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Abstract—The design of a detector based on a liquid-helium-cooled n-InSh crystal is described, and its per-
formance characteristics are presented. The detector reception band is tunable between 80 and 250 um (3.75—
1.2 THZ). The circuit diagrams of its electronic devices (e.g., a wide-band amplifier) are presented, and their
operation is described. The detection ability of the detector is 10'2 cm HzY/W at 2 THz.

Sensitive and convenient-to-operate detectorsare an
important tool in mastering the submillimeter wave-
length region (=0.03 < A <1 mm). At present, in con-
nection with the development of tunable submillime-
ter free electron lasers (FELS) [1-3], increased
requirements of the response speed are additionally
imposed on the detectors, which are necessary for
detecting pulses of the microsecond duration typical
of FEL [1, 2].

Among semiconductor radiation detectors of sub-
millimeter waves, a detector based on the cyclotron-
resonance absorption in InSb cooled down to the lig-
uid-helium temperatures can be distinguished [4]. In
this crystal, the responsivity to radiation appreciably
rises near the cyclotron resonance, making it possibleto
tune the detector frequency with the use of an external
magnetic field, selecting radiation spectrum regions
without an additiona filtration [5]. The relaxation time
of the InSb resistance is rather small (<0.1 ps|[6]), and
this crystal is suitable for the detection of the envelope
of aFEL radiation macropulse[1, 2].

The narrow-band detection of the radiation in the
operating wavel ength range requires that the InSb crys-
tal must be in an tunable homogeneous magnetic field
with a strength of 0.6-1.8 T [7]. Ordinary electromag-
nets (or solenoids) with such fields have large dimen-
sions and consume high currents. The electromagnet
we developed for the detector is a compact supercon-
ducting iron-core electromagnet with amagnetic circuit
of magnetically soft steel Cr. 3.

Figure 1 shows the design of the electromagnet. It
consists of the upper 2 and lower 8 poles, yoke 3, and a
coil 4 (800 turns of a solid copper-plated and varnished
NDbTi wirewith atotal diameter of 0.32 mm and adiam-
eter of the superconducting NbTi core of 0.25 mm). A
cone with polished walls for guiding the detected radi-
ation to the crystal is cut out in the upper pole along its
axis. The angle between the cone’s generatrix and axis
is7°. A brassinsert 5 with an integrating chamber (its
polished walls ensure specular reflection) is placed

between the electromagnet’s poles. An InSb crystal 7
with dimensionsof 3 x 3 x 0.8 mm isglued to the lower
pole through a thin quartz plate. The concentration of
Sn and Ge impurities in the crystal is 5 x 103 cm™
(according to the certificate). The lower pole has a

Fig. 1. Schematic drawing (sectiona view) of the electro-
magnet: (1) thermal switch; (2) upper pole; (3) yoke;
(4) cail; (5) brass insert with the integrating chamber;
(6) cooled window; (7) InSb crystal; and (8) lower pole.
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Fig. 2. Magnetic field in the gap of the electromagnet pro-
duced by the coil current.

small hole for the connection of measuring wiresto the
crystal.

By using a program for the calculation of two-
dimensional magnetic fields, the shape of the polesand
the gap between them were selected so as to abtain the
required magnetic field of sufficiently high uniformity
at the crystal location at a comparatively small (below
10 A) coil current. According to the calculations, the
nonuniformity of the magnetic field AB/B at the crystal
location was <2% at fields of 0.6-1.8 T and the induc-
tance of the electromagnet (at a current of 8 A) was
24 mH.

The magnetic field of the electromagnet cooled by
liquid helium was preliminarily measured by a Hall
sensor, which was glued to the pole 8 instead of the
InSb crystal. The dependence of the field on the current
in the coil shown in Fig. 2 isin good agreement with
calculations. An additional Hall sensor, which is glued
to the lower polein asmall depression near the hole for
leading out the measuring wires, is used for magnetic
field measurements during the detector operation. The
readings of this sensor are calibrated by the current of
the electromagnet.

The small size of the electromagnet madeit possible
to construct the detector in the form of an insert in a
domestic helium Dewar vessel (25 1) with a throat
24 mm in diameter. Thus, as compared to the use of a
special dewar for the detector, the operation of the
instrument is significantly simplified, the time neces-
sary for its cooling and warming is shortened, and the
liquid-helium consumption decreases. One filling of
the dewar ensures the operation of the detector for at
least two weeks.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES Vol. 45

2 1
L

13

|
\.i

I
I~
i

14

Fig. 3. Schematic diagram of the insert: (1) entrance vac-
uum window (1-mm polyethylene and 0.25-mm black poly-
ethylene); (2) flange; (3) brass nut tightening the vacuum
window; (4) waveguide (stainless stedl); (5) case (Al);
(6) brass flange connecting the waveguide, case, and the
outer tube; (7) coupling flange (brass); (8) outer tube (stain-
less stedl); (9) two tubes for connecting wires (stainless
tubes); (10) light-collecting cone (brass); (11) temperature
sensor; (12) thermal switch; (13) electromagnet; and
(14) cooled preamplifier.

Figure 3 shows a schematic drawing of the insert.
Two coaxial thin-wall (0.3 mm) stainless-steel tubes
form the mechanical base of the insert. The upper part
of the outer tube 8 (22 mm in diameter) is hermetically
soldered into the brass flange 7. The size of the tube is
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Fig. 4. Current—voltage characteristics of the InSh crystal in various magnetic fields: (1) B=0; (2) 0.75; (3) 1.16; (4) 1.45; (5) 1.66;
and (6) 1.83 T; (7) dc power supply mode of the crystal in the detector circuit with a selected region corresponding to the detector

operating range.

such that, by using an O-ring and a tightening nut, a
vacuum-tight joint with the throat of the portable
helium Dewar flask is formed, making it possible to
control the depth of immersion of the cooled part of the
insert into liquid helium. The tube length is such that,
for the maximum immersion of theinsert, thelower end
of the tube does not reach the liquid-helium level in the
filled Dewar flask.

Theinner tube 4 (16 mm in diameter) with amirror
polish of the inside surface serves as a superdimen-
sional waveguide along which theradiationisguided to
the detecting crystal. The radiation is injected through
a round flange 2 (at the upper end of the inner tube),
which holds a two-layer entrance window 3 (1-mm-
thick polyethylene and 0.25-mm-thick black polyethyl-
ene) hermetically pressed by anut 3. The window inter-
cepts the radiations with wavelengths A < 25 um. A
brass cone 10 (the angle between the cone generatrix
and axis is 4°) with the polished inside surface is sol-
dered to the lower part of the inner tube. An electro-
magnet 13 is attached to the brass cone from below. A
thermal switch 12 and a carbon resistor 11 (atempera-
ture sensor) are located in two depressions on the out-
side surface of the cone 10. The lower end of this cone
is smoothly internally jointed to the upper end of the
second polished cone cut in the upper pole of the elec-
tromagnet (Fig. 1). Both cones form the reception
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directional diagram with a design angle of 12°. The
measured reception pattern coincides with the calcu-
lated one rather well.

Passing through the second cone, the radiation
enters the integrating chamber, which is intended for
increasing the crystal illumination and improving the
uniformity of its illuminance over the area. A hole
2mm in diameter covered by a 1-mm-thick single-
crystal quartz disk (6 in Fig. 1) is the entrance window
of the integrating chamber. The pair of the cold quartz
and black-polyethylene windows almost intercepts the
radiations with A < 60 um [8]. At longer wavelengths,
the absorption in the quartz single crystal sharply falls.
According to estimates, the part of the radiation
reflected from the integrating chamber with the crystal
changesfrom 0.25 (at larger wavelengths) to 0.6 (at A =
80 um) in the operating wavelength range.

