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Abstract—The Heterodyne Instrument for the Far-
Infrared (HIFI) was launched aboard the Herschel
space telescope on the 14th of May 2009. HIFT’s
frequency range is spread over 7 mixer bands. Bands
1-5 (480-1270 GHz) use Superconducting-Insulator-
Superconducting (SIS) mixer technology while bands
6 & 7 (1410-1910 GHz) use Hot Electron Bolometer
(HEB) mixer technology. HIFI is a double sideband
instrument and hence contains both the upper and
lower sideband of the down converted sky signal. The
gain in the upper and lower sideband is not always
equal. This effect introduces a calibration uncertainty
that must be understood in order to achieve the HIFI
calibration goal of 3%.

To determine the frequency dependent sideband
ratio for each mixer band, a gas cell test set up was
developed [1]. During the instrument level testing a
number of simple (}2CO, 2CO and OCS) and complex
(CH3CN and CH30OH) molecules were observed using
the HIFI instrument. Using a radiative transfer model
with the measured pressure and optical path length
of the gas cell and molecular line parameters taken
from the JPL and HITRAN -catalogs, model spectra
can be generated. By comparing the generated spectra
with the observed spectra the sideband gain can be
determined.

In this paper we present the analysis of '2CO gas
cell data in bands 1 & 2 and the application of the

determined side gain ratios to flight data.

[. INTRODUCTION

HIFI is a one of three instruments on board
the Herschel Space Observatory. Using heterodyne
techniques it provides very high spectral resolution
(R = v/Av > 10°-107) from 480-1270 GHz
and 1410-1910 GHz for two polarizations. This high
resolution promises to open a new window on the
chemistry and kinematics of the cold universe [2].

The heterodyne technique achieves high resolution
spectra by beating the sky signal with an instru-
ment produced monochromatic signal of a similar
frequency close to the sky frequency of interest. This
local signal is typically known as the local oscillator
(LO) signal. The two signals are added together at
the mixer which reacts to the beat frequency of the
two signals. This down converted signal is known
as the intermediate frequency (IF). Depending on
the mixer characteristics a 2.4 to 4GHz band of the
sky signal is down converted either side of the LO
frequency, these bands are known as the sidebands.

HIFI’s frequency coverage is spread over 7 bands.
Each band has two mixer blocks which detect or-
thogonal polarizations. Each mixer is coupled to
two LO chains covering approximately half of the



mixer band frequency coverage. HIFI uses two types
of mixing elements. Bands 1-5 (480-1270 GHz)
use Superconductor-Insulator-Superconductor (SIS)
technology and bands 6 & 7 use Hot-Electron-
Bolometer technology to mix sky and LO signals.
Both technology use superconducting techniques to
downconvert the signal albeit via different mecha-
nisms, for a review of mixer technology see [3]].

HIFI aims to have unprecedented calibration ac-
curacy for a heterodyne instrument. A major source
of calibration error in ground based telescope is
atmospheric perturbations. By going to space HIFI
opens up new parts of the sub-mm spectrum but
also the vacuum of space removes a large calibration
error. The main calibration errors in HIFI will be
from the telescope optics and the instrument itself.
The main sources of calibration error for HIFI come
from internal standing waves, hot and cold load cou-
pling and temperature and mixer sideband gain ratio.
Standing waves manifest themselves in numerous
ways in a heterodyne systems and can be seen on
the spectra baseline but also more subtlety in the
mixer sensitivity due to internal reflection in the LO
mixer cavity, see [4] for a review.

Side band gain ratio is a bi-product of the HIFI
mixer set up. The HIFI mixers are double side band
(DSB) mixers and hence have an upper and lower
side band in the down converted spectra. The sepa-
ration of side bands in the mixer setup is a common
component in ground based telescope however at
the time of HIFI development the technique was
still in a development phase. HIFI separates the
sideband in the data processing pipeline. Using the
principle that by changing the LO frequency spectral
lines in the upper and lower side band move in
opposite directions it is possible to deconvolve DSB
spectra into its SSB (single side band) components,
see [S]. For wide band spectrometers such as HIFI
the change in gain across the upper and lower side
bands can introduce a significant calibration error.
The side band gain effect can be removed during
the deconvolution process however knowledge of the
side band gain ratio is required.

This paper discusses the gas cell tests undertaken
during instrument level testing (ILT) phase to deter-
mine the side band gain variation across the HIFI
frequency coverage. The effect of side band ratio
on calibration accuracy will be discussed in section
2. The gas cell set-up will be discussed in section
3. Section 4 details the gas cell line fitting and
the extraction of the side band ratio from this data.
Finally section 5 details the application of side band

ratio to flight data taken during the performance
verification phase of HIFL.

