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Abstract

A 4 mm microwave interferometer is described, together with a

working system for numer ical evaluation of the recorded sig

nals. The interferometer signals are processed in a computer to

provide immediate display of the plasma column density. The nu

merical evaluation makes it possible to eliminate the influence

of also rather large imperfections in the components, and to

take into account large and rapid variations ~n the strength of

the transmitted microwave signal. The limits of performance of

the system are tested in a pulsed plasma source . Column plasma

densities are measured from 10 15 m- 2 to 3 .10 18 m- 2,

corresponding to phase swings from less than one degree up to

several times 3600 . The upper limit corresponds to densities

approaching the cutoff density, 6.10 19 m- 3, where reflec-

tion and refraction of the transmitted beam become severe.

Measurements were possible even when the power in the trans

mitted branch was reduced (due to the plasma) by more than a

factor 30, and when the transmitted power varied as rapidly as

a factor 4 in 200 ns .
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1. InLroduction

This paper describes the operating and testing of a microwave

interferometer for plasma density measurements. The interfero

meter is a development of the interferometers described by

Hotston and Seidl (1965), and Lindberg and Eriksson (1982). It

is described by Brenning (1984), herein referred to as paper

II. It was constructed with the aim to make measurements pos

sible also when the microwave power, in the branch that passes

through the plasma, is strongly reduced and varies rapidly in

time. It was also intended to computerize the evaluation so

that results could be obtained at the touch of a button, for

phase swings from a few degrees up to the upper limit, usually

several times 360 0 , at which cutoff makes microwave inter

ferometry impossible.

The numerical evaluation of the interferometer signals is de

scribed in Section 2. The testing of the interferometer system

in a pulsed plasma source is reported in Section 3, and some

suitable error checks and messages, which facilitate the use of

the interferometer, are described in the Appendix.

2. Evaluation of the recorded signals

We will here limit the discussion to the numerical evaluation

of the signals. The reader is referred to Paper I for the con

struction of the microwave circuit, the derivation of equations

and the initial setting of phase angles.

The interferometer circuit is shown in Fig. 1. It has two bran

ches, the reference (or R-) branch, and the transmitted (or

T-l branch. The microwave signals in the two branches are added

with suitable phase shifts and measured in two detectors,

labelled 1 and 2. The quantities that are needed for the evalu 

ation are summarized in Table 1 . They are: (1) the detector

signals U1R and U2R in the R branch with the T branch cut
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off, (2) the signals U1TO and U2TO in the T branch with the

R branch cut off, and (3) the signals U10 and U20 with both

branches open, but without plasma. The recordings with plasma

are called U1(N) and U2(N), where N is the number of the

timepoint in the recording.

The ca l c u l a t i on of the T-branch phase angle ~ from measured

quantities is illustrated in Fig. 2a, which is taken from Paper

I. The indices on the normalized electric field phasors in

Fig. 2a have the same meaning as they have for the detector

signals of Table 1. We here assume that the detector response

is quadratic; otherwise, one can correct the detectors for the

deviation from quadratic detector response, and then proceed as

with quadratic detectors. The method of correction is described

by Lindberg and Eriksson (1982).

For each timepoint N of the recording, an angle ~ lying between

o and 360 0 is obtained by the successive solution of the

Equations (1)

A = [U 1R +
u 1TO

to (6):
u 2R u

1
(N)

-- + --:_
u2TