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Design and performance of a dual polarizing detector system
for broadband astronomical spectroscopy at submillimeter wavelengths
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The design and performance of a dual polarizing bolometer detector system for use with a polarizing
Fourier transform spectrometer to conduct broadband astronomical spectroscopy at submillimeter
wavelengths is presented. The system features a fully differential electronics design which virtually
eliminates common mode noise. The optical design efficiently rejects unwanted radiation, both
spectrally and spatially, while minimizing the effects of resonant optical cavities. The system is
cooled by an efficient, closed cyctele—*He refrigerator which is cycled under computer control.

The noise performance of the system is determined from analysis of electrical, optical, and spectral
measurements, and the results are compared with a theoretical bolometer mod8R9@merican
Institute of Physicg.S0034-67489)01210-1

I. INTRODUCTION Careful attention has been given to the optical design to
minimize electrical interference and microphonic sensitivity

In recent years there has been rapid growth in submilliand to reduce the effects of optical interference fringes. The

meter astronomy, primarily as a result of technological adcryogenic system employs closed cy®ite and®He pumps,

vances, which has led to the development of sophisticateghereby eliminating the need for external vacuum pumps.

detector systems and spectrometers. The electronics feature a novel differential design which vir-
There are two principal spectroscopic techniques used agally eliminates common mode electrical noise from the of-

submillimeter wavelengths: coherent detection using a heten hostile telescope environment.

erodyne receiver and incohergbblometrig detection using

a Fourier transform spectromet@fTS).! While the spectral

resolution of a FTS cannot match that of a heterodyne rell. DETECTOR SYSTEM

ceiver, the broad spectral coverage and intermediate resolu- The basic design criteria for the detector system were set

tion are ideally suited to studies of planetary atmosphereBy the JCMT and the FTS. The large focal ratio, of the

and bright extragalact_ic objects which hav_e_linewidthsJCMT, combined with the long wavelength, defin,es a large

greaéelrl tha}n thﬁ b;mdv;/ldth of hefterod)llng recel_lg_is. focal plane aperture (2.44) which creates difficulties for
oflowing the development of a polarizing con-  the design of a cryogenic system with a long hold time. It is

SUCt br(_)adl;and, ltr_ltermfedlattehrejolutlonélaslt(r(')\zlomlciITspleqherefore essential to reject unwanted radiation efficiently.
roscopic observations from the James LIerk Maxwell 1€l€-ry,o design must eliminate or minimize the electrical inter-

scope(JCMT)° using the JCMT facility bolometric detector, ference and microphonic sensitivity encountered with

UKT.ltfl’.t I ?STT”E readllyt:ta)pparent IFha; Fhe ph?tometr!CUKTM. From a cryogenic standpoint the system must be
sensitivity o was not being realized in spec roscop|cSimlole to operate and to recycle.

observations. The specific problems encountered were elec- Based on these criteria, a closed cycle, dual stage
trical pickup at the detector, extreme microphonic sensitivity4He_3He refrigerator was selécted for the cold ,stﬁgléhis

of the Dewar, and the presence of several resonant Opticﬁlnit was mounted in an Infrared Laboratofiestended HD8

cavities W'th'.n the Dewa_r which produced an undUIat!ngDewar.Aschematic diagram of the detector system is shown
background in the resulting spectrum. Furthermore, smc?%ﬁI Fig. 1

UKT14 contains a single bolometer element, only one half o
the radiation processed by the polarizing FTS was detected\. Optical design

In this article we describe the design and performance of 114 key components of the detector optics and cold
a dual polarizing bolometer detector system which has beegtage are shown in Fig. 2. Radiation enters the Dewar
deyeloped for use with the polarizing FTS at the JGMT a”‘&hrough a 76 mm diam, 1 mm thick, polypropylene window,
which operates over the wavelength range of 11004880  \hich is strong enough to withstand atmospheric pressure
and yet has a transmittance that exceeds 95% over the wave-
¥Electronic mail: naylor@uleth.ca length range of interest. Under pressure the window bows in,
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which reduces the formation of resonant optical cavitiesadjustable iris allows the optical beam to be matched to the
within the Dewar that produce unwanted channel spétra. diffraction limited telescope beam. Manual adjustment of the
Mounted immediately behind the window on a liquid nitro- iris is made possible by a geared Tortoshaft that passes to
gen (LN,) shield is a large;~75 mm diam, 35 cm! capaci-  the outside of the Dewar via a high vacuum feedthrough. The
tive grid low pass edge filtéft This type of metal grid filter  shaft is hollow and loosely coupled to the external mecha-
remains coldefand is therefore a less significant source ofnism to minimize heat transfer. A 65 mm diafif8 polyeth-
thermal emissionthan absorption filters for two reasons: It ylene planoconvex field lens, mounted directly behind the
efficiently reflects short wavelength radiatigather than ab- iris, re-images the telescope’s primary mirror onto the detec-
sorbing i) and, as a good thermal conductor, it is in bettertor units. The relatively long focal length of the field lens
thermal contact with the LNshield. The band pass filters are requires that the beam be folded by means of an aluminum
of similar construction, and are described in Sec. II B. dihedral(rooftop mirror. The beam is then directed through
Following the light path into the Dewar, all the optics, one of the six filters in the filter wheel, a 33 chedge filter
from this point on, are cooled to the bulk liquid helium (wedge mounted to minimize optical resonancasd a po-
(LHe) bath temperature to reduce their thermal emission. Adarizer (analyzey mounted on the 300 mK stage. In this way
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FIG. 2. Detailed side and bottom views of the detector system.

