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ABSTRACT

The sensitivity of en ideal heterodyne spectrometer approaches the
quantum detection limit provided the local oscillator power is sufficiently
large and the shot noise dominates all other sources of noise. The
post-integration minimum-detectable-number of photons/sec for an ideal
heterod;ne system is,J_§7F_ whepr: B 1s the IF bandwidth and T is the
integration time. TFor astronomicel observations, however, a number of
factors (Ai) tend to degrade the sensitivity, & fact which becomes
significant particularly when the laser power is ingufficient. A die-
cussion and an evaluation of the degradation in sensitivity is glven for
& heterodyne spectrometer employing a HgCdTe photodiode mixer and tunable
diode lagera. The minimum detectable gsource brightness is considered as
a function of the mixer paramefers, transmission coefficient of the beam
gplitter and local oscillator emission powers. The degradation in the
minimum detectable line source brightness which results from the band-
width being a fraction of the line width is evaluated and plotted as &
function of the wavelength and bandwidth for various temperature to mass
ratiog. It is shown that the minimum achievable degradation (ﬂi(Ai)) in
the gsensitivity of a practical astronomical heterodyre spectrometer is
~ 30. Estimates of signal-to-nuise ratios with which infrared line

emigsion from astronomical sources of interest may be detected are given.




l. Tatroductlion

Infrored heterodyne spectroscopy provides a powerful tool for
identification of molecular and atomic species in astronomical sources
and for determination of in sltu physical conditionr throupgh measurement
of the line profiles. In principle the gensltivity of a heterodyne
gspectrometer nay approach the so-called quentum detection limit thv,(l)
but in practice a number of factors tend to degrade the sensitivity
aignificantly. In this paper we evaluste and discuss some degradation
factors with a view to opbtimizing the sensitivity of the system, and we
discuss its advantapes and Limitations for astronomical observationa.

The real advantages of heterodyne detection over broad-band
techniques are its ultra<high spectral resolution (capable of achieving

Doppler limited spectroscopy A\/A < 10-6

), its high spatial r.solution

(AQ “*ke), and its relatively hipgh detection efficiency. The.e properties
make heterodyne techniques particularly well suited to the de.ection of
weak atomic and molecular line sources in regions ag diverse s inter-
stellar clouds, HII regionas, comets, the upper atmospheres of planets

and the earth's stratosphere, Information gbout kinetic temp .ratures,
turbulence effects, gross velocity shifbs ete., may be obtain 4 through
a study of the line profiles, Important discoveries in molec .lax _
astronomy have been nade using heterodyne techniqueus at radio wavelengths(2’3);
(longer than 1 mm) but it has only recently become possible t+ do

(4-8)

heterodyne spectroscopy in the middle and far(P) infrarel, opening

three new decades {1 ym - 1 mm) to explorabtion using heterodyre techniques.
We examine some limitations of the heterodyne techniques in the spectral
range 1 ym -~ 1 mm for the detection of atomic and m.lecular lines and

of continuum radiation.



We begin by recognizing that for gases charantrrized by an eieitation
temperature 1, the maximum observable spectral line intensity will approach
the specific intensity of the Planek function for that wave length and
temperature under conditions of thermal equilibrium, Ve assume thai the
intensity of any continuum background is small compared with that of the
line dpectrum, and that the lines are characterized by a Doppler profile.
Ve then determine the minimum detectable line source brightness for an
ideal heterodyne spectrometer having a bandwldth equal to the Doppler
width (AvD) and we compare this with the black-body source radiance at
various temperatures, Various system limitations (quentum efficiency,
ete.) inereise the minimum detectable source brightness above the ideal
case and so are introduced a3 degradation factorg (Ai =z 1), which exercise
8 cumulative effect as a product function ni(Ai). Some of the A, can be
svaluated in simple fashion (chopping, source polarization, quantum
efficiency, ebc.) but others are treated in more detail. The degradation
factor caused by insufficient local oscillator power is calculated as a
function of the transmission coefficient of the beam splitter, over a
range of parameters characterizing the photodiode mixers presently available
neﬁr 10 pm, and for ﬁarious local osciliator powers. The degradation
factor due to dividing the available source line power into elements of
bandwidth B iz evaluated as a function of B/AvD. Curves indicating the
optimum bandwidth for a given Doppler broadened line are given &s 2
fuhcticﬁ of £he wavélength and of the temperature to mass ratios. TFinally,
conclugions are dravn regarding the best wi(Ai) one could hope to achieve
in a present day heterodyne system near 10 pm, and the usefulness of the

technique is demonstrated for several classes of astronomical sources.
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2., Sensitivity Limits of an Ideal Heterodyne Receiver

In astronomical heberodyne detection, infrared radiation from the
source is mixed with the radiation from a much stronger local oscillator
and a signal is detected at the difference frequency rcalled she intermediate
frequency (IF) (Fig. 1). The mixing process translates the frequency scale
by an amount equal to the local oscillator frequency, preserving the
gpectral characteristics of the source(lo). When the locae® osecillator
power (PLO) is sufficiently large, the shot noise from it dominates all

other souwsces of noise in the detector and the minimum detectable IF

power corresponds to the guantum detection 1imit(l),

Bun = HVAV, (1)

where a detector with a quantum efficlency 7 = 1 is assumed. This 1imit
corresponds to the detection of a single photon per resolution time

av'Y (sec) of the system. A simple derivation of ‘this limit can be
given on the basis of the particle nature of light.(ll) The signal-to-
noise ratio (S/N) obtained at the IF for a source power B° is then

§=pF = (2)
N hvaAwy hvB

where B = Av is the bandwidth of a single'resolving element of the system.

If the signal is integrated for some time (1), the signal-to-noise ratio

is improved by a factor.(BT)% and the post-integration signal-to-noise
ratio is
s = B (1)% (3)
N hv B '

The corresponding ideal minimum detectable power becomes
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8 B, 1/2
Pmin llv(T) watts, (4)

and the minimum detectable number of signal photons becomes

s . (Byl/2 -1
Nmin (T) {photons sec™ ) (5)

in a particular polarization and in a single sideband. The minimum
detectable source surface brightness R:in (photons em”2 sec-I str'l)

is obtained from

§ _ 5
Pmin = Rmin hvy A Q. (6)

The etendu, A Q{with A as the detector area and { the field of view),
‘ 2 (12
is a constant of the system and is ~A ¢ ). The minimum detectable

source surface brightness from (4) and (6) is

Botn = I%. ('13')1/2 (photons em™2 sec™t str'}) (7

Note that Eq. (4) is referred to the detector and that Eq. (7)
is referred to the remote source by assuming that the system has been
properly matched ‘to the diffraction limit of the collecting optics
(telescope) such that A {} ~ 12 is preserved. In this case, the heterodyne
field-of-view is 6 ~ 1.2 A/D where D is the diameter of the primary
mirror. A commonly used convention among dinfrared astronomers
is to refer the brightness to the power incident per unit telescope

area per unit frequency interval {watts m 2 Hz"1).



One flux wnit (or one Jansky) equals 10"26 wabts m o Hz“l. T2 minimum
detectable flux over a source bandwidth AvB is
a8
8 P 5
F = ‘min = hv B
min 55 ARV G?) )
8 8
where A is the telescope area in m?.
- o b E S s o n 8
It is not very useful to calculate Pmin’ Rmin’ d rmin for

fixed bandwidth over three decades of wavelengths since l.iewlidths can
be expected to vary drastically over this vaevelenpgth rang.s, For our
purposes, we set the bandwidth equal to the Doppler line - 4dth at each

8 8 8 . _
A and caleulate Pﬁin’ Rmin’ rmin ag g Tunction of waveleny:th for various
temperabure-to~mass ratios (T/M)., A telescope collecting aren of 1 -
8

is agsumed in caleulating T

min’ The Doppler bandwidth of an 3tomiec or

molecular line is given by

- %
B = avy = 7.16 x 10 T % (T/M)® Hz E-% (9)

where T is the temperature (R) and M is the atomie or mo,. eulcr mass
{amu). The expressions for minimum detectable source power (Fiin),

s 8
source radiance (Rmin)’ and flux (Imin) become

g -
P, = he By ©
nin ;§7§- (T) watts {10)
8 = 1 ' 2 1. -1
min Gﬁ) photons em “gec ~str (11)
22 7
kS
and
8 -5 5 '
Pmin ° 13%—— (87)  Wm S gzt (12)
X 2

B;in is compared with the single side-band radiance of a wlack-body

continuum source in Fig. 2. From the Planck function, the power radiated
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in bandwldth B is

B "2 —l
Wa = 2hc (W em “ptr™) (13)

and

= 2__8 (14)
RBB k3 (th;KT "l)

The curves shown in Fig. 2 have been calculated for & particle with

M = 30 amu, R;in iz shown for T = 300°K and 50°K and for intepration
times of 1, 102, and Il.(l)l‘l seconds. At 10 pm and 300°K, the Doppler line-
width is ~ 68 MHz . The repid improvement in R;in with inereasing wave-
length is a consequence of the decreasing line width (i.e,, less 10 shot
noise in B = Avp) and of the increasing field-of-view (as Aa). However,
the improvement due to inereasing field-of-view (FOV) is replaced by a
degradation factor when the FOV exceeds the source size (see Section 3).
The FOV for a diffraction limited 1 m telescope iz also shown i= Fig. 2.

A simjlar set of curves for the minimum detectuble flux F;in and

for the black-body flux

1
F. = 2he -2 . -1 (15)
Wm~ Hz
A (ehv/kT -1)

are shown in Fig. 3. In the Rayleigh- Jeans limit (hv << kT), the black-

s
body flux becomes FBB

of width B is 4 kTB watts, the familiar radio result,

= 2 kT, and the received power from both sidebands

It is clear from Figs.2 and 3 that heterodyne detection is potentially
8 very powerful tool for high recolution astronomical studies. Section 6
shows that even after the system performance is degraded to take account
of practical limitations, heterodyne detection remamins a very powerful

technique,



3. Limitations to the Sensitivity of a Real leterodync System
The expressions for minimum detectable power and source bright-

ness considered in scction 2 are based on the assumption that all sgource
photons radiated into the hetercdvne field-of-view are collected by a
shot-noise~limited photomixer with unity quantum efficiency. 1In actual
practice, however, there are a number of factors which degrade the
sensitivity significantly from the ideal case. An understanding of
these factors 1s important in achleving the highest sengitivities for
the spectrometer. For astronomlcal application, even small gains in
sensitivity are of major interest since the Integration time required
for a fixed minimum detectable power is reduced by the square of that
gain, The various factors which must be included in evaluating the
sensitivity of the heterodyne spectromater for astronomical applicaticns
are considered here. Any factor which leads to an increase in the
ideal minimum detectable source brightness R;in (Eq. 7 ) is written a
a degradation factor, 8. The minimum detectable source brightnass can

thus bewritten as

Rpin = Rigear Tilfy) | (16)

. where the various degradation Eactors Ai to be considered are due to:
(a) Quantum efficiency of the photomixer:ﬁq = 1/T: for HgCdTe
photomixers, the be‘ ¢ possible quantum efficiency without an anti-
reflection coating on the chip is 1 ~ 0.67 (AQ 541.5).(13) The best-
commercially available detectors have T ~ 0.5 (bQ ~2). It is aino

important to note that 7 is the dynamic quantum efficiency (LO on),
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not the statlic quantum efficlency (LO off) and that too high LO powers
can cause 4 lowered dynamic quantum efficiency.

(b) Polarization: APOL = 2 for an unpolarized source, but may
vary between 1 = @ for other sources as the linear polarization changes
from parallel to perpendisular with respect to the local oscillator
polarization,

(c) Chopping: Achop = 2 for a Dicke type chopper, a/2 for

overlapped frequency switching, and 1 for the unchopped case,

= 4 where € i6 the total trans-

(d) Losses in Optilcs: Aoptics o

mission coefficient of the collecting optics up to but not including
the beam splitter.

(e) Phase front misalignmwent and beam spot size effects:
Aphase‘ This degradation 1s caused by mis-match of the phase fronts
and spot sizes of the local oscillator beam and the source basam at the
photomixer and has been considered by COhen(14) in detall., It will
not be discussed here except to note that proper matching of the

phase~fronts and Airy disks allows one to make ~1,2.

Aphase
{(£) Beam filling factor: AFF’ the degradation when the source
fails to £ill the heterodyne field of view (which is assumed equal teo
the diffraction limited field of view of the telescope).
AFF (A dif IIAE)
(17)
2-2 -2 :

= 1,4 A D eB

where 6 is the angular extent of the source

and D is the diameter of the primary mirror.



(g) Dotector and pre-amplifier noise: Ap is the degradation
caused by shot-noise duec to d.c. bias current in the detcetor, and
the thermal noisc contributed by the detector and by the IF amplifier,
An cvaluation of AD 1s made in section 4 for a wide range of detector
characteristics, transmission cocfficients of the beam splitter, and
local oscillator powers.

