correlation (correlation coefficient close to unity). T he slope that ideally should be unity varies also during the day, indicating that the proportionalityfactor used in equations (9) and (10) is not the correct one. It seems that this proportionalityfactor might also be var ying during the day.

In Figure 8, we sho w the result for November 15, 1999. T he two upper plots on the figure sho w the phase variatio n measured with the inter fero meter and the radio meter respectively. T hese two time

Page 10 of 16

series are not identical, so mething that is reflected in the centre plot that sho ws the correlation over the dayfor sample 10-minute periods. In this particular example, during the first q uarter of the day, there is no correlation, while during the seco nd quarter, the correlation is mar ginal, and during the last half of the day, the correlation improves.

T he corrected phase is obtained bysubtracting the radio meter phase fro mthe interfero meter phase. B y comparing the variance of the interfero meter phase and the corrected phase, the phase improvement can be quantified. During the observed day, the phase improvement ranges fro mzero at the first quarter, to

36% at the centre, and 53% during the last half o f the day.

5 Conclusions and future work

In measurements done at Mauna Kea, using the JCMT and the CSO telescopes as an inter fero meter, at an altitude of 4,200 mand an operating fr e quency of 356 GHz, the phase variation was decreased by

32% using this method. T he correlation between the p hase variation measured bythe interfero meter and the one radio metricaly estimated is ver ygood. T he slope of the linear fitting sho ws that there is a scale discrepancybetween the relative amplitude of the phase variations fro mthe two instruments. At

Mauna Kea , this can be e x plained either b ya wrong result of the line fitting process, that is able to reproduce accuratelythe variations b ut not the correct PWV scale, or b ya wro ng proportionalityfactor between the amount of P WV measured and the pathlength variation (equatio ns 9 and 10).

In the data fro mMauna Kea, the time stamp on the phase variatio n readings was different for the radiometer and for the interfero meter data. In addition, the integration time is different o n the two databases. In order to proceed with the analysis we had to interpolate the value o f PWV (or excess path delay) to the nearest time value coinciding with a value o f phase for the interfero meter. T he interfero meter data is samp led ever y10 seconds and the radio meter data ever y5 seconds. T he error in time between readings can be as large as 5 seconds. T his should be corrected in order to improve the correlation between p hase mea s ured in both systems.

At Mauna Kea the observations are conducted at 4,200 m, where the atmosphere is co mplex, with possible clouds or layers of water in liquid phase. T his is not considered for the mo ment in our linefitting model. At Chajnantor the water inside the cloud s is expected to be mostly frozen.

At Chajnantor, the amo unt of P WV contained in an atmospheric column has been estimated fro ma set of antenna brightness temperatures obtained b ytwo 183 GHz water vapour mo n i tors measuring in the same direction as the two elements of a 11.2 GHz interfero meter. T his estimation is done for ever y measurement at a 2-sec rate, thus generating a time series for the PWV variatio n during the day. T he differential variation of P WV is translated to a time series of phase variatio n using a linear relation scalable to anyfrequencywithin the millimetre wavelength range.

T he phase improvement o f more than 50% obtained at Chajnantor, during the second half of the dayis ver yencouraging. T here are some ano malies that need to be explained in the phase variation data that differ s between the two instruments at so me times o f the day.

T he ano malies seen in the inter fero meter phase variatio n at Chajnantor during the first part of the day

15/11/99 (Figure 8), seemto be real because theycan also be seen with the ESO inter fero meter that is observing another satellite at a different elevation angle. T his discards antenna movements d ue to wind or electromagnetic inter ference as origin o f these fast fluctuatio ns, since it is ver yunlikelythat the same effect can be seen at both inter fero meters at the same time. Investigation on this p heno meno n is currently under way.

T here is a clear indication that there is a difference between the amplitude of the phase measured with the interfero meter and the one estimated fro mradio metric measurements. At Chajnantor this difference seems to var yalo ng the dayand more data is needed to understand this variatio n. A more rigorous approach is to consider the temperature dependence of the phase-path length relation.

Another area that sho uld be investigated is the water line fitting, since we are using a simple atmospheric model based in the Waters method [3] considering onlythe wet air contribution, plus an empirical correction factor. A more detailed stud yo f the accuracyof the fitting needs to be done, considering different meteorological conditions.

Page 11 of 16

Acknowledgements

T he authors war mly ackno wled ge the help fro mMartina Wiedner for merlyat M RAO, no w at the

Harvard-Smithso nian Center for Astr o physics, who kindlyprovided the data fro mMauna Kea.

One of the authors (GD) ackno wledges the fundamental contributio n of Javier Brahm, MD and Er win

Buckel, MD for making possible at all the participation of this author on the wor k.

I mportant part of the funding for this project came out o f the b udget of Onsala Space Observator y provided bythe Swedish Nat u ral Science Co uncil (NFR).

References

[1] G. Delgado, A. Otárola, V. Belitsky, D. Urbain,P. Martin- Cocher, ^The Determination ofP recipitable Water

Vapour at Llano de Ch a jnantor fromObse r vations of the 183 GHz Water Vapour Line,~ ALM A Memo

Series No. 271, 1999.