the orthogonal components of the beam from the polarizindd. Filters
FTS are recombined and directed to two detector units. The filter wheel, shown in Fig. 2, holds six filters whose

Each detector unit consists of a Winston Horwhich pass bands are matched to the atmospheric windows acces-
concentrates the radiation into an integrating cavity whichsjpie from Mauna Kea, Hawaii. The pass bands are defined
houses the bolometer element. Each horn is capped by @, 4 combination of resonant grid band pass filters and low-
low-pass, alkali-halide edge filter which prevents any strayyass blocking filters. Manual selection of a particular filter is
radiation above 55 ciit from reaching the bolometers. The accomplished by a mechanical vacuum feedthrough similar
integrating cavities are machined from copper, and the horng the one used for the iris adjustment with the exception that
are manufactured by electroplating copper onto precisioithe external housing is elongated to allow for a longer Torlon
ground, paraboloid mandrels. The integrating cavities andirive shaft. Again, the shaft is hollow and loosely coupled at
horns are gold plated to improve their reflectivity. both ends to reduce thermal conduction te t#h K filter
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TABLE I. Filter characteristics. ture coefficient of resistance, mounted on a dielectric sub-
Filter Low edge High edge Band center _ Bandwidth stratg. 1_'he dlelec_trllc substrgte serves as the main absorber of
band (cm Y (Y (b (em™) the incident radiation, while the semiconductor element
serves as the thermometer that measures the temperature
350s 28.82 29.89 29.36 1.07 fluctuations of the substrate. Since the frequency response of
3501 26.30 29.14 27.72 2.84 . o o
450 21.16 23.46 2231 23 a bolometer increases as the heat capacity is reduced, it is
600 15.02 16.92 15.97 1.9 advantageous to use a dielectric with low specific heat for the
750 12.94 13.86 134 0.92 large surface area element which absorbs the radiation, and
ﬁgg 1;-:32 152; 1;-225 2-2? to make the bolometer crystal, with its intrinsically high spe-
1400 211 8.97 8.04 186 cific heat, as small as possible. Furthermore, to ensure that

the temperature measured by the bolometer element closely
follows the fluctuations in the incident radiation, the thermal

wheel. which would cause unwanted emission from the fil-conductivity of the substrate must also be as high as possible.
ters directly into the detector path. The filter wheel is held inThe detectors described in this article were designed to give

position by detents on the wheel assembly, and connected fPtimum noise performance up to frequencies~dfo0 Hz,
the LHe shield by a gold plated copper spring. Table | listscorresponding to the infrared modulation frequencies pro-
the characteristics of the available filters. Figure 3 shows thduced by the FTS.

measured filter profiles superimposed on a model transmis- Figure 4 shows the design of the composite bolometers
sion spectrum for the summit of Mauna Kea. This model isused in this detector. Each bolometer is constructed from a

for a precipitable water vapor amount of 0.5 mm, corre-(250um)*X275um crystal of nuclear tlrsansmutation—do.ped
sponding to very good observing conditions. The filters ardHaller NTD material No. 1B Ge:Ga.” The crystal is
well matched to the regions of high atmospheric transmisiounted on a sapphire absorbing digkmm diameter 30
sion, thus minimizing variations in the flux received as the#M thick.. A bismuth film 100 nm in thickness is evaporated
spectral width of the windows varies as a function of wateronto the rear of the sapphire disk to maximize the broadband
vapor column abundance. In addition to reducing the thermaf’l‘bsorpt'on 0f_|n0|den_t radiation. The bolometer |s_suspended
loading on the detectors, which increases their sensitivityln @0 integrating cavity by two Pyrex rod$4 um diameter

the filters also reduce the radiant heat load on the cryogenig-65 mm long that provide stiff support, ensuring that any