Thin copper wires transmitting signals and feeding
the supply voltage run into the Dewar flask through two
stainless-steel tubes 9 3 mm in diameter with 0.1-mm-
thick walls. These tubes are soldered to the exterior sur-
face of the inner tube and brass cone and, passing
through the gap between the inner and outer supporting
tubes, they run to the brass flange 6 hermetically sol-
dered over the inner tube. The wires run outside
through two holes in this flange. These holes are filled
with picein in order to ensure a vacuum-tight seal, and
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an elastic melting glue was deposited on the picein and
wires for their mechanical protection. A flange 7, to
which the outer tube is soldered, is attached to the
flange 6 from below via a vacuum-tight connector. An
aluminum case 5 with dimensions of 140 x 85 x 45 mm
containing electronic circuits of the detector and
power-supplying battery isfastened to the flange 6 from
above. The connectors and elements for controlling the
electronic circuits are mounted on the case’s surface.
Theinner stainless-steel tube runsthrough the case 5 up
to its upper surface, on which the entrance vacuum-
tight window 1 is fastened to the tube.

The resistance of InSb crystals strongly depends on
the magnetic field induction. If an external current
source is used to supply the electromagnet, then the
noise current component appreciably reducesthe detec-
tion ability of the detector. Therefore, measurements
with the detector are carried out in the persistent mode
of the superconducting coil of the electromagnet. The
current is injected to the electromagnet and outputted
from it by using athermal switch (1 in Fig. 1) in which
a segment of a NbTi wire changes to the normal state.
In order to obtain a superconducting contact in the ther-
mal switch, the ends of the wires led out from the elec-
tromagnet were skinned, the copper layer was stripped
by etching, and the wires were then welded together by
an electric arc. This contact is placed inside a heater (a
thin constantan wire with a resistance of 75 Q). The
heater is attached to the body dlightly above the el ectro-
magnet and is thermally insulated from liquid helium
and the insert body by athin foam polyethylene.

In order to protect the thermal switch from destruc-
tion upon transition from the superconducting state to
the normal state, it is shunted by a copper wire 5 cm
long and 0.3 mm in diameter. The current from an
external source is supplied through two varnished cop-
per wires 0.5 mmin diameter to the electromagnet coil,
thermal switch, and the shunt connected in parallel.
When the heat is switched off, the thermal switch
shunts the superconducting winding of the electromag-
net. When 5V (the heating power is 0.33 W) is fed to
the heater, the switch changes from the superconduct-
ing state to the normal state, and a current from the
external source can be inputted into the electromagnet.
Thetime constant of current changesin the electromag-
net is ~2 min at the open thermal switch. As a preset
current in the electromagnet is reached, the heater is
switched off, and the current source can be switched off
5 slater. During the operation of the electromagnet in
the short-circuit mode, no perceptible changes in the
magnetic field were detected.

M easurements have shown that, in the short-circuit
el ectromagnet mode, the noise component of the detec-
tor signal decreases by afactor of 20 ascompared to the
operation with the electromagnet powered by a IT138
stable dc source (I =4 A).

The detector characteristics substantially depend on
the dc current supply regime of the crystal. The regime
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Fig. 5. Amplifier of the signal picked off the InSb crystal:
(CPA) cooled preamplifier; (M;) KP1407¥[1l; and
(Qq) KII350A.
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Fig. 6. Temperature sensor: (Mq) LT1077CNS8; (Q,) KT3130E;
(D7) ATI307AM; and (R;) thermoresistor.
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Fig. 7. Amplifier of the signal picked off the Hall sensor:
(HS) Hall sensor; (M) KP198HT1A; and (D) KIIS14A.

was selected by measuring the crystal current—voltage
characteristics (CVCs) at various magnetic field values
and room-temperature background radiation incident
from the open detector entrance window.

The measurement results are shown in Fig. 4. Local
irregularities with sharp changes in the derivative are
observed in the CVCs (they are most pronounced in
curves 4-6). They are most probably caused by an
impact activation of carriers from deep impurity levels
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accompanied by breakdown phenomena typical of
semiconductors in a cooled state (see, e.g., [5]). When
the detector isfrequency-tuned by varying the magnetic
field, the working point of the crystal (in the current—
voltage coordinates) moves along the load characteris-
tic (astraight line) that is determined by the supply volt-
age and value of the resistor connected in series to the
crystal. Experiments have shown that, if the load char-
acteristic passes through the region with irregularities
in the CVCs, then sharp nonlinearities appear during
the radiation detection and the noise signal component
rises even up to the initiation of self-oscillations. The
initial region of the CVCs (before the inflexion points
in the curves), where such irregularities are absent, is
suitable for operation.

A bolometric calculation performed according to a
conventional technique [4] yielded the maximum volt—
watt responsivity du/dW of the crystal in the same
region.

The resistance of the InSh crystal in the magnetic
field israther high (up to ~150 kQ). In order to exclude
the capacitance of signal wires and, thus, raise the
speed of response and improve the interference immu-
nity and noise characteristics of the detector, the signal
picked off the InSb crystal is amplified by a cooled
preamplifier on a KIT350A field-effect (FE) transistor
located near the detecting crystal in a small case /4
(Fig. 3), which is attached to the electromagnet from
below.

The circuit diagram of the preamplifier is shown in
Fig. 5. The circuit was designed by using the CV Cs of
the InSb crystal (Fig. 4) and the amplification and fre-
guency characteristics of the FE transistor (immersed
into liquid helium) measured independently. The circuit
is designed so [9] that the operating conditions of the
crystal and FE transistor are close to the optimal condi-
tions in the operating wavelength range and the upper
frequency of the output signal is~1 MHz. Thefinal val-
ues of the resistors (R, = 4 kQ, and R, = 1 kQ) were
selected experimentally by the maximum signal-to-
noise ratio at the detector output at the center of the
operating wavelength range. For this purpose, the mag-
netic field was set at a level of 1.3 T, an H,O laser
served as aradiation source, an external supply voltage
wasfed to theinput of the voltage divider formed by the
resistors R, and R,, and the dependences of the detector
signal and integral noise at the detector output on this
voltage were measured. The voltage gain of the pream-
plifier depends on the resistance of the receiving crystal
and changes from 1.6 in the absence of the magnetic
field to 0.8 at B = 1.8 T. The upper frequency of the
preamplifier decreases with the InSb crystal resistance:
from 1.5 MHz (B = 0) to 0.5 MHz (B = 1.8 T). The
preamplifier signal is outputted to the outside and is
additionally amplified by afactor of 100 by alow-noise
amplifier with apassband of 10 Hz—2 MHz based on an
KP1407Y111 microcircuit [10].
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All electronic circuits of the detector are supplied by
a battery of six Ni—Cd accumulators with a low output
resistance (~1 Q each) and acapacity of 0.8 A h. Inthis
case, almost all supply-line interferences and noises, as
well as noises produced by other devices are excluded.
This is especially significant when using the detector
for detecting a pulse FEL radiation. The circuits are
powered by a bipolar voltage of £3.9 V. In order to
exclude a contact noise, the connecting wires are sol-
dered to the terminals of the accumulators. When it
becomes necessary, the accumulators are charged from
a separate source of a stable 80-mA current with a cir-
cuit for protecting the battery from voltage overloading
upon its complete charge.

Two additional amplifiers (their circuit diagramsare
showninFigs. 6 and 7) are used to monitor the detector
operation. Thefirst one amplifiesthe signal from a car-
bon sensor measuring the temperature of the cooled
detector part. The amplifier isloaded with avisual tem-
perature indicator (alight-emitting diode, LED) located
on the case 5 (Fig. 3). The circuit is tuned so that the
LED extinguishes as soon as the detector is cooled
down to 4.2 K. Such athreshold regime of the detector
operation is sufficient for determining the helium level
inthe Dewar vessel upon immersion of theinsert into it
and during a long-term operation with the detector.
Note that, in the second case, the temperature control is
necessary in order to prevent the superconducting coil
from destruction in the persistent mode due to the tran-
sition into the normal state.

A signal from the Hall sensor measuring the field
inside the electromagnet and, thus, the current in the
coil (see Fig. 2) during the detector operation is fed to
the input of the second amplifier. A dc voltage from the
Hall sensor is amplified by afactor of 2000, and a dif-
ferential signal is transformed into a unipolar signal,
significantly simplifying the recording.

The volt—watt and spectral sensitivities of the detec-
tor were measured with alight chopper modulating the
incoming radiation with afrequency of 200 Hz.