IT. CALIBRATION ERRORS

As HIFI aims for unprecedented calibration accu-
racy in a heterodyne system all efforts were made in
the instrument level tests to quantify and understand
the sources of calibration error in the system. 2 of
the main sources of calibration error within HIFI are
standing waves and the mixer sideband ratio.

A. Standing waves

Standing waves are a common feature in radio and
sub-mm telescopes as the telescope and instrument
optics are comparable with the radiation wavelength.
Standing waves occur when a signal is reflected be-
tween 2 surfaces. The reflected signal interferes with
the incoming signal. Depending on the phase of the
signal when reflection occurs, the interference can be
constructive or destructive. When this interference is
viewed from a broadband perspective it appears as
sinusoidal intensity variation with frequency. From
the period of this modulation one can determine the
distance between 2 reflecting surfaces as follows:

ey

where P is the standing wave period in frequency, ¢
is the speed of light and d is the distance between
the 2 surfaces.

The main source of standing waves in ground
based telescopes is from the secondary mirror. This
was considered in the design of the Herschel sec-
ondary mirror and the inclusion of scattering cone
has almost completely removed this effect. However
even though great efforts were made to reduce stand-
ing waves they are still seen in the HIFI internal
optics. Standing waves are seen in both the sky and
local oscillator signal paths.

Standing waves in the sky path, be it from the
calibration loads or the sky, appear as a modulation
on the spectrometer output. The problem is compli-
cated further by the double side band nature of HIFI.
The standing wave in figure |1| is the result of the
interference between the standing wave in the the
upper and lower sideband signal.

Standing waves in the LO path are not as apparent
as those in the sky signal path but can have a
detrimental effect on certain observing modes such
as frequency switch modes [6]]. Standing waves in
the LO path modulate the LO power and hence the
sensitivity of the mixer. Figure [2] shows the effect of
a standing wave on the mixer pump level. A fraction

d=c/2P



of the LO power is reflected between the LO unit
and mixer causing a modulation in the LO power
and hence mixer sensitivity. The effect of standing
waves in the LO signal path is discussed in detail in
[4]].

The standing wave seen in the HEB bands is of
another form. Like the sky path standing wave it
is seen as a broadband modulation on the spectrum
baseline however the origin of the reflection cavity
is not in the instrument optics but in the IF electrical
amplification chain. Due to an impedance mismatch
between the HEB mixer and the first amplifier not all
of the signal is transmitted and some is reflected back
and forth between the 2 component along 182mm
of coaxial cable. In bands 1-5 an electrical isolator
is present absorbing any reflected signal. However
due to a late design change in IF bandwidth for
the HEB band no suitable isolator was available
and hence reflected signal become a problem. In an
ideal system the standing waves would cancel in the
calibration routine. However the HEB impedance is
a very sensitive to small fluctuations in LO and sky
power which change the standing wave shape and
leads to a residual between the On and Off phases.
The impedance of HEB and the proposed solution to
remove this standing wave is discussed in reference
[7]].

Correcting baselines for the standing wave effects
seen in figure (1| is a typical chore of a radio as-
tronomer and a number of tools are available for
this task. However complete removal of all standing
wave effects is not entirely possible. Standing waves
from the temperature loads can limit the absolute
temperature calibration possible and the standing
wave amplitude must be taken as a calibration error.

B. Side band ratio

As stated previously, HIFI is a double side band
instrument and contains signal from both the upper
and lower sideband. The basic HIFI calibration con-
tains 4 different observation phases, (On source, Off
source, Hot load, cold load) which when combined
together in equation [2] remove the systematic effects
(assuming the instrument is stable over the course
of the data acquisition) and return a temperature
calibrated DSB spectra.

On—Off
Hot — Cold
In an ideal mixer with an equal gain in both side-
bands, the spectral line intensity for an unconfused

line (i.e. not blended with a line from the other side
band) can be calculated simply by multiplying the
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Figure 1. Plot of Methanol data taken at 645.999 GHz showing
a 170 MHz period standing wave corresponding to internal
reflection in a cavity of length ~ 88cm
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Figure 2. Plot of mixer currents for both H and V mixers. For
this test the LO power is kept constant and the LO frequency is
changed. In the mixer current vs. LO Frequency plot 2 standing
waves are apparent, a 92MHz modulation corresponding to a
distance between the LO source unit and the mixer focus and a
680 MHz period standing wave corresponding to an reflection
between the diplexer rooftop mirror and the mixer focus.

line intensity by 2. However the gain response across
a mixer band is not necessarily uniform.

HIFI observes 2 sidebands of 4.0 (bands 1-5)
or 2.4 GHz (bands 6 & 7) either side of the LO
Frequency.At the upper end of the IF band a 16 GHz
frequency difference is seen between the LSB and
USB frequency channel summing together to make
a single IF channel. A slope in the gain across the
side bands can introduce a calibration error when
converting DSB intensity to SSB intensities, see
figure 3] As HIFI has a large IF band width this effect
becomes significant. The effect must be understood
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Figure 3. Example of linear mixer gain variation and the
resulting side band ratios. The term SBR (side band ratio) is
defined as USB gain divided by the LSB gain

in order to determine the calibration accuracy and
eventually correct in the data processing pipeline.