system from the warm foreoptics, which extends the cryogeffticrophonic vibration of the element will occur at a fre-
hold times. However, the greatest benefit lies in the fact thafiUency well above the modulation frequencies produced by

astronomical observations are less sensitive to variations if'® FTS. Two sides of the crystal are boron ion implanted
the spectral width of the atmospheric windows. This is of2nd palladium and gold plated to provide a good thermal and

particular concern for a Fourier spectrometer and can resuftiectrical connectiop with the two bra§s wird pum diam-
in a multiplex disadvantag¥. eter 2.5 mm longwhich form the electrical connection to the

crystal. The bolometer is connected to the rest of the circuit

with 80 um Manganin wire. The brass wires, quartz stand-

offs, and to a lesser extent the Pyrex rods define the thermal
Sensitivities at or near the background limit can beconduction path to the integrating cavity housing, which op-

achieved at millimeter wavelengths by composite bolometeerates at a temperature of 300 mK.

detectors operating at 300 mK. Composite bolometers con- The largest contributions to the heat capacity arise from

sist of a small semiconductor element, with a large temperathe bolometer element itself, the brass wires, and the conduc-

C. Bolometers
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FIG. 3. Available filter band¢Table ) overlaid on a theoretical atmospheric transmission spectrum modeled for Mauna Kea with 0.5 mm precipitable water
vapor.
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tively, have been chosen to optimize the frequency response
and sensitivity of the detectors.

D. Cryogenic system

The cryostat, shown in Figs. 1 and 2, contains g bNd
a L*He tank, each with a capacity of 5. A LN, cooled
radiation shield provides an intermediate temperature buffer.
Two radiation shields, connected to théHe base plate, sur-
round the closed cycle, dual stadele—He refrigerator
which cools the detector stage to 300 MKThis system
offers several advantages over externally pumped refrigera-
tors: it is compact, does not require an external mechanical
pump and is thus free of vibrations, and is easily recycled
under computer control.

The detector stage consists of two concentric and con-
nected vessels, shown schematically in Fig. 5. The outer one
contains 5 standard temperature and pres$&ir® / of “He
gas at~6 MPa, the inner one contains 3 STRof *He gas at
~6 MPa. Each is connected to a separate charcoal adsorption
pump via short, thin-walled stainless steel tubing. Additional
support is provided to the stage by two hollow Torlon rods
that prevent vibration. The pumps themselves are connected

tive epoxy used to bond the wires to the gold contacts. Théo the base plate of the bulk’He tank by silver wires whose
dimensions of these components are optimized by considedimensions determine the thermal conduction path, and,
ing the following. The bolometer element can only be madeherefore, the pumping rate for each pump.

smaller at the expense of lower resistance, and hence a lower Initially, the Dewar is filled with cryogens and the ther-
bias voltage change for a given temperature change, the brassl strap is engaged to provide a link between the biieL
wires need to be thick enough to create a large thermal comeservoir and the stag€&ig. 2). The thermal link is actuated
ductivity, and the epoxy droplets must be large enough tdoy a latching solenoid which grips a gold plated copper fin-
ensure good thermal and electrical bonds. The main unceger that extends down from the stagéhe stage is so well
tainty in determining the total heat capacity during fabrica-isolated that without this measure it would take several days
tion is due to the difficulty in measuring precisely the vol- to reach 4 K). During the development phase it was found
ume of varnish used in bonding the crystal to the substratéhat the field strength of the solenoid magnet decreased over
and of the epoxy forming the electrical connections. Thetime, which in turn required a higher, and unacceptable,
design values of the heat capacity and thermal conductivityatching current. This problem was traced to the demagneti-

of these detectors; =35 pJ/K andG=20.5nWI/K, respec-

4 K LHe Radiation Shield

zation of the ferromagnet that occurred as the coil was re-

o of
=2
£G EE
g8 S2
@ g 3-Pump ‘H H ‘H 4-Pump = S FIG. 5. Schematic of théHe—*He
= € c € cryogenic system, showing the adsorp-
gb - §§ tion pumps, the heaters, thermometers,
= £ 8 and thermal links. The operation of the
5&) Charcoal 0.3K Cold Stage Charcoal <5 “He—"He refrigerator is discussed in
I‘ I_m_l detail in the text.
Stage Diode Stage Ge
. Temperature Sensor Thermistor .
Ag Wire Ag Wire
Heat Switch
\ 4 K Base Plate
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peatedly energized. Replacement with a samarium—cobalt When the action of théHe pump has lowered the tem-
magnet has solved this problem. perature of the cold stage to below the critical temperature of
A laptop computer, interfaced to a cycling electronics3.3 K, ®He will start to condense in the inner vessel and the
module, automatically recycles the cryogenic system using 84e pump heater can be activated. In practiE®, the stage
simple algorithm, described below, to control the pump heatgjode temperature at which tiele pump is turned on, is set
ers as a function of temperature and time. Temperature meg; 2 - K o allow the'He pump to extract as much heat from
surements are provided by four thermometers, one mountggl, stage as possible without allowing théHe to become

are diodes designed for measurements above [DR470
(Ref. 17 or the equivalent and one is a Ge senspBRT-
100 (Ref. 19] which is mounted on the stage and designe
to measure temperatures in the 300 mK range. The hd&ters
W) are attached to the sides of each pump far from the the
mometers.

