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ABSTRA CT

We are building a bolometer camera (the Goddard-Iram Superconducting 2-Millimeter Obsener, GISMO) for
operation in the 2 mm atmospheric window to be used at the IRAM 30 m telescope. The instrument usesa
8x16 planar array of multiplexed TES bolometerswhich incorporates our newly designedBackshort Under Grid
(BU&) architecture. Due to the sizeand sensitivity of the detector array (the NEP of the detectorsis4 10 17

Hz), this instrument will be unique in that it will be capable of providing signi cantly greater imaging
sensmwty and mapping speedat this wavelength than has previously beenpossible. The major scierti ¢ driver
for this instrument is to provide the IRAM 30 m telescope with the capability to rapidly obsene galactic and
extragalactic dust emission, in particular from high-z ULIR Gs and quasars,even in the summer season. The
2 mm spectral range provides a unique window to obsene the earliest active dusty galaxiesin the universe
and is well suited to better con ne the star formation rate in these objects. The instrument will Il in the
SEDs of high redshift galaxies at the Rayleigh-Jeanspart of the dust emissionspectrum, even at the highest
redshifts. The obsenational e ciency of a2 mm camerawith respectto bolometer camerasoperating at shorter
wavelengthsincreasesfor objects at redshifts beyond z 1 and is most e cien t at the highest redshifts, at the
time when the rst stars were re-ionizing the universe. Our models predict that at this wavelength one out of
four serendipitously detected galaxieswill be at a redshift of z > 6:5.
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1. BACK GROUND

A key obsenational tool in the study of the ewolution of the universeout to cosmologicaldistancesis to obsene
the (redshifted) thermal emissionfrom interstellar dust in galaxies. The most distant astronomical objects known
to date are luminous, dusty galaxiesat redshifts z 6, a time when the universewas lessthan one Gyearsold.
This is the epoch at which the reionization of the universewas still not completed. These dusty galaxiesall
experiencea phaseof violent star formation and a large number of them are con rmed to host luminous active
nuclei known as quasars. One of the major sciertic questionsin the context of understanding the formation of
structure in the universeis the question about the physics of the formation of these galaxies. It appears that
a clue to understanding the formation of these galaxiesis a better understanding of the relationship between
the star formation and quasar activity with their corresponding feedba& mecanismsin these objects. The
bulk of the total luminosity in thesedusty galaxiesis redshifted into the millimeter regime and therefore can be
e cien tly obsened at thesewavelengths.
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2. GISMO: A 2 MM BOLOMETER CAMERA FOR THE IRAM 30 M TELESCOPE

At the NASA Goddard SpaceFlight Center we are now building the bolometer camera GISMO (the Goddard
IRAM Superconducting 2-Millimeter Observer) which is optimized for operating in the 2 mm atmospheric win-
dow. We have beengiven an opportunit y to operate the instrument on the IRAM 30 m telescope on Pico Veleta
in Spaint. The instrument is primarily aimed at surveying the rst dusty galaxiesin the universe. The cam-
erais built around an 8x16 pixel array of 2 mm, close-pa&ed superconducting Transition Edge Sensor(TES)
bolometerswhich will be described in more detail in the following chapter.

Sky parameters for Pico Veleta

Average winter atmosphere:

150 GHz: sky emissivity 0.1, sky noise 9x10™Y W/+/Hz
NEFD: 7 mjy/sqrt(Hz)

250 GHz: sky emissivity 0.2 sky noise 2.2x1071% W/+/Hz
NEFD: 20 mJy/sqrt(Hz)

Average summer atmosphere:
150 GHz: sky emissivity 0.2, sky noise 1.6x107*¢ W/+/Hz
NEFD: 12 mjy/sqrt(Hz)
250 GHz: sky emissivity 0.4 sky noise 4.0x107® W/+/Hz
NEFD: 46 mJy/sqrt(Hz)
Table 1. Typical winter- and summer sky background at Pico Veleta for a =D sampling array with 20% bandwidth,
observingin on-o mode at 50 degreeselevation. The following e ciencies were assumed: Optical throughput 0.5; detector
0.8; telescope e ciencies are from the 30 m users manual?.
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Figure 1. Model SED of an ULIR G with Lg g = 10'?°L at dierent redshifts.