(k) Degradation in measurement of line profiles: AL‘ This
degradation in the sansitivity, compared with that which is obtained
when the bandwidta is matched to the Doppler linewidth, is a coasequence
of dividing the line profile into elements of width B, A derivation
and on evaluation of AL as a function of linewidth to bandwidth ratios,
and of wavelength is given in section 5 for varlous T/M ratios.

(1) Various other degradation factors may be introduced in
specific experiments under adverse conditions but have not heen
treated here, Examples would include phase cancellation introduced
by air turbulence ("seeing") and false heterodyne signals which are

sametimes caused by souice or reference contimium shot roise.



4., Degradation Due to Detector Noise and Pre-Amplificr Noise

The shot-noise limited performance of a heterodyne spectromater
is dependent upon the availability of wideband mixers and sufficiently
powarful tunable lasers in the desired spuctral range. For sufficiently
large local oscillator powers, the local oseillator shot nolsc dominates
all other noisc sources, leading to the quantum limit of sensitivity
given by (1).

The requirements placed on the detector, of low noise and wide
bandwidth, are adequately met in the 5-17 km range by helium cooled
Ge:Cu photoconductive detectors and liquid nitrogen cooled HyCdTe
photodiodes which have bandwidths of the order of 1 GHz(lB’lﬁ’lG).
0f the two types of detectors, the HgCdTe photediode 1s preferred for
the tuneable heteredyne spectrometer for astronomical observaticas
because of the higher heterodyne signal-to-noilse ratic which may be
obtained, (a factor of two better than photo-conductors) and higher
operating temperatures. Also, the local oscillator power required to
reach the shot-noise-limit with HgCdTe 1s smaller than for Ge:Cu
photoconductors and can be supplied by tuneable semi-conductor lasers.

Sufficiently powerful lasers tunable over many wave numbers
in “he spectral range of interest, are not readily available at
present. Adequate emission powers are available from gas lasers
(e.g. 002,00) at specific wavelengths but the tunability is limited
to a narrow band around the discrete laser lines. Waveguide COg lasers

can be tuned over ~L GHz for each line. Electronic tuning at the IF
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extends the spectral bandwidth to ~ 2 GHz on cither side of the

discrete local oscillator frequencies. The versatility of heterodyne
spectroscopy depends on the availability of tunable local oscillators, and
cannot be fully realized with the available gas lascrs, Although
continuously tunable lasers (over many wave numbers) are not avallable

as yet, semitunable diode lasers have recently become avaiiable.

The first use of cryogenically cooled PbSe diode lagers as local
oscillators for heterodyne detection was achleved with the infrared
haterodyne spectrometer developed at the Goddard Space Flight Ccnterca).
Auironomical and laboratory sources (both continuum and molecular
lines) weve detacted at 25 MHz resolution at 8,5 Pm. Although it has
been demonstrated that diode lasers can be used as: local oseillators,
the emission powers available are still limited to a few hundred ;W in
a single mode, and arc generally insufficlent for shot noise limited
operation of the heterodyne spectrometer. The additional sources of
noilse in the detector thus have to be considered. The degradation in
the sensitivity of the heterodyne spectrometer due to all additional
sources of noise in the photodiode (HpCdTe) is considered in this
section,

The equivalent clrcuit of a photodiode mixer consists of a
shunt conductance Gd’ a shunt capacitance C4q and a series resistance Rge
The output of the photodiode contains noise current components
corresponding to: (i) shot noise due to local oscillator and background-

induced DG photocurrents I, and I, and dark current Iy (ii) thermal

11



noise in the detector at its physical temperature Ty, and (iii) IF
amplifier nolse glven by an equivalent input noilse temperature Typ
which includes the effect of the impedance mis-match between the

photodiode and the IF amplifier. The signal to nolse ratio of the

heterodyne receiver (post-integration) is then given byclﬁ)

(Me/hy) P°I (}37)1/2
'tsi S (IgH " ’ (18)
(Io+1g ) eB+2k(Ty# TIp)BGqeq
where
I(!l = Ib + Id
and
- 2. 2.
Gaeq = Bg(1HRGy) + W'RC, 2T~ (1edf/u? ) (19)
for RGy << 1; the frequency at which the availleoble output power for
the case of a conjugate match to the IF amplifier is down by 3 dB is
defined by w, ™ l/Cd(RB/Gd)l/Z. The d.c., photocurrent is related
to the local oscillator power by
T = 0
I, = MeP /hv (20)