set pointsT4 andT5 providing a hysteresis of1 K. The
Gheat of the incomingHe gas and the latent heat of vaporiza-
tion as the®He liquefies raise the temperature of the stage
sSlightly which increases the boil-off rate of théHe in the
outer vessel. This can be seen in Fig. 6 from the rise in the
stage diode temperature tat 0.6 h and the change in slope
of the*He pump temperature. It is critical that all théHe is
) i ) o evaporated before thi#de pump heater is turned off, or too
A typical recycling log is shown in Fig. 6 wher4e K€Y much L3He will be wasted by cooling the’He bath. There
temperature (?ontrol points are mdu;ated. AL0 h the"He is also the possibility that the remainingHie will be cooled
pump heater is turned on and gas is driven out of the Charl:')elow its superfluid transition temperature, creating a poten-

coal pump and into the outer collecting vessel where it CONtial heat flow problem due to the resulting superfluid flow.

denses, since it is below the critical temperature of 5.2 K for_l_0 ensure that all the“He has evaporated. the temperature
“He. The temperature of tHde pump is held between the P ’ b

3 -
set pointsT1 andT2, providing a hysteresis of1 K. (Since of the*He pump heater_ is reduced to a lower level at 1.2 h to
there was still some iHe left in the system, it is seen in Fig. ensure that all the‘iHe is removed from the stage before the

6 that the temperature of thiéle pump increases as it does final cooldown. This extra time is set to 30 min or until the
work) When all of the*He gas is liquefied, the heater is temperature of théHe pump falls below a set temperature,

turned off and the pumping action of tAele pump begins. T9 (6 K). At t=1.4h the’He pump heater is turned off and
Since there is no direct indication of when all tfige has the action of the’He pump lowers the temperature of the
liquefied (except for a decrease in the slope of the stag&tage. Finally, at=2 h the stage reaches its operating tem-
temperature curve due to the reduction in flow of Aide  perature of 300 mK. At the end of the automatic cycling
gas, the heater is turned off after a set time20 min at  process, power to the temperature sensors is cut off to pre-
t=0.3h. vent unnecessary loss ofle, and power to the cycle box is

E. Cryogen recycling procedure
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FIG. 7. Schematic of the fully differential electronic design. The top diagram shows the cold electronics: bolometer and load 36istifsand the JFETs
(110 K). The bottom diagram shows the ambient differential preamplifier, line driver, receiver, and ADC.

also cut off to prevent any possible accidental reactivation of  The microphonic sensitivity of the system has been
the pumps or heat switch. partly addressed in the mechanical construction of the cold
Recycling the detector system at the JCMT @Reéh and  stage and the mounting of the detector elements. To ensure
consumes 0.9” of bulk L*He and a negligible amount of that induced currents are not generated in the presence of
LN,. Once cycled, the system has e hold time in excess magnetic fields, all wiring inside the Dewar is formed of
of 30 h. In practice, the bulk cryogens are replenished at thewisted pairs and is varnished down to the Dewar structure.
end of an observing shift and the automatic recycling soft-The principal remaining concern is the reduction of EMI. To
ware is scheduled to nu3 h prior to the beginning of the reduce EMI associated with electric fields, the preamplifier is
observing shift on the next day. mounted in a radio frequency interferent®Fl) shielded
box mounted to the side of the Dewar. The power supply for
_ _ the preamplifier and bolometer bias network is contained in-
F. Electronic design side this box. The Dewar provides a shield for the detectors.
Environmental noise is often difficult to quantify since it Together, the Dewar and the preamplifier can be considered
includes all external sources of noise. Of these, microphonicto be within a single, shielded enclosure.
and electromagnetic interferent®MI) are the most signifi- The novel feature of this detector system, and possibly
cant. The telescope presents a hostile environment. LargBe most significant factor in its performance, is the fully
currents in the telescope drive give rise to large and variabldifferential design of the detector, preamplifier, and data ac-
magnetic fields. Noisy compressors are periodically acti-quisition electronics. Several low noise preamplifiers for far-
vated. The grounding network is not particularly good in theinfrared bolometers and photoconductors have been pre-
small signal sense, with common mode voltages of the ordesented in literaturé®=2° but none uses the fully differential
of volts often present between the telescope frame and thdesign described here. In a balanced differential system, any
scientific instrumentation. Since previous attempts to elimihoise component induced in one signal line will be matched
nate the environmental noise component met with limitedby an identical component induced in the other signal line.
success, a new approach was used for this detector systerlpon taking the difference between the two signal lines, the
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interference components will cancel each other, leaving theutput with a total gain of 1000. U4 and U&D811) are
desired differential signal from the detector element. How-unity gain differential line drivers which send the inverted
ever, this technique will only work if the entire detector sys-and noninverted signalévith a gain of 1000 to the data
tem is completely symmetrical. Figure 7 shows a schematiacquisition system. The electricRIC filters formed by C9
of the symmetrical electronic design developed for these deand R21 and by C10 and R22 define the frequency response
tectors. In this design, a bolometer element is isolated fronof the preamp and provide a high-pass cutoff frequency of
the Dewar ground and placed between two identical bia®.16 Hz in order to decreaseflioise without affecting the
resistors and two identical and complementary active biasletector signal. The net preamp noise contribution is dis-
voltage generators. The cold preamplifier uses matchedussed with the system noise analysis in Sec. Ill.
JFETs(IFN146),% configured as source followers, fed by a Care was taken in the electronics design to minimize
common drain voltage4.96 V). The room temperature pre- noise levels. The JFETs were chosen for their extremely low
amplifier consists of two identical channels, one for the in-noise characteristics. The input op-amps were selected for
verting output and one for the noninverting output. It is es-their high common-mode rejection raticMRR) of 120 dB
sential that the gains and phase shifts of the two channels aend their low input noise voltage and current densities of
the same. Since the data acquisition system is located in ttf&nV//Hz and 1.3 pA(Hz, respectively, at 10 Hz. The load
control room of the JCMT, a 30 m twisted pair, shieldedresistors were mounted to the 300 mK cryogenic stage in
cable connects the differential output of the preamplifier withorder to minimize their Johnson noise contribution. Also,
a balanced differential line receiver designed to ensure thdow noise, active bias voltage generators were used instead
the complex impedances seen by the inverting and nonimef batteries to supply the bias current through the bolom-
verting signal lines are the same. Finally, the output of theeters, since experience showed that batteries introduced ad-
line receiver is connected to a 16-bit differential analog-to-ditional noise. A schematic of the circuit for one detector is
digital converterfADC). given in Fig. 92 Low noise op-ampsinput noise voltage
Figure 8 shows a schematic diagram for one channel oflensity=3.6 nV/yHz and input noise current density
the detector preamplifier. The preamp is essentially a twe=1.1nV/ Hz at 10 H2 produce a symmetrical positive and
stage instrumentation amplifier used to amplify the small dif-negative bias voltage across the load resistor network, with a
ferential signal across the bolometer element and rejedbtal effective noise voltage density across the bolometer of
common-mode noise. The input stage formed by the matched 0.2 nV/yHz at 10 Hz. A temperature compensated current
op-amps in U2(LT1124) provides a differential gain of 11 source is used to generate the input voltage for the op-amps
(in addition to the JFET gain 0f0.89, while maintaining a to ensure that the bias voltage does not vary due to the fre-
unity common-mode gain. The dc output op-amp, U3quent temperature fluctuations in the telescope’s dome.
(AD620), removes any remaining common-mode noise and  The efficacy of the differential electronics design is il-
provides a single ended output representing the dc voltageistrated in Fig. 10 which shows the average of 20 spectra,
across the bolometer element with a gain of 10. Similarly,obtained with the FTS, from one of the SCUBApixels
the second stage of the preamp, consisting of U6 and U@which use a single-ended desjgrompared to a single spec-
(OP297 with a gain of 100, produces a single ended actrum obtained with one of the detectors described in this
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FIG. 9. Schematic of the low noise, bipolar bias voltage generator.
article. In this comparison, the FTS, detector filter b&B%I0 The noise model of the bolometer, bias network, and

um), calibration sources, and processing are identical. Thereamplifier is shown in Fig. 1&). The noise generators
spectra cover the range of 0—70 ¢th{0—140 H2. The more  shown in Fig. 11 are discussed below.

sensitive SCUBA spectrum shows many interference fea-

tures, in stark contrast to that obtained with the differentialA. Preamplifier noise contribution

amplifier design presented in this article, which shows essen-
tially a white noise spectrum with a small feature at 60 Hz
(30 cm' Y.

