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A Simple and Rugged Wide-Band Gas Dischar~ge(
Detector for Millimeter Waves

P. J. W. SEVERIN AND .A. G. VAN NIE

Absfracf—Detection of 4 and 2 millimeter waves by a small, low-

pressure, anomalous burning glow discharge in He or Ne is de-

scribed. The responsivity and the noise equivalent power are dis-

cussed. Typical values are presented in a table: the former is found

to be about 50 V/W, the latter about 5 KW. Tlhe device is linear over

about 30 dB, it has a LF bandwidth of about 50 kc/s and the same

tube can be used both for detection of 4 and 2 mm waves by simply

raising the applied dc potential a few volts. Since the device is very

rugged it can withstand a high local oscillator power, so that in a

synchronous detection circuit the noise equivalent power can be

about 10–11 W at 1 c/s bandwidth.

I. INTRODUCTION

I

T IS WELL KiNOWNT that the development of suit-

able detectors of millimeter and submillirneter

waves, with reasonable sensitivity and response

time, presents a serious problem to those engaged in the

extension of the frequency range of high-frequency

generators and components.

Various principles [1], [Z] can be used for detection,

the most important among them being thermal or

photoconductive effects or point-contact rectification.

Thermal effects generally imply long response time,

~vhereas devices based on photoconductive effects re-

quire high magnetic fields and operate efficiently only at

liquid He temperatures.

31illimeter waves are very often detected with a semi-

conductor point-contact diode [1], [3]. Though this de-

vice gives satisfactory performance at the longer wave-

lengths, an important dra~rback is that the RC time due

to the high point-contact capacity and the silicon bulk

resistance is relatively long. To overcome this disad-

vantage of the mm wave version a tiny, delicate struc-

ture has been used. This implies that the detector has

a low burn-out energy and is hence very limited in its

power-handling capacities.

As most detectors are not used at minimum detectable

signal level many people are interested in a rugged de-

tector as easy in operation as an X-band crystal diode.

This paper deals w-ith a mm wave detector based upon

the rectifying properties of a gas discharge, which satis-

fies the above requirements.

Practical arrangements for microm.ve detection by a

gas discharge plasma have been men tioned in the gen-

eral [4]–[11 ] and in the patent [12]-- [16] literature, of
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\vhich none operates in the mm wave region. We have

already studied the detection of 3 cm waves by a low-

pressure glow discharge [17 ]. In order to explain the ef-

fects measured, a detailed study of the electronic and

ionic processes occurring in the cathode fall was made

and it was found that this small region is particularly

sensitive to disturbances of a frequency near the so-

called pseudo plasma frequency COPfor plane electrode

configuration given by

ne2 e VO
UP2=—=2 (1)

mcO m d2

Here V, is the potential difference over the cathode fall,

being very close to the anode-cathode potential differ-

ence in the absence of positive column or anode fall, d is

the thickness of the cathode fall region, n the uniform ion

density in this region, and –e and m the charge and

mass of the electron. It was shown that microwave

power increases the number of ionizations per unit time

and volume, which generates an extra current Ai

through the resistance R,,, hence an extra potential dif-

ference R,.Ai occurs, which is a measure of the incident

microwave po~ver. This causes an equal potential drop

over the discharge, whence the differential resistance

R,= d T~/di starts to play the role of the internal im-

pedance of the extra current generator. The actual cir-

cuit and the equivalent circuit from the L,F point of

vie~v are given in Figs. 1 and 2. As can be seen from Fig.

1 the detector had a coaxial electrode configuration and

the same dimensions as a 3 cm semiconductor detection

crystal.

Section II will show how the tube should be modified

to form a good detector in the 4 and 2 mm wavelength

regions. In Section III typical values of all param-

eters concerned and typical results for the responsiv-

ity, noise equivalent power and response time will be

given. In Section IV the gas discharge ~vill be discussed

in a synchronous detection circuit. It will be sho~vn

that, as a high local oscillator power may be applied due

to the high burn-out power, this mode of operation dis-

poses of much of the main dra~~back, the high noise volt-

age. It will be shown that the minimum detectable sig-

nal level is reduced to about 10–11 W, which is slightly

less than the level reported by l\leredith and Warner [1]

using a Ge rectifier in a 2 mm video receiver.

The most salient features are summarized in Sec-

tion V.