Inthefirst experimental run, in order to carry out the
absolute measurements of the detector characteristics
to an accuracy acceptable for practice, instead of
sources commonly used to imitate a blackbody, it was
sufficient to utilize the therma radiation passing
through the detector entrance window from the room.
This radiation can be considered sufficiently black,
because almost al the surfaces in the room from which
the radiation may fall within the detector field of view
and the air have high absorption coefficientsin the mea-
sured wavelength range. Note that during measure-
ments lasting several minutes, the temperature in the
room measured by an ordinary thermometer remained
constant. Experiments have shown that a spurious illu-
mination of the detector by scattered short-wavelength
radiation (from electric sources or window) had almost
no effect on the signal when operating with the light
chopper. Thisis determined, on the one hand, by asig-
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Fig. 8. (1) Detector response to the thermal radiation with T = 292 K and (2) integral noise at the detector outpui.

nificantly lower responsivity of the InSh crystal to the
radiation beyond its cyclotron absorption band and, on
the other hand, confirms the efficiency of the spectral
filtration in the detector optical path.

The light chopper was a flat duminum disk with
dlits; its polished surface facing the detector entrance
window ensured a specular reflection. The chopper
plane was perpendicul ar to the optical axis of the detec-
tor and was set at a minimum possible distance (2 mm)
from the entrance window.

When the detector entrance window is closed by a
specular blade of the light chopper, the crystal isirradi-
ated by the thermal radiation (including that reflected
back by the chopper blade) from the specular surface of
the optical path, a greater part of which has atempera-
ture much lower than room temperature, and from the
entrance polyethylene window having room tempera-
ture and being almost transparent in the operating
wavelength range. The signal produced by this radia-
tion is at least an order of magnitude weaker than the
signa from the thermal radiation from the room at the
open dlit of the chopper. When the detector with a
detection band of up to 1.5 MHz registered the room-
temperature radiation, an output meander signal with a
signal-to-noiseratio of at | east two was observed on the
oscilloscope screen.

In order to improve the measurement accuracy when
recording the detector output voltage as a function of
the magnetic field Uy (B) for the detector illuminated by
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the room-temperature radiation, a narrow-band recep-
tion mode was used. The output signal was fed to the
input of alock-in amplifier (Stanford Research Systems
SR830DSP Lock-in Amplifier). A signal from the
chopper rotation sensor was fed to itslock input. A sig-
nal from the Hall-sensor voltage amplifier arrived at the
input of an ADC built inthelock-in amplifier. Both dig-
itized signals were stored in the computer’s memory at
afrequency of 1 Hz. The current preliminarily injected
into the electromagnet was 10 A. The start of the detec-
tor signal recording coincided with the turning-on of
the thermal-switch heater. When the heater was turned
on, the current in the el ectromagnet coil monotonically
decreased. The recording was terminated 5 min later at
a current of ~0.5 A. The results of thermal radiation
measurements at room temperature (292 K) are pre-
sented in Fig. 8.

The second experiment was devoted to measure-
ments of the InSh spectral absorption band, namely, the
dependence of the detector amplifier output signal U,
on the magnetic field B for the detector irradiated by a
monochromatic line of a water vapor gas-discharge
laser [11]. The most detailed measurements were per-
formed at awavelength of 118 pum lying at the center of
the detector spectral range. In these experiments, the
light chopper was set rather far from the detector
entrance window at an angle of 70° to the laser beam
direction in order to exclude the detection of amodula-
tion of a background radiation from the room. The sig-
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Fig. 9. Curves of resonance absorption of H,O laser radiation with wavelengths (1) 118 and (2) 78 um by the InSb crystal.

nals were recorded according to the same technique
that was used in experiments with thermal radiation.

The data processing technique was as follows.
When the external radiation power is sufficiently

small, the detector response is proportional to the
power W, absorbed by the InSb crystal.

The InSb crystal placed in a magnetic field B, effi-
ciently absorbs radiation at the cyclotron resonance fre-

quency [4, 5, 7]

W, = eBy/m, (1)
within afrequency band
Aw = -1, Q)

where T is the time between two successive €electron
scatterings [12], which is, similar to the frequency
band, almost independent of the magnetic field; m, is
the effective mass of charge carriers.