The noise model of the amplifier input stage may be
reduced to that shown in Fig. (. The current and voltage
sources are referred to as the input of the amplifier. Given the
bolometer resistanc®),,, and the bias load resistandg,,
IIl. NOISE ANALYSIS f[he eﬁeqtive preamp NOIS® preamp QUe to the preamplifier
input noise currentiyeamp and noise voltageg yreamp 1S
The factors to be considered in the preamplifier desigryiven by
are the electronic and environmental noise levels and the
required speed of response. The response time is determined _ \/e2 +i R Rpol 3)
by the time constant of the detecter30 ms, a condition that preamp npreamp: | “MPTEAMR, + Ry
is easily met. The environmental noise is of greatest concerirpg |9ad resistanc®, , is 40 MQ, and the bolometer resis-
The noise perfqrmance of the preamp_llﬂer is based on th?ance,Rbc,,, is typically ~3.5 MQ. €npreamp@Nd i npreampde-
total system noise voltage densitys,, given by pend on the preamplifier input design and, in particular, on
Nyg= \/N§o|+ NSreamp+ Ngiaer Ngmﬂ (1) the active deviqe paramet'ers. The high rgsistange of the'bo-
lometer necessitates an input device with low input noise

whereNp,, is the bolometer nois&preampis the preamplifier  cyrrent. For this reason a JFET was chosen. The input noise
noise, Npias is the bias network noise, ardey, is the envi-  yoltage for a JFET is given by

ronmental noise, each in n\Az. With a well designed elec-

2

tronics system, the bolometer noise will be dominant. The  €nsrer= VAKTRy, (4)
goal then is to reduce the nonbolometer noise source sum {herek is Boltzmann’s constanfl is the temperature, and
less than one half the bolometer noise. Ry~ 0.674s is the equivalent noise resistance of the JFET
§| 2 (gss being the forward transconductance of the device
Ngreampr Nﬁias+ Ng,ws(T" (2) enseeT €an be reduced by increasing the forward transcon-

ductance(equivalent to increasing the gate aread/or de-

When equal, this represents a 12% increase in system noiseeasing the device temperature. The limit to performance
and thus an increase of 25% in the time required to achieve anhancement is determined by the increased input capaci-
given signal to-nois¢S/N) ratio. tance and the decreased carrier mobility at low temperature.
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FIG. 10. Comparison of a calibration spectrum measured with the detector (b) Bol | i
presented in this articlélower trace with the average of 20 calibration [ ! nPreamp

spectra obtained using one of the SCUBA pixelpper tracg taken under =
identical conditions. The wave number scale shown is one half of the elec- Vi
trical frequency scaléi.e., 30 cm* is equivalent to 60 Hz The power of T
the differential circuit in eliminating electrical interference is readily appar-
ent.

Bias Network | Ideal Amplifier

) FIG. 11. (a) Schematic of all the noise generators present in the electronics
There are two components to the noise current. The thekystem.(b) A simplified schematic of the preamplifier noise generators in
mal component is given by terms of the equivalent input current and voltage noise.

[4AKT
. N / f
I'nJohnson Res' 5 Enpreamp= AKTRy| 1+ f—rj; . 8

where Rgs is the gatg—source resistance. The shot COMPOrhe total preamp noise current can be expressed by combin-
nent of the noise is given by ing Eqs.(5) and (6) as

Inshot= V20l G, (6) 4KT
; : ; inpreamp: 5 t20lc. C)
whereq is the electronic charge ang is the reverse gate Ras

current. In order to minimize the input noise current it is The total preamplifier noise contribution at a modulation

necessary to minimize the reverse gate current. Two paraanequency of 50 Hz from Eq(3) then becomeN
eters affect the gate current: the reverse junction potential,_ 7'z v/’ 14, ' preamp

Vps, Which must be minimized to be just slightly greater
than the pinchoff voltage of the JFET, and the operatingB Bias network noise contribution
temperture of the JFET. Since the current is a strong function”

of device temperature, the JFETs are operateti~al00 K The Johnson noise in the bias resisieee Fig. %
to further reduce the noise current. mounted on the 300 mK stage is
Two additional sources of noise must be considered: T
Flicker noise, generally attributed to surface defects in the - Moad™ 4KTR =26 nV/iHz. (10
device, However, since the bias resistor and detector form a voltage
divider, only a portion of this noise voltage, equal to
e L~ /4kTRNE 7) 2.1nVIyHz, appears across the detector. While batteries
nflicker fn have customarily been used to provide low noise power for

: the bias network, it has been our experience that they con-
wheref, is the corner frequency and<in<2, and popcorn . " . :