It should be noted that the detector quantum efficiency "I shown

explicitly in (18 has been considered as a degradation factor
separately in section 3. However, 7 also affects the S/N ratio through

1, as shown in (20) and this dependence will be included in AD'

12



The two terms in the denominator in (18) correspond to shot
nolse and thermal powers respectively, With sufficient laser power,
all other terms in the denominator are negligible compared with the local
oscillator shot nolse term (IoeB), and the S/N ratio reduces to the
ideal value (3) for T = 1. When the local oscillator power 1is insufflcient,
(18) has to be maximlzed by proper cholce of the photodiode parameters
(Gq,Cq,Rg); by impedance matching between the detector and the IF
amplifier, and by an optimum division of the signal and local oscillater
powers at the beam splitter.

Denoting a for the transmission coefficient of the beam splitlex
for the incident local oscillator power, the signal and local oscillator

powers incident on the photomixer are:

PP = k0
o

and P% = (1 - ) Pg (21)
Introducing (21) into (18) and comparing it with the shot~noise

1/2

1imit §/N = ( ﬂPg/th ( v/B) , the degradation in the S/N ratio or in

the minimum detectable source brightness is found to be:

Lo '
_ (L+efo) (Me?ap ") + (2KTo 1gGgeg BV

P a(l-a) (M ez_l’lc;o)

22)

where ¢ = I'4/I;4, the ratio of dark current to the local oscillator
photocurrent in the mixer is I'q/I, = I'd/a,ILO = €/ and
Taff = (T + T;F). The second term in the numerator corresponds to

the degradation introduced by thermal noisa and the factor e/a accounts
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for the degradation due to the shot noise generated by the dark current.
For sufficiently large local oscillator power for a given value of ¢,

the degradation factor becomes

= (Lte/o)
) (1-) (23)

When the photodiode dark current is also small compared with the local
oscillator photocurrent so that ¢ = o, the degradation factor approahces
unity for sufficiently small values of o. For smaller local oscillator
powers, the degradation factor and the optimum value of o £or minimum

degradation may be estimated from the plots of AD ve @& for various

L0

values of the parameter T ¢¢ Gdeg> the local oscillator power Po

and

€

The degradation factors in Figs. (4-6) have bean given as a

function of the parameter

2
= J oLy
Tegs Cgeq = (T T Tpp) (1 wca) G4 (24)

For the liquid nitrogen cooled HgCdTe photodiode considered here

Tn ™~ 80°K. The ‘quantity TiF is the equivalent input noise temperature
of the IF pre-amplifier and includes the effect of impedance mismatch
between the photodiode and the amplifier. When the two impedances are
matched TZ;:F = TIF = TO(F-l) , Where To is the room temperature and F is
the noise figure of the amplifier. For the :mmatched case TZEF may be

calculated from

R R
v IF o 1
T =t GRtaR TR (25)
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where RIF is the input resistance of the IF amplifier and R, is the
resistive component of the output impedance of the photodiode. For
R, *? Ryps TiF is approximated by TiF = (Ro/t*RIF) Typ+ A plot of
the variation of the parameter (T, ¢g¢ Gdeq) with w/wc is shown in
Fig. 7 for various values of the photodiode shunt conductance Gj, and
assumed values of Rip = 500, Rg = 200}, Cp = 2 pF and A= 10pm.
Lower values of Teff Gdeq over the IF bandwidth may be obtained by
employing a low noilse-temperature impedance matching device.

The minimum values of the degradation factor (AD)min'
corresponding to the optimum value of the transmission coeffi .ient of
the beam splitter, are shown as a function of the parameters Torr Gde.q
for various local osclllator powers in Fig. 8. For a given value of
Togg Gdeq’ the degradation factor is improved significantly w .en the
L0 power is increased. This reduction in AD becomes more significant
when T,er Gaoq > 1. For a HgCdTe diode with Gy = _4 x 104 and Tafs
Gdeq < 1,5 (Fig. 7), the degradation factor AD is of the ord r of 5

for LO powers ~200pW and reduces to 2-3 for LO powers of 500pW - 1 ni,



5. Degradation Introduced by Linewidth te Bandwidth Mismakch

The foregoing analysis of the achlevable senéitivity level of
a real heterodyne system has focuseed on detection of gpectral lines
(single side-band) and has assumed that the bendwidth (B) of the smallest
frequency resolving element {e.g. an RF filter on a multi-spectral
line receiver) was equal to the Doppler width (Avrg of the line. For
spectroscopy, one would like to operate in two modes: (1) a low
resolution mode which covers a wide range of frequencies at resolutions
comparable to the line width. and which is used to survey and to find
the lines and (2) a high resolution mode which covers the entire line
profile simultaneously at a resolution much smaller than the line width
and which is used to study the line profiles.

We shall limit our present treatment to the case of unsaturated
Deppler broadened lines characterized by (A, T,M) and calculate the
degradation ( AL) in signal-to-noise as a function of B/AvD. If the
total radiance, integrated under the line, were instead to be radiated
uniformly in a rectangular line of width B = A“D’ then A; would equal
unity. We will show that for a Doppler line, a minimum for A , oceurs
when B = 1,2 AvD for which A = 1.3, It should be noted that if the
line is saturated at line center over the resolution bandwidth (B),
then &; = 1 and the measured S/N will correspond to that of a black-body
(single side-band) with temperature T(OK). Also, source turbulence
(e.g. in interstellar clouds) and sourpge rotation (e.g. in planetary

atmospheres) may result in non-Doppler profiles in some cases. With
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these facts in mind, we proceed to calculate AL for Doppler~broadenad

lines.

The intensity profile of a Doppler broadened line is:(”)

-L@(vv ) /vy (tn 2) /272
I(Vv) = Io e (26)

where the line width AVD is given in eq. (9) . The total line intensity
is obtained by integrating (31) over all frequencies

-]

Lot = f I{v) dv, (27

»c0
which may be evaluated by intreducing ® = (2(v=v, )/Avn {4in 2)% and
Vo=V, 4 wAvD [2( 4n 2)'15 so that

o

Ipot = _____IDA\:D 75 2 f e-m2 dw =-;—' (s 5 He 1Ay,

2(4n 2) o in 0"V
(28)

or
1/2 1
. - in 2 Tok

i, = 2 ( ) By, (29)

Considering the portion of the line transmitted through a filter
with a bandwidth B centered on the line, the total number of photons

received in the filter bandwidth from (26, 29) is

- 2
_ ~1/2 g S
Iy = Tpop (27 f e dw] (30)

[+

= ITot erf (wB)

17
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Lo 2% w (dn 234 2= . B
where Wy = (2¢B/2) /Ay D) (tn 2)% w (in 2) Bvp 0.8325 AvD
Thus the fraction of photons received in the filter bandwidth B is

IB
F_ = m oarf (w_ ) {31)
B ITot B

When the line profiles are measured with a heterodyne system,

the resolution bandwidth is some fraction of the Doppler width
B = a, AvD (32)

The ninimum detectable sourre brightness of a Doppler broadened line

is obtained from (7) and (30)

min 2 -, FB

D
= L =) 1
[7\2 i Jerf(mB) (33)
L
- RDoppler AL

The factor AL = al%/erf (Wg), with a; = B/AV p and Wp = (4n 2)% 8y,

is the degradation (at. line center) in the minimum detectable numbéer of
photons in the line, which is introduced by the fact that the line

is divided into elements of width B. A plot of AL Qs a, = .B/Av D is
shown in Fig., 9. The asymptotes for large and small values of a; are
given by AL ﬂ.aii%. The 3 dB and 6 dB points (with respect to éptimuno
as well &5 the optimum point at which there I1s minimum degradation are

shown, This minimum value ( AI; = 1.3) occurs at the bandwidth

18



correspunding to a, = 1.2, 1t may be noticed that there are two

values of al for each degradation factor. The optimum bandwidth,

which provides sufficient spectral information with the least degradation
in the minimum detectable line brightness is given by the value of a,
about the 3 dB point on the left hand side of the curve,

The above discussion considers the optimum.bnndwidth for a
given Doppler broadened line, assuming that B canh be readily varied
with A s0 as to keep a; constant. In practice a heterodyne system has
an IF resolution bandwidth which remains fixed when measuring intensity
of different line widths and at different wavelengths., The degradation
factor in this case may be considered more conveniently by letting
the fraction of the intensity within the bandwidth B be parameterized
as a function of a, = AvD/B' The quantity a,, the normaiized
Boppler line width, is the inverse of a The minimum davectable

line brightness may thus be rewritten in terms of as from (33).