The topic of intensity calibration is covered in
detail in reference [S]].

III. GAS CELL TEST SETUP
A. Principles

Gas cell tests were used by the SWAS satellite
[9] and the Odin satellite [10] in their ground test-
ing. SWAS in particular used a gas cell set up to
demonstrate a side band gain ratio of unity. The IF
bandwidth of SWAS of 1.4 GHz is considerably less
than HIFI and hence would be less susceptible to
side band gain imbalances.

The basic concept of a gas cell calibration of a
heterodyne receiver is to observe well understood
molecules (known line frequencies, intensities, pres-
sure broadening parameters) and then using a radia-
tive transfer model generate a model line profile. By
comparing the model line profile with the observed
line profile it is possible to extract the instrumental
effects.

A gas cell observation follows that of a stan-
dard observation detailed in equation 2] A typical
observation observes the hot and cold calibration
loads through both the filled and empty gas cell.
By forming a ratio of filled and empty observations
one can extract the side band ratio. For a single
spectral line in the lower side band, the filled and
empty phases of the gas cell observation would be
as follows:

Stited = Gu(Jn— Je) + Gi(Jp, — Je)e™ ™ (3)

Gu(Jh - Jc) + Gl(Jh - Jc) (4)
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Figure 4. Gas test setup

where G, and (5; are the frequency dependent upper
and lower side band gain respectively, J;, and J. are
the effective hot and cold load temperature of a black
body of temperature T at a given frequency. The e™ "
term represents the line opacity at the line center, see
section[I[V] By rearranging equations [3| and [] the side
band ratio is given by:

RG _ Ui 1- Sfilled/sempty

Gy B Sfilled/sempty —e 7

&)

For gases where the line intensity is saturated,
7 > 1, the above equation can be reduced to
Sempty/Sgilea — 1. For a gain balanced mixer
Sempty/Stillea for a saturated line = 0.5 or an ab-
sorption line half the continuum level in a normalized
spectra, see figure [6]

In the data processing pipeline the side band gains
are applied to the DSB intensity to convert to single
side band intensity. In an ideal gain balanced mixer
this is simply a case of multiplying the intensity
by two. Where the mixer sideband is not equal the
intensity must be dividing by the side band gain
factor which is defined for the upper side band as:

1
G p—
ssb 1+ RG

and the lower side band gain factor is defined a 1 —
Gqp, see reference [8]).

(6)

B. Design

The design of the HIFI gas cell set up is detailed in
reference [1]]. The gas cell set up chosen was based
on the recommendations from the SWAS gas cell
setup [L1]. The gas cell has a multi path optical set
up which maximizes the optical path length while
keeping the volume of the gas cell to minimum for
ease of installation. The gas cell has a path length of
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each gas used in the gas cell test campaign

128cm which is contained in a cylindrical vessel of
15 cm diameter and 50cm height.

As HIFI has a large frequency coverage one
single molecule will not provide saturated lines at
all frequencies. For the HIFI gas cell a range of
molecules were observed and hence the effect of
cross contamination was considered in the material
choice for the gas cell. A glass gas cell design was
chosen over a metal one as certain molecules would
stick to the metal walls particularly water. The gas
cell was designed to operate at low pressures around
1 millibar. The final gas cell test set up showing the
calibration loads, re-imager, LO and HIFI cryostat is
shown in figure [4]

C. Calibration gases

The choice of gases for the test campaign was
a trade off between a number of criteria. For side
band measurement a saturated line was necessary.
This limited the gas choice to molecules with line in-
tensities of 1072 to 1072 in units of nm~2?.MHz. Lab
safety was also considered and possible corrosive
effects on the gas cell itself. Figure [5| summarizes
the frequency coverage of the final gas choices.

IV. GAS CELL LINE FITTING
A. Line profile theory

The line profile seen in figure [ is best described
using a voigt profile. The voigt profile is a con-
volution of a lorentzian and gaussian profile. The
lorenztian profile describes the line broadening effect
due to the gas pressure and its half width half
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Figure 6. '2CO gas cell data at 570.4 GHz (highlighted in blue
on the left). Green line shows spectral line fit for a balanced
mixer (Gssp, = 0.5), red line shows the fitted profile where Gssp
=0.542

maximum is defined by the:

(N

where 7 is the pressure broadening parameter
MHz/mbar and P, the gas cell pressure, is in mbar.
V1sels 1s taken from the HITRAN database [12]. The
gaussian profile describes the broadening effect due
to the thermal motion of the gas. The width of a
gaussian profile is a derived from the Boltzmann
equation and is a function of the gas temperature and
the line frequency. The half width half maximum is

defined as:
vo [2(In2)kT
c m

where 1 is the line frequency, c is the speed of light,
k is Boltzmann constant, 7' is the gas temperature
and m is the molecular weight. The convolution of
these 2 profiles gives the distribution of energy for
that molecular transition. The integrated area of the
voigt profile for that transition is then equal to the
integrated intensity taken from the HITRAN or JPL
catalogs for that line. The peak absorption is then
defined as:

vy = ’YselfP

®)

ovp =

Iy, P

T kT
in2

€))

Amaxr =

vy, +

where I, is the integrated intensity taken from the
catalog. Using oy,q, the unit voigt profile peak is
scaled. Combining the scaled voigt with the expo-
nential opacity broadening effect (Beer-Lambert law)
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Figure 7. Plot of 2CO (5-4) data taken with the V polarization
wide band spectromoter (WBS) backend between 568.4 to 572.1
GHz in steps of 0.1 GHz at an average gas cell pressure of
6.5mbar. Traces of LO spurious signals can be seen between the
LO frequencies of 570.7 and 568.4 GHz around the IF frequency
of 4.3GHz. The spectra highlighted in blue is shown in more
detail in figure [§]

due to gas column length, the final line profile profile
peak is:
eamaIV(ufug,JVD,(SuL)L

(10)

where L is the gas cell column length. The residual
between this line profile and the observed line is
taken to be the side band gain ratio.

B. Line profile fitting

Figure [6] shows a example of the line fitting
routine. The green profile shows the line profile for
a balanced mixer while the red profile shows line
profile where the side band gain is left as a free
parameter which is fitted to match the observed line
profile. The resulting side band ratio factor is 0.542,
see equation [6]

Figure [7| shows an overview of the '>CO 576.268
GHz spectral line for a range of LO Frequencies
between 568.4 and 572.1 GHz. Each of spectra was
fitted with a model spectral line where the side band
gain was a free parameter. The resulting fitted side
band ratio factor versus LO Frequency is shown in
figure [§]

Note that the band 1b data presented here is an
exceptional example with a large side band gain
difference over 4GHz. This extreme example was
chosen to demonstrate the gas cell method and is
not typical of the side band ratio determined from
12CO line fitting in other bands.

V. CORRECTION OF FLIGHT DATA

The main goal of the gas cell test campaign was to
determine the side band ratio across each mixer band
and eventually correct flight data for this effect. The
main assumption made was that the side band ratio
is an inherent part of the mixer set up and should
remain the same over the instrument life time. The
example presented here is an extreme side band ratio
compared with other LO frequencies in HIFI. A 10%
change in gain is seen across over 4 GHz of the IF
band. This makes it an ideal region to compare the
lab data presented here with a comparable spectral
scan observed in space.

During the first performance verification phase
of HIFI in July 2010 a number of spectral scan
observations on strong sources were taken. Figure [J]
shows a 12CO line tracked across the IF band in steps
of 0.4 GHz between the LO frequencies 568.535 and
571.932 GHz. In this plot it is apparent that the same
slope in gain seen in the gas cell data is seen in the
flight. Ideally the spectral line intensity should be the
same across the IF band, however in figures [/| and
[9) the line intensity is seen to decrease across the IF
band indicating a side band gain imbalance. More
significantly is that the slope in gain across the IF
seen in flight data is consistent with that seen in the
gas cell data.

Figure |10| shows the peak line intensity of the data
show in figure [0 and also the peak line intensities
when the side band gain shown in figure [§]is applied.
From this plot one can see that before the gain cor-
rection is applied the peak intensity scatter is ~10%
while after gain correction it is greatly reduced to
~3%.
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VI. CONCLUSIONS

In this paper, the concept of calibrating a double
side band heterodyne spectrometer using a gas cell
test set up was described. It was shown how to
generate a model spectra using radiative transfer
methods taking into account the optical path length,
gas pressure and temperature coupled with the JPL
and HITRAN line catalogs. We described how by
comparing model spectra to observed spectra the side
band ratio at that IF frequency could be extracted.
Using this extracted side band ratio data we showed
that for the LO frequency range from 568 to 572
GHz the amount of scatter in a flight data could be
reduced from the ~10% to ~3%.

VII. FUTURE WORK

The data covered in this paper is only a small
fraction of the total data taken during the gas cell
campaign, see figure [5] Future work will involve
the expansion of the methods demonstrated here to
12CO and '3CO in other mixer bands. The final goal
of this work is to analyze the large CH30H and
CH;3CN dataset taken and generate a more complete
picture of the side band gain ratio, thereby improving
the overall calibration accuracy of HIFI and finally
helping produce exceptional science data.
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