The 2 mm spectral range provides a unique low badkground window through the earth's atmosphere (see
Table 1 which shows sky parametersfor Pico Veleta). Howewer, in order to obtain closeto sky background limited
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Figure 2. 1.2mm over 2 mm color versusredshift for template ULIR G SEDs with three di eren t luminosities asindicated.
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Figure 3. 2.0, 1.2, 0.8 mm color-color plot for three template galaxies. The color degeneraciesof two color ratios (Fig. 2)
are not presert.

performancefor a bolometer camerawith 29%_bandwidth operating at 2 mm wavelength, detectorswith a noise
equivalert power (NEP) of 4 10 " W/ Hz or better are required. A camerawhich achievesthis sensitivity
then allows e cien t obsenations of the earliest active dusty galaxiesin the universe. Continuum measuremeis
of galaxiesat this wavelength are well suited to determine the star formation rate and the total energyoutput in
theseobjects (for a review seee.g. ). Obsenations with GISMO will complemert existing SEDs of high redshift
galaxiesat the Rayleigh-Jeanspart of the dust emissionspectrum, even at the highest redshifts (Figure 1). In
particular at redshifts of z > 5 sky badkground limited bolometric obsenations at 2 mm are highly e cien t
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Figure 4. Another color-color display for the template galaxiesshown in Fig. 2. This represertation can be well usedto
determine the absolute luminosities of galaxieswith z > 1.
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Figure 5. N > S number counts versus ux for the instantaneous sky coverage of the GISMO instrument (4 arcmin
X 2 arcmin). The curves shown are the cumulative valuesof N > S up to the respective redshift. The confusion limits
becomesimportant at 0:03 sourcesper beam or 4 sourcesper GISMO eld of view (FOV)). The vertical line indicates the
ux level (270 Jy) at which one sourcewill be presert in GISMO's FOV. In order to detect this sourcewith a signi cance
of 5 , an integration time of 4 hours under good, but not excellert, winter conditions at Pico Veletawill be required. Our
model predicts that one out of 4 blank eld detections will be at a redshift z > 6:5.

as compared to obsenations at shorter (sub)millimeter wavelengths. Figure 2 demonstratesthis by showing
a plot of the 1.3mm/2mm ux ratio versusredshift for template ULIR GS with luminosities ranging between
Leir = 10"L andLg;g = 10L . With GISMO operating at 2 mm wavelength, three atmosphericalwindows
will be available for e cien t cortinuum obsenations of the high-z universe(2mm: GISMO, 1.2 mm: MAMBO *4,
Bolocan®, and 0.8 mm: SCUBAS®, and soon SCUBA-2 7). With the availabilit y of three (sub)millimeter colors



the accuracy in the determination of photometric redshifts and absolute luminosities for those objects will be
improved: Figs. 3 and 4 shaw 3-color plots for a number of templates, which demonstrate this. GISMO's pixel
separation of 2 mm corresponds to an angular separation of 14°°on the sky, or 0:9 /D (only slightly beam
oversampled) at 2 mm wavelength and the telescope diameter of 30 m . With this spatial sampling GISMO
will be very e cien t at detecting sourcesserendipitously in large sky surveys, while the capability for di raction
limited obsenations is presened®. Dithering will be usedto recover the full angular resolution provided by the
telescope. Fig. 5 shows our model predictions for the cumulativ e dark sky galaxy number courts versus ux for
GISMO. Using the sensitivity numbers shown in Table 1 we nd that we expectone5 galaxy detection on the
blank sky in 4 hours of observingtime, with the probability of 1 in 4 that it is at a redshift z > 6:5. Considering
the current redshift \record" of z = 6:4 ° this demonstratesthe power of the instrument in surveying the high
redshift universe. Other sciertic projects for GISMO include { but are far from being limited to { large scale
surveysof dust in protostellar clouds and galactic and extragalactic star forming regions.

3. DETECTORS: THE BA CKSHOR T-UNDER-GRID (BUG) ARRA'Y

Figure 7. Photograph showing part of one pixel of the BUG array in detail. The TES sensorwith its meandering Zebra
normal metal layer can be seennear the top cernter on the pixel.
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Figure 8. A represenrativ e I-V curve of a TES on a BUG pixel. Note that there is an arbitrary o set in the feedbad
current.
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Figure 9. Plot showing a t to the thermal conductivit y of a suspended pixel of a 2x2 array versus base temperature.
The derived device parameters are included in the gure.