L L '
= 3
Rmin RDoppler AIJ (34)

when the degradation factor is

b = aa-llalerfouB)

with
w. = (ia 2)1/2/a2

and

ay = BV /B = ST (7 (35)

19
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a, is shown as a function of the wavelength A in Fig. 10 for
various values of the ratio T/M. The (T/m) ratios indicated on the
upper line assume B = 25 Milz, and those on the lower line assune
B = 125 MHz, The lines representing degradation of 3 dB and 6 dB with
respect to optimum are also shown,

The plots of degradation factor AL ag a function of wavelength
(1-1000 pm) applicable for various values of the parameters (T/M)%/B
are given in Fig. 11. The values indicated on the plots correspond to
a bandwidth ¢f B = 25 MHz witLl. the T/M ratiﬁs indicated on the curves.
The curves may, however, be read for any other bandwidth with the
quantity (T/M)%/B kept constant for each curve. The minunum for each
curve corresponds to B = 1,2 Av D’ the right branch corresponds Lo

B > 1.2 Ay, and the left branch corresponds to B <1,2 Bvy, .
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6. Astronomleul Observations and Comparilson
With Direct Detectinn

We may now cstimate the actual sonsitivity of a typical heterodyne
spectrometer for detection of line emission fLrom astronomical gources.
An estimate of the numerical values of the degradation factors 1s
summarized in Table 1 for a typical c¢ase, where Pio = 5001 ¥,
Gy =4 x 10"4, B = 50 Miz and AvD = 300 MHz, The total degradation
in sensitivity referred to the quantum detection limit is seen to be
~ 90 for the case considered here. If sufficiently large laser power
is available so that the shot noise limit is reached and Al)nal, the
total degradation is~35, The minimum detectable source fluxes discussed
in section 2 (Figs. 2 and 3) are thus to be multiplied by Factors~35 -
90 depending upon the local oscillator power available,

With the estimated degradation factor given here, how does the
sensitivity of a heterodyne receiver compare with that direct detection?

The minimum detectable £lux values shown in Fig. 3 secem to
indicate a poor sensitivity for the heterodynhe rveceiver when compared
with the values achieved in the direct detection modes in the infrared
and optical frequency ranges. An ideal heterodyne F;in of
~5 % 10-24 wm™2 Hz"l at A = 10 pm withs = 1008 (Fig. 3), for example,
compares. with actually achieved direct detection values of r~--10'24
--1(3"25 wn 2 gzl ae far infrared (20p - 1 wm), and ~10727 -10~28
Wm 2 2"l at optical wavelengths. Does this mean that the heterodyne

detection mode is less sensitive than direct detection? IE not, then

how are the sensitivities in the two modes of detection to be compared?
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The difference in the F;in values, as shown in the following,

has its origin in the entirely different optical bandwidths over

which measurcments are made in the two cases, To compare the sensitivies,

it is more meaningful to compare the S/N ratios obtained when the

optical bandwidths are identical, For heterodyne detection we have

from (3)
5 _ &
S L =@ (36)
(N)Het Byefy B

where AHet represents the tulal degradation factor in the sensitivity,

For direct detectlon, the post integration S/N ratioc is:

8 k
P e ra o

where (NEP)d is the noise equivalent power in WH, 2 of the detector
and Ad'is the total degradation factor in the sensitivity of rhe direct
datection system ( ~10 consisting of a telescope, dispersing element,
and detector). The ratio of the two S/N ratios is a figure of merit

with which to compare the nensitivities of the two modes, f.e.

(S/N)Het A
? o ——————dCE o NEDT {38
F="sm, he B2 ‘

.where NEP! = (Adfﬂuet)_(NEP)d' Residual photon noilse, after
cancellation of sky and telescepe background emission, will eventually

limit the achievable system NEP in either case,
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A plot of F as a function of the bandwidth B is given in
Figure 12 for A = 10 pm for various values of NEP', The heterodyne
recelver thus has an advantage over direct detection in the upper
part of the figure above the line F = 1 for the entire bandwidth
range shown (neglecting residual photon noise). The advantage is large
when NEP'! is large and becomes a digadvantage, over the range of
bandwidth shown, only when NEP' ~ 10716, 3 plot of F vs. A for a
fixed bandwidth B = 25 MiHz is shown in Fig, 13 for various valuecs
of NEP'., A heterodyne receiver with n bandwidth B = 25 MHz thus
has an advantage over direct detection (which increases with A )} for
all wavelengths above 1 pm when NEF' 2 10'15, and above 10 pm when
NEP! ® 10'16. In this comparison, it is assumed that the A} product
is the same in both cases. Also additional factors which would favor
the direct detecticn mode and lower the figure of merit have been
ignored (e.g. atmospheric turbulence effects may limit the sensitivity
of a heterodyne receiver for ground based obsexrvations).

With the estimates which have been given here for the practical
detection limit of a heterodyne receiver what are the S/N ratios
with which infrared line emission from astronomical sources of interest
may be detected?

As an example, we consider infrared emission from planetary
nebulae (e.g. NGC-7027, NGC-6572, NGC-7009), Fine structure line
emission from SIV (10,54 ), NelI(1l2,8w), ArIII{8.9 ) and CIIV(11l.54),
has been detectedcla’lg) using relatively broadband instruments with

- spectral resolution~0.3 - 0,5 em L,
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- Table 2 shows the obgerved flux from NGC-7027 meesured within
a & beam for the four 1ines¢8), The £lux received by the heterodyne
spectrometer FO - W2 Uzl 1s based on an assumed Doppler linewidth
Avn w» 300 MHz and a telescope arca of 1 m?, The minimum detectable

Elux F; A is calculated from (13) assuming a total degradation in

1
sensitivity Al!et = 90, and an integration time of 1/2 hr. The S/N
ratlos shown are for the 50 MHz interval centered on the respective
lines. Using a multi-channel line receiver (£ilter-bank), it is

possible to measure the entire line profile simultanecously at 50 Miz

resolution. Not only are these four lines casily detectable, but

their line shapes should be measaurable using the heterodyna approach,
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Table 1, Typical values of &;'s for

Lo . -
Po ~ 300 W in a single mode, G, =4x10 4

B = 50 MHz and AVD = 300 MHz

Ay Typical Value

LA = 1 2

Q /7
APol _ 2 for unpolarized source
Achop 2 for Dicke type chopping
A«::pt:ics = a 1.2
A 1.2

phase .

I\ Z1

FF "

Ap 3 1

2.6

AL g‘

\ 0~ 500 YW a0 3

AporaL (2" HW)

L0
‘-'fPo ~ a few millivatts, i.e. the shot~noise limit.
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Fig.

Fig,

Fig.

Fig.

Fig,

Fig.

Fig.

1,

2,

3.

5.

74

LIST OF FIGURES

The basic heterodyne system

Black body source radiance R® in a bandwidth B = fvy.

The straight lines indicate the minimum detectahble source

brightness of an ideal heterodyne system R;in in the

Doppler bandwidth (eq. 16) for T = 50 °K or 300 °k

assuming M = 30 amu, for three integration times,

Black body source flux F;B. The straight lincs indlcate

the minimum detectable £lux of an ideal heterodyne system

F;in in the Doppler bandwidth for T = 50 K ox 300 r

assuming M = 30 amu, for three integration times.,

The degradation factor by Vs transmission coefficient

n of the beam splitter for the indicated values of chf Gdeq‘
P]c:0= 100 uW, € = 14/, = 1.0.

The degradation factorﬂvn vs transmission coefficlent o

of the beam splitter for the indicated valur:. of Tefﬁ Gdeq?

L0 . £ = = Hi
PO 500 4w, Id/Io 0.75

. The degradation factorﬁﬁ)vﬁ transmission coefficlent g

of the beam splitter for the indicated values of T,¢. Gdeq®
LO
P =1, ¢ = Id/I0 = 0.125,
0
Plots of T gp Ggeq VS W /wc for the indicated values
of photodiode shunt conductance Gy and assumed values of
Ryp = 500, Rg =200, Gy =2 pF, » = 10 um, T = 80 °K

and TIF"



Figa 8.

rig. 9.

Fig. 10.

Fig. 1l.

Fig, 12,

Fign 13,

The minimum degradation factor AD (corresponding to

optimum values ofq) vs T Gdeq for the indicated LO

eff
powers. The d.c bias current is assumed to be Ig = 0.2 ma.
The line degradation factor QL vs a;. The 3 dB and 6 dB
points.refer to the optimum value of A; = 1.3.

Plots of ag vs A for the indicated T/M ratios for assumed
bandwidths of B = 25 Miiz and B = 125 MHz.

The line degradation factor &, Vs A for the indicated T/M
ratio for an assumed bandwidth of 25 MHz.

Plot of F vs B for various values of NEP' = (Adﬂ\uet)(NEP)d.

Plot of F vs ) for various values of NEP' = (Adﬁﬁnet‘(NEP)d.
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