. S . . . tribute an additional source of noise. For this reason a low
noise, which is caused by contamination during device pro-

duction. Both sources of noise can be minimized by carefupmse active bias generator has been designed which contrib-

selection of the manufacturer and the fabrication process. Eltgz r?etr\]/:/a c?rlllg:qb(l?s:(i?:t? Eﬂtigﬁ‘ nWii, g”l"g\'/r}Qche total

Based on the above considerations, IFN146 JFETs were bias: {0 <. L AVIVHZ.

selected for the input stage of the preamplifier. At operatingC Bolometer noise contribution

temperature the JFET reverse gate curregt, is ~0.5 pA '

and its transconductance, is 0.035 S. The noise sources in the bolometer element are Johnson
The flicker noise component of the IFN146 has a rela-noise, phonon noise, shot noise, and flicker noise. The shot

tively high corner frequencyf,, of 1 kHz. The total noise and flicker noise produced in the bolometer contacts is diffi-

voltage at any frequency can be expressed by combiningult to model, and is measured as excess N@$&cess IN

Egs.(4) and(7) as the detector signal. The total bolometer noise contribution is
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— 2 2 2
Nbol_ \/enJohnsoﬁl_ enphonon+ €hexcess (11) 009 E

@
The Johnson noise produced in the bolometer is given by~ *® /\\
€nJohnsor= V4KT R, (12 007 :

whereT is the temperature of the bolometer element, which

varies with the power load but is typically370 mK.
Fluctuation in heat flow through the bolometer thermal { E

links produces a phonon noise voltee: 00if ] 3

0.03 E
p +1/A j
1/2 0.09 — T T T T T — ;

2
(B+2)(36+2) | 13 (b)

12

Bolometer Voltage (V)

€nphonor= 2TRVKG| 1—

+ A%—. .

where G is the thermal conductance of the linkB,is the 007
bolometer temperaturefR is the detector responsivity

(VIW), B is a material-dependent parameter of the links
(B=1 for the brass wiresandA=1—T,/T, whereT, is the g
bolometer housing temperatufe-290 mK). At a bias cur- ;/ E
rent of 30 nA, the phonon noise is8.5nV/yHz. The total oos it 3
bolometer noise contribution from Eq.(11) is E
~12.0nV/yHz, bringing the total estimate of the system  °®
noise,Nq;, to ~12.3nV//Hz.

0.05
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TN T
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FIG. 12. Measured/—| data(symbols and the best fit of the theoretical
IV. MEASURED DETECTOR PERFORMANCE model (lines) for the blanked off filter position fofa) detector 1 andb)

. detector 2.
Measurements of the bolometer voltage as a function of

bias current and radiant power loading on the element pro-

vide a simple method by which to characterize the perfor- ~V—! data were also recorded for both detectors that
mance of the detectdf.Analysis of the resultinyy—I curves ~ Viewed LN, (73 K), ambient(290 K), and hot(330 K) black-
allows the noise equivalent powéXEP) to be calculated as body sources in all six filter bands in order to calculate the
a function of bias, which in turn determines the optimumdetector responsivity.

bias current for a given loading condition. Theoretical mod-

eling of theV—I curves yields values for parameters such asy Theoretical minimum NEP

the thermal conductance and the optical efficiency that o ) )
would otherwise be difficult to measure. The minimum noise level that can be achieved by the

The bolometer voltage was recorded as the bias curreifletector system is the intrinsic noise of the bolometers,
was scanned over the range of 0—100 nA. Data were colvhich consists of Johnson noise from the bolometer resis-
lected for both bolometers that were viewing a blanked offi@nce and phonon noise arising from fluctuations in heat flow
filter position (~4 K), corresponding to the least possible bgtv_veen the bolometer and the heat sink. This theoretical
radiant power loading. An ID¥ procedure was written to fit Minimum NEP can be expressedas
the theoreticaV—I equations. In this analysis the bath tem- K
perature,Ty, thermal conductancé&s,, radiant loadingQ, NEPeory= aToVkGy+bQ \/G: (14
and amplifier gain were free parameters. The minimgfnn 0
this four-dimensional space determined the parameters fovherea andb are parameters of the bolometer. For the bo-
the best model fit. lometers used in this system=2.52 andb=3.31, yielding

The V—I data and model are presented in Fig. 12. Thea theoretical NEP of 4:810 W/ Hz for detector 1 and
upper graph shows theoretical fitsolid line9 to the mea- 3.9x10 W/ /Hz for detector 2. This model does not in-
suredV-I curves (dot9 for detector 1 that is viewing a clude environmental or photon noise. The experimentally de-
blanked off filter afT~4 K, representing the closest to ideal rived NEP values are discussed separately below and are
(zero power loadingbehavior. The lower graph shows the summarized in Table II.
corresponding data and theoretical fit for detector 2. For de-
tector 1, an analysis yields best fit parameter value& gf
=23.5nW/K, Tg=294mK, and Q=89pW. The corre-
sponding values for detector 2 a®,=19.4nWI/K, T, The detector electrical NEP can be determined from the
=290 mK, andQ=157 pW. electrical responsivity using the relation