432 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES SEPTEMBER

P“’mmn
I F------:&Am)de

Fig. 1. The coaxial discharge tube mounted in a waveguide crystial
holder for 3 cm m~crowave detection showing a cross-section
through the wavegulde and the detector.

Fig. 2. The equivalent circuit from the LF point of view with the
LF current generator. When instead of the current source repre-
sentation, the voltage source representation is used, we only need
A Vo = R~AiO.

II. EXPERIMENTS AT 4 AND 2 MM WIAVELENG~H

In an earlier paper on 3 cm wave detection [17] we

mentioned the possibility of extending the detectable

frequency range into the millimeter wave region. A tube

with applied potential VO = 650 V and dc i.= 15 mA

presented a rectified potential of about 50 mV at an in-

cident microwave power of about 10 mW; this tube was

of no practical use because of the high dc dissipation,

10 W, and low responsivity, No better results could be

obtained in this way.

Some years ago the ZA tube was introduced [18] and

used, with a relevant gas filling for different purposes.

The schematic cross-section of a z.4 tube is shown in

Fig. 3. We have used this type of tube as a microwave

detector in a component shown in Fig. 4 and to our sur-

prise its performance was very good. In contrast with

the arrangement for 3 cm wave detection, where the co-

axial mode should be excited perpendicular to the wave-

guide axis, in the mm wave detection arrangement the

waveguide axis and the coaxial conductor—the cathode

—are in a straight line. The deformation of the field,

occurring at the point where the microwaves enter the

device through the more or less sharp point of the glass

envelope, takes place gradually.

In this way, a considerable part of the microwave

power enters the glass envelope and is lost for detection

purposes. The performance can be raised by closing the

waveguide with mica windows, thus making an inte-

grated component. The cylindrical microwave compo-

nent shown in Fig. 4 is connected with the rectangular

2 or 4 mm waveguides.

Fig. 3.

~&&dnum

Ceromic tube
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Schematic-cross-section of the ga~filled diode,
showing the electrode conhguration.

1qn
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Fig. 4. The cylindrical waveguide component in use for efficient
operation of the gas discharge detector. It fits closely in the com-
ponent to give good thermal contact.

III. TYPICAL RESULTS OF THE NIEASUREMENTS

fiIillimeter wave detection with ZA tubes filled with

He and Ne has been investigated at a pressure P in a

range from 20 Torr increasing by 10 Torr steps up to

150 Torr. Below this range the performance of the de-

tector decreases greatly and above the highest pressure

the current i=pa becomes so great that the electrodes

may be damaged, Also a large number of tubes having

different cathode lengths have been tested.

All these tubes were exposed to microwave radiation

of 2 and 4 mm wavelength, with 30 and 100 mlk? avail-

able power, respectively. The results of the measure-

ments have been expressed in the responsivity y, indi-

cating the open circuit voltage per unit of incident

power. The extra potential drop AV over the resistor

Rm= 5 kfl has been measured and in order to compare

the results they are reduced to the open-circuit voltage

A Vo by multiplying AV by (Rti+Ri)/Rv where Ri

is the internal impedance. It will be shown later that ~

does not depend on the incident power P over a wide

range.

The parameters and their typical values are given in

Table I.
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TABLE J
— -———.——

p (Tom) v, volt) i,, (mA) LJ”, (Watt) R% (kQ) AV, (mV) y (V/VJ) NEP (dBm)
— — —.-.. -— —.—

1 Ne
—.——

1=6 mm 100 122 12.6
A=4 mm 1=4 mm

1.5 1.4 2500 20
110

19
180 17 3.1 5 6000 50 20

1=2 mm 90 180 8 1.5 5 6000 50 ;!0

JI Ne l= 6 mm 100 150 20 3 1.8 550 20
A=2 mm 1=4 mm 7(I

16
180 13 2.3 .5 2400 90 21

1=2 mm 90 ~~o 12 2.6 12.5 z800 110 J9

llJ He 1=6 rntn 110 I 60 7.5 1.2 72
X=4mm

.1500” 3.5 1.5

IV He 1=6 mm 80 180 20 3.6
X=2 mm

5.5 80 8 10

The parameters of the tubes and the typical results of the measurements. Rows I and II refer to detection with Ne-filled tubes. They

-—

are subdivided according to the length of the cathode. Rows III and IV refer to detection with He-filled tubes.

It turns out that the Ne-filled tubes yield about the

same results at 4 mm as at 2 mm wavelength, whereas

the He-filled tubes yield somewhat better results at 4

mm, but much worse results at 2 mm. With Ne the best

results were obtained at the active cathode length 1= 2

mm; with He no influence of active cathode length was

found, We do not know how to explain this. It is the

opinion of the authors that the very slow decrease in per-

formance from 4 to 2 mm wave detection is a surprising

result.

It should be emphasized that typical values are pre-

sented here which are representative of the major part

of the pressure range investigated. IDifferences in per-

formance among tubes of the same clr slightly different

parameters should be ascribed to slight differences and

asymmetries in the form of the pointed glass envelope.

This can be concluded from the fact that turning the

tube about its own axis may change the output sub-

stantially. In order to appreciate the responsivity of our

detector it is interesting to note that the guaranteed [19]

responsivity of a semiconductor crystal detector is gen-

erally about 150 V/W between 26 and 170 kMc/s.

Apart from the responsivity y, the noise equivalent

power (NEP) is an important parameter for detection.

Of course utility is great when ~ is large and the NEP

is low. However, gas discharges are notorious for high

noise voltage. Detailed measurements on the noise out-

put of a normal burning glow discharge have been made

by van der Ziel and Chenette [20]. They found that

over a wide frequency range, from about 100 c/s to 500

kc/s, the glow discharge could be represented by a high

equivalent noise resistance R at roo)m temperature T,

according to

Vn2 = 4kTRAj. (2)

Below the lower limit of this frequency range the noise

output was much greater still and abcwe the upper limit

that LF impedance [21] began to be significant. This

high equivalent noise resistance R at room temperature

could be explained by introducing the dc resistance Ro
at the electron temperature as the real source of noise.

From our investigations it followed that the electrons

in the cathode fall are very hot, their temperature corre-

sponding to about the ionization energy e Vi. However,

this model as such does not apply in the range of a nom-

alous burning used for detection. Generally, the noise

increases when the discharge starts burning in this

range. In the last column of Table I the noise equivident

power (NE P), in dB below 1 mW, has been given, to

which level the microwave power should be reduced to

yield roughly twice the peak-to-peak value of the noise

VOI tage Vp. This value has been measured with a Tek-

tronix oscilloscope, type 502 A, and is found to be c)f the

order of 5. 10–4V over an open LF circuit. The VOI1tage

VP is introduced here to represent the oscilloscope noise

pattern width; neglecting 10 percent of the peaks we

find Vp = 5 V. [22 ]. The LF bandwidth, limited b!, the

gas discharge, turns out to be 50 kc/s.

From the expression for thermal noise as used for a

normal burning glow discharge the rms value of the

noise voltage V. using the relations discussed above, is

given by

V,, = ~V2 = (4kTRAj)’f2 = (4eV&AJf)’i’. (3)

Assuming that this expression can be applied here we

find with Vi= 20 IT, Ro = 20 kfl and Af = 50 kc/s that

V. z 10–4 V, in accordance with the measured value.

From the last column of Table I it can be seen that in

our measurements the noise equivalent microwave

power is about 10 pW, which corresponds, as has been

been said, to 0.5 mV and hence to a responsivity ~

=50 V/W, as actually measured.

A third interesting point is the linearity of the de-

tector, that is to say, how well the relation A V= 7(P is

maintained over a large range. In Fig. 5 thi:s relation is

plotted on a double logarithmic scale as measured in Ne

with a tube of cathode length 1=4 mm, VO= 150 V,

iO = 17 mA. I t follows from this curve that the relation

is well satisfied over three decades between the low and

high voltage regions. In the first region the noise is

dominant and in the second region higher-order terms

limit performance because it gradually becomes more

like a microwave discharge. In the experiment where

about 1 W dc power is dissipated in the detector this

effect starts to deteriorate the performance at about

100 mW microwave power IeveI.
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Fig. 5. The equation A VNP is satisfied. The experimental condi-
tions are 1=4 mm, @=ll Torr in N:, V0=150 V, i0=17 mA,
A =4 mm and PO= 120 mW con espondmg to O dB.
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Fig. 6. The rectified current as measured over a resistance R., = 5 kQ,
as a function of the applied potential, which is proportional to the
reduced plasma frequency uP/co. The current is approximately
linearly related to this potential with a differential resistance
R~=9 kfl; Nep=9 Torr, x=2 mm, 1=2 mm.

The impedance of the detector is such that only rela-

tively small reflections occur: the field is more or less

matched by the glass point and envelope. It is important

to realize that the detection mechanism is a volume ef-

fect and thus the detector can form a matched termina-

tion to the waveguide. This implies also that the output

can be frequency-independent apart from the depen-

dence which arises from the physics of the detection

mechanism which is slightly dependent on the fre-

quency. The gas discharge detector is essentially a HF

wide-band device.

A disadvantage of our detector is its intrinsic rela-

tively long response time, which is of the order of 10–5

sec. h!icrowaves modulated with a 50 kc/s signal could

be detected without decrease in performance. In this

sense our detector is a LF narrow-band device.

As has been said in Section I, the theory on micro-

wave detection with a gas discharge detector is based on

the electronic and ionic processes which take place in the

cathode fall. Apart from the evidence for this theory as

extensively discussed in the earlier paper mentioned, it

was found here again that the output of a coaxial elec-

trode arrangement is much higher than that of a plane

electrode arrangement. Furthermore, as with 3 cm

waves, the rectified potential with 4 mm waves shorn-s a

maximum as a function of the applied potential VO or,

because of (1), of the relative plasma frequency wP/co

(F”ig. 6). A similar though still less sharp maximum is

found with 2 mm wave detection.

Because these measurements have been done with a

thin pin cathode (O= 200 p) the theory which, as said,

has been given for plane electrodes [17 ], cannot be ap-

plied as it stands; nevertheless, we feel that the existence

of detected voltage maxima is in accordance with it.

IV. THE NOISE BEHAVIOR OF A GAS DISCHARGE

USED AS A SYNCHRONO r_Ts DErECTOR

In this section it will be shown that the detector can

be usefully applied in a synchronous detection circuit.

Now, due to the large dynamic range of the detector, a

high power local oscillator can be applied to reduce the

noise level. The modulation frequency of the signal to

be measured can be 50 kc/s. For higher modulation fre-

quencies the performance degrades due to the LF re-

sponse time of the gas discharge.

The circuit shown in simplified form in Fig. 7 has

been used to investigate the noise level of the synchro-

nous detector. In Fig. 7 the HF power of the klystron (1)

is divided by the directional coupler (2). The HF power

PHF in branch a, LF modulated by the PIN modulator

(3) and attenuated by the calibrated attenuator (4),

forms the signal to be measured. The HF power PZO in

branch b simulates local oscillator power. With the

phase shifter (6) the local oscillator output phase can be

adjusted to maximize the LF output signal of the detec-

tor. This LF signal is amplified, rectified by the phase-

sensitive detector (7) and registered on a recorder. Of

course, there is no difference between coherent and in-

coherent mixing as long as the measurement time is long

with respect to the difference frequency period.

The RiEP of the detector has been measured and com-

pared with that of the synchronous detection circuit.

In order to measure the INEP of the detector, the

local oscillator po~ver is set at zero. The results are

shown in Fig. 8, record 1. The NEP turns out to be

about 9. 10–7 W at 1 cl’s bandwidth; this volt-age noise

level agrees with the results at 50 kc/s bandwidth men-

tioned in Section III. In Fig. 8, record 2, the NEP of the

synchronous detector is shown at a local oscillator

power PLOof 80 mW. The NEP has been decreased to a

value as low as 10–11 W at 1 c/s bandwidth in this

arrangement.
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(5) 13y comparing the noise levels in records 1 and 2 this can

easily be verified. Denoting by P. the NEP c)f the detec-

tor, by Pm the NEP of the same in a synchronous de-
(1)

tection circuit and by V. the noise level, we can derive

from (5) and (6) the equation

70hMy~

V,, = 1.4a-yPn = 1.4ay~P10. Pm. (7)

IFil [Hence ~ve find under the above-mentioned conditions
-
10 Kc/-’

ii
ec Pm=g.

Fig. 7. The simplified circuit for measuring the NEP of the syn-
chronous detector. The high frequency is equal to 70 kMc/s, the From (8) it can be seen that in order to obtain
modulation frequency is 10 kc/s al~d the modulation depth is 0.5.

the local oscillator power PZOshould be high.