We have deweloped a new type of 2-dimensional planar bolometer array architecture, which separatesthe
array and the badkshort production, allowing a straightforward way to provide bolometer arrays for a wide range
of wavelengths'®. A 8x16 Backshort Under Grid (BUG) array will be usedin GISMO. Fig. 6 shaovs an image of
an 8x8 BUG array fabricated in our group at NASA/GSF C. Fig. 7 preseris an enlargemen of one pixel which
shows the integrated Transition Edge Sensor(TES) bolometerin more detail. The normal metal Zebra structure
on the device, which is usedto suppressexcessnoise'!, is clearly visible in this image. We have tested witness
samplesof the BUG devices. The quartitativ e results preseried here were obtained from testing a pixel from a
suspended2x2 pixel array. Fig. 8 shows arepresenativ el-V curve for a BUG device. Figure 9 shaws the thermal
conductivity of a suspended pixel of a 2x2 array versusbasetemperature. The device parametersderived from
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Figure 10. Noise spectrum of a BUG device in its superconducting state (top), on the transition (two bias points
can be seenin the certer of the graph), and in its normal state (bottom). Superimposedis the expected fundamental
thermodynamic noise limit for the independertly measured device parameters.

the t areincluded in the gure. The phonon noiseequivalent power (NEP) gf the deviceis 4:2 10 17W:p Hz,

which will add about 25 percert to the expected sky noiseof 9 10 YW= Hz at 2 mm and 20% bandwidth

during winter conditions at the site of the 30 m telescoge. A reduction in the transition temperature (the tested
device has Tc= 459 mK) could be usedto further improve the detector noise without any modi cation of the

array design, since GISMO will provide a basetemperature that allows operation of TES with T, of 400 mK

or slightly less),however we are not planning to do this at this time, becauseunder mediocre weather conditions
and lower ele\ations those detectors would saturate from the thermal emissionfrom the sky. The tested device
has an electro-thermal feedbad time constart of about 50 s(ftgg 3:5 kHz). The detector circuit cortains a
Nyquist inductor which is is chosensuch that the detector integrates for a full readout cycle of the multiplexer

(typically the frame rate is setto seweral tens of kHz). Fig. 10 showsthe measurednoisespectrum of this device
in its superconducting state, on the transition (two bias points are shown), and in its normal state. Superimposed
is the expected thermodynamic noisefor the device, using the known valuesfor the SQUID noise and the shunt

resistor. The Nyquist L/R rollo wasremaovedin the plot in order to highlight the intrinsic device performance.
The measuredin-band noiseof the device on both measuredbias points is lessthan 20% above the fundamental

phonon noiselimit. Only the out-of-band excessnoiseis higher than this value. This noisewill be suppressed
by the Nyquist lter and therefore will not degradethe detector performance.

4. DEW AR, OPTICS, AND ELECTR ONICS

A drawing of the dewar and the optics is shawvn in Fig. 11. The dewar has a combination of “He and 3He
evaporation coolers, which are assenbled into the pocketed baseplateof the dewar, providing a basetemperature
of 260 mK for the detector array. A 110 mm wide anti-re ection coated silicon lens provides the required f =1.2
of the optics for a  0:9=D sampling, intended to optimize the e ciency of GISMO for large area blank sky
surveys, without compromising the achievable point sourcesignal-to-noiseratio. The silicon lens will be cooled
to 4 K. The TES arrays are read out by four 32-channel SQUID multiplexers provided by NIST/Boulder 2. Both
the read out electronics’® and the IRC cortrol- and data acquisition software!* are usedin other instruments



&) 54
i
°He [\
(260mK) ot H o aaeasaaa 8x16 Bolometer
L Arra
o pr Y
L UL TULT ‘L\
| & /|77 Silens

Parabolic
Mirror

To Telescope
‘—

Figure 11. Simplied line drawing of the GISMO dewar, showing positions of key elemerts such as detector array and
major optical componerts. The diameter of the cold plate is 10 inches.

such asthe GBT 3 mm bolometer cameral®.
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