B. Measured electrical NEP
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TABLE Il. NEP. 2500 [ T ]2
Detector 1 Detector 2 2000
NEP calculation X 10 W/Hz X 1071 W/Hz s -
E 1500 -
Optical NEP Q/S/N) 10.8 5.4 z 3
NEP (noise/responsivity 5.6 35 2 100 2
NEP (spectral analysjs 10.2 7.2 i 3
Theoretical minimum NEP 45 4.1 £ 0 3
0 |
Niot o
NEPuiectric= (15 3000

R
where Ny is the noise voltage antk=dV/dQ is the dc

electrical responsivity (V/W). The responsivity as deter-
mined from the analysis of MatHércan be expressed as

R R Z_Rboly
2IRpy Z+R,

wherel is the bias current and=dV/dl is the dynamical

impedance of the bolometer. Alternatively, the responsivity |

may be obtained directly by measuring the voltage difference % 103 Mo TE; 20 23

between twoV—I curves corresponding to a known differ- Wavenurmber (cnt')

ence in radiant power loading. Noise values were Obtair"egIG. 13. Average of six calibration specttthick lines and the standard

using a spectrum analyzer. For typical operating bias Curdeviation in each resolution elemefthin lineg for the 850um band for

rents(~30 nA) the responsivity is the order of 20 MV/W, detector 1(a) and detector 2b).

and the measured noise voltages at 70 Hz-al nV/ /Hz

for detector 1 and-6 nV//Hz for detector 2. This approach P \/f
SIN=Nep 4

2500 |

- 2
5 8
g S

T

g

Standard Deviation

(16)

Intensity (Arbitrary Units)

"
=
8

yields minimum electrical NEP values of 5@0 ¢ and (18
3.5x 10 W/ Hz for detectors 1 and 2, respectively. spec

Since the power from a blackbody source is related to
the temperature through the Planck function, EB) can

A standard method of determining the optical perfor-rewritten in terms of the NEP at the boloméfein Eq. (19),
mance of a detector is to measure the modulated si@hal, whereN is the number of averaged interferogramg; is the
produced by a rotating chopper as the detector alternatelys rms temperature error in a 150 MHz bandwidth, arig
views sources of different temperatures, and compare thithe total detector system efficiency.
with the noise,N, measured with the detector viewing the -
individual sources. The optical NEP of the system is then NEPpec=5.67x10 VNATxe. (19
given by Figure 13a) shows the average of six blackbody calibra-
P tion spectra for detector 1 with the 820n band(thick line)
—Incident (17)  and the standard deviation in each resolution elenin

SN line). Figure 13b) shows the corresponding average for de-

Pincident 1S the root mean squafems) chopped radiant power tector 2. These graphs are typical of all the filter bands, and
incident on the detector, as determined from the source tenindicate that the noise is white both inside and outside the
peratures and the throughput. Using this method yields optifilter band pass. Using the S/N calculated from the maximum
mum  NERi, Vvalues of 10.& 10°® and 5.4 spectral intensity and the average noise in the band, we tabu-
x 10" 8w/ Hz for detectors 1 and 2, respectively. It is not late the NEPs calculated from E@.9) in Table II.
clear why these NEP values are higher than those derived While these values are larger than those predicted in Sec.
above but it may be due to differences between the dc and dt, they represent the total FTS system noise when it is in
optical responsivities of the detectors or possibly to errors iroperation on the noisy telescope Nasmyth platform.
the estimate of the throughput.

C. Measured optical NEP

NE I:)opticaI:

V. DISCUSSION

D. Measured spectral NEP In this article we have presented the design performance

The blackbody calibration spectra Sec. IV described inof a new dual polarizing detector system for use with a po-
were analyzed to determine the NEP of the detector—FT®arizing Fourier transform spectrometer to conduct broad-
system. For a FTS, the S/N in a spectral element is related toand astronomical spectroscopy at submillimeter wave-
the detector NEP by Eq18),%” whereP is the power in a lengths. The design builds on experience gained with the
spectral element, and is the integration time of the inter- recently retired, JCMT continuum receiver, UKT14. The
ferogram. cryogenic system is built around a closed cycle, dual stage,
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L [ T positions, is 0.0002 cit. Analysis of the transmission spec-
r mm‘(ﬂﬂ W A vﬂl 'mm”\ 1 tra is ongoing, and the results will be presented elsewhere.
|
|
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