(8)

a low Pm

;
a
b

Io-”w
I

Record 2I

L . *!!iEla
—

b
225 sec a

b

0.9 .1O-6WF—————+‘ec”rd’

Fig. 8. Record 1 shows the XTEP of the detector, record 2 shcnvs the
iNEP of the detector in a synchronous detection circuit for Pi.

=80 m!~. In the periods a and b the NEP has been recorded with
and without the signal to be measured, respectively.

F“inally, a rough calculation of the NEP of the gas

discharge detector in a synchronous detection circuit

will be given here. The PIN modulator causes an ampli-

tude modulated signal according to

EIZ~ = ~HF(l + a cos pt) cos wt, (4)

at least to a first approximation.

Here a is the depth and P the frequency of the modu-

lation.

Rectifying the HF signal, harmonics of the modula-

tion frequency may be excited, but onl~- the fundamen-

tal component 171 is interesting, and the other compo-

nents are not amplified and detected, hence Irl = V.

It can be shown that in case of zero local oscillator

pow-er the rms value of the fundamental component of

the detector output is equal to

(~”l),ms = l.~aT&F. (5)

~~sing the detector in a synchroneoufs detection circuit

the rms value of this component will be

( VJrm.9 = l.k~/pllF.p/o. (6)

as long as PIO>>PIIF.

The noise power originating in the local oscillator can

be neglected, because that of the gas discharge is domi-

nant even at a microwave power level as high as 100 mW.

In our measurements of the N EP of this detector

\ve used PZO= 80 mW. For Pn =9.10–7 W the NEP of the

circuit should be 10–11 W. This result, discussed at the

beginning of this section, agrees very well with the meas-

ured result.

In general a gas discharge has excessive noise, but,

because of the wide dynamic range of the detector, a

high local oscillator power can be applied to reduce the

NEP. In a synchronous detection circuit- the wide

dynamic range has been exploited.

V. CONCLLTSIONS

The gas discharge detector in a ZA tube filled with Ne

at a pressure of about 100 Torr has the following charac-

teristic features.

1. It is very rugged, can withstand mechanical shocks,

high power bursts and thermal overloading. Hence, it

can be used effectively for mm wave antenna pat tern

measurements.

2. The responsivity y is of the order of 50 V/W; oc-

casionally samples sho~ving ~ = 200 V/W can be sorted

out. The internal impedance is low: R,= 3 kL’.

3. The high noise power level limits the minimum de-

tectable signal to about 5 pW at 50 kc/s bandwidth; this

can further be reduced by narrow-band LF detection.

4. The time constant of the detector is abc)ut 10–6 sec

which settles the 3 dB point to about 50 kc/s.

5. The responsivity is constant over an incident power

range of about 30 dB.

6. The detector has these characteristics in a H F wide-

band arrangement.

7. The detector has a low reflection coefficient and

needs no matching components in principle.

8. The detector can be relatively cheap; its use as a

monitor is therefore recommended.

9. In a synchronous detection circuit the NEP can be

as low as 10-11 W at 1 c/s bandwidth.

10. The same tube can be used for efficient, 4 or 2 mm

~vave detection; only the applied voltage should be in-

creased.

11. For the time being, no arguments can be put for-

~i-ard against the prospect of successful operation of this

kind of detector in the 1 mm or sub-mm range espe-

cially if performance could be raised by making an in-

tegrated component.
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Corrections

‘I’he following has been called to the attention of the

Editor.

Charles W. Steele, “A Nonresonant Perturbation

Theory, ” Vol. MTT-14, pp. 70–74, February 1966.

Equation (35) applies only to linearly polarized elec-

tric and magnetic fields at the point of perturbation.

(This restriction was not stated.) Equation (34) is,

however, more general and applies to the elliptically

polarized waves as well.

Edward G. Cristal, “Band-Pass Spurline

tors” (Correspondence), Vol. MTT- 14, pp.

June 1966.

Equation (3) should have read

Yoo” – Ye@” yOOb_ yOeb
D= —

2– 2“

Resona-

296–297,

(3)

Figures 1 and 2, as follows, should have appeared in

place of the ones printed.

!--(3 ---- il#i
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Fig. 1. Band-stop spurline resonator and its
open-wire-line equivalent network.
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Fig. 2. Band-pass spurline resonator and its
open-wire-line equivalent network.