[2] P. Jarlemark, ^Analysis of Temporal and Spatial Variations in Atmospheric Water Vapor Using Microwave

Radiometry,~ Technical Report No. 308, Chalmers Universityo f Technology, 1997.

[3] J. Waters, ^Absorption and emission byatmospheric gases,~ in Methods of Experimental Physics , M. Janssen

(Ed.), Vol. 12B, pp. 142-176, 1976.

[4] http://gard04.mc2.chal mers.se/183GHz_radiometer.htm

[5] A. Tho mpson, J. Moran, and G. Swenson, Interferometry and Systhesis in Radio Astronomy , Krieger

Publishing Company, 1994.

[6] M. Wiedner , PhD thesis, Universityof Cambridge, 1998.

[7] M. Wiedner (mwiedner@randonnee.harvard.edu), private comm u nication.

[8] S. Radford, G. Reiland, and B. Shillue, ^Site Test Interfe r o meter,~ P ASP , Vol. No. 108, pp. 441-445, 1996.

[9] S. Radford (sradford@nrao.edu), private comm u nication.

Page 12 of 16

86.80

86.85

86.90

86.95

87.00

87.05

87.10

212

213

214

215

216

217

218

200.00 300.00 400.00 500.00 600.00 700.00

4.1 GHz sky Ta 4.1 GHz [K]

Time [sec]

86.80

86.85

86.90

86.95

87.00

87.05

87.10

212

213

214

215

216

217

218

200.00 300.00 400.00 500.00 600.00 700.00

4.1 GHz sky Ta 4.1 GHz [K] average IF load

Time [sec] a) b)

Fig. 1 T otal power for the 4.1 GHz IF channel (black cur ve) and associated calibrated antenna temperature

(red curve), for a) non-averaged calibration load signals and b) 30-s averaged calibration load signals

Page 13 of 16

00/11/06

Fig. 2 Phase fluctuation between the CSO and the

JCMT telescopes operating in inter fero meter mode

Fig. 3 Estimated amount of P WV in the direction of

observation for the CSO ( upper black curve) and the

JCMT (lo wer blue cur ve)

Page 14 of 16

00/11/06

-150

-100

-50

0

50

100

150

200

5.0 5.2 5.4 5.6 5.8 6.0

Interferometer phase variation [degrees]

UT time

Fig. 4 Phase variation for the 183 GHz water vapour

radiometers (lo wer blue curve) and the inter fero meter

(upper red curve).

-150

-100

-50

0

50

100

150

200

-100 -50 0 50 100

Radiometer phase variation [degrees]

Fig. 5 Correlation between the inter fero meter phase

variations and the radio meter phase variations

Page 15 of 16

00/11/06

1.0

1.5

2.0

2.5

3.0

46800 47000 47200 47400 47600 47800 48000

Time [sec]

Fig. 6 Signature of the satellite eclipse on the inter fero meter signals

106.0

108.0

110.0

112.0

114.0

116.0

118.0

120.0

43000 44000 45000 46000 47000 48000 49000 50000 51000

Time [sec]

58.0

60.0

62.0

64.0

66.0

68.0

70.0

43000 44000 45000 46000 47000 48000 49000 50000 51000

Time [sec]

Fig. 7 T otal power response o f the 183 GHz radiometer s

Page 16 of 16

00/11/06

-40.0

-30.0

-20.0

-10.0

0.0

10.0

20.0

30.0

40.0

0 10000 20000 30000 40000 50000 60000 70000 80000

Interferometer Phase

UT time [sec]

-40.0

-30.0

-20.0

-10.0

0.0

10.0

20.0

30.0

40.0

0 10000 20000 30000 40000 50000 60000 70000 80000

Radiometer Phase

UT time [sec]

-1.0

-0.5

0.0

0.5

1.0

0 10000 20000 30000 40000 50000 60000 70000 80000

15/11/99

Correlation factor

Time [sec]

-10.0

-5.0

0.0

5.0

10.0

15700 15800 15900 16000 16100 16200 16300 16400

Phase variation between 15747-16347 sec

Interferometer phase [degrees]

Radiometer phase [degrees]

Interferometer phase [degrees]

UT time [sec]

-5.0

-4.0

-3.0

-2.0

-1.0

0.0

1.0

2.0

3.0

28700 28800 28900 29000 29100 29200 29300 29400

Phase variation between 28717-29317 sec

Interferometer phase [degrees]

Radiometer phase [degrees]

UT time [sec]

-30.0

-20.0

-10.0

0.0

10.0

20.0

30.0

56600 56700 56800 56900 57000 57100 57200 57300

Phase variation between 56612-5722 sec

Interferometer phase [degrees]

Radiometer phase [degrees]

UT time [sec]

Fig. 8 Correlation fo r day16/11/99 at Chajnantor. T he upper plots sho wthe time series of interfero meter

phase (left) and radiometer phase (right for the co mplete day. T he centre plot sho ws the correlation between

these two time series, while the three lo wer plots sho w a 10-min ute detail of both phase variations at different

correlation factor values.