The absorption of radiation with the frequency w by
the crystal placed in the field B, can be represented in
the form

dW, = a(w)n(w—up)dW, A3)

where dW is the radiation power at the detector input,
a isthe factor determined by the spectral transparency
of the detector optical path and by the reflection of the
radiation by the crystal, and n is the efficiency of the
resonant absorption of the radiation (at the resonant fre-
guency, n = 1 can be assumed).
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The detector response to the thermal radiation of
room temperature at the field B, is, according to the
Planck formula (for 2w << KT),

00

Uu(Bo) = K(BO)ijza(w)n(w—%)dw, (4)

where K(B,) is the coefficient determined by the dc
operating mode of the crystal and

B = KTAQ/4TPC. 5)

Here, A = 1.5 cm? is the area of the detector entrance
window and Q = 0.01(15°) is the measured effective
solid angle of view of the detector.

When estimating the thermal radiation power
absorbed by the InSb crystal, the actua absorption
band was approximated by a rectangular distribution:
the absorption efficiency is equal to one between y, —
Awy2 and wy, + Awy2 and zero outside of this frequency
range. The coefficient a(w) is a slowly changing
smooth function, and, for w, > Awy2, in order to obtain
sufficiently accurate estimates, it can be assumed that

a(w) = a(w,). (6)

In this approximation, (4) is reduced to a simple
form

Up(Bo) = K(Bo)Buwhor (0dp)Aw. )
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Fig. 10. (1) Volt—-watt responsivity of the detector as a function of the magnetic field and (2) detection ability of the detector.

For the detector illuminated by laser radiation with
oy and power W, the detector responseis

Ui(Bo) = K(Bg)a(wo)Nn(wo—wy)W,. (8)
Dividing (8) by (7), in view of (1), we derive
Ui(Bo) B
n(wo—wl)Dm, )

which isthe basisfor determining the profile of theres-
onant absorption curve n(B,) (or n(w,)) from the mea-
surement results described above. Figure 9 shows this
curve for the H,O laser emission linewith A = 118 pm
calibrated at n,,, = 1. In this case, the resonance field
isB, =1.30 T and, consequently, the effective mass of
charge carriers in InSb is my= 0.0143m,, which isin

good agreement with the tabulated data [13]. The half-
width of the absorption curveisAB =0.35 T and, thus, the
absorption band is Aw=4.4 x 10'? rad/s (Af = 0.7 THz).
The wavelength of the resonance radiation is related to
the magnetic field by the expression A, um = 153/B, T.
Figure 9 also shows a record (normalized to unity) of
another line with A = 78 um of the H,0O laser lying at
the edge of the detector operating range.

Asisseenfrom (7), the volt—watt responsivity of the
detector at the resonance frequency

S = K(Byp)a (wy) (10)
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isadso cdculated from the measurement results (Fig. 10).

The detection ability was determined by measuring
the effective integral noise at the detector output as a
function of the magnetic field (Fig. 8). For this purpose,
the noise from the detector output (the light chopper is
absent) was amplified by a broadband amplifier up to a
necessary level and was then rectified by a Ge diode.
The amplified noise value was fed to the second ADC
built in thelock-in amplifier and stored in the computer.
Thefield of the electromagnet was varied and recorded
in the same manner that was used in the experiments
with thermal radiation. By using the volt—watt respon-
sivity, measured noise voltage, and the known detector
speed of response, we calculated its detection ability
(seeFig. 11).

Unfortunately, because of the absence of sources of
the submillimeter waves of microsecond duration at our
disposal, we had no chances to directly measure the
response speed of the detector. However, the known
response speed of the InSb crystal itself and the ampli-
fier frequency characteristics measured undoubtedly
confirm the results obtai ned.

The detection ability in the submillimeter range of
the detector described is somewhat lower than that of
the detectors on GaAs epitaxia films and supercon-
ducting bolometers, but its response speed is apprecia-
bly higher. These characteristics of our detector almost
coincide with those of a detector based on pressed
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Ge: Ga[2], which was used to detect a FEL macro-
pulse. Note that an additional feature of the InSb detec-
tor is its frequency selectivity, which significantly
extends its applicability. The spectral characteristic of
the detector detection ability isin good agreement with
the data from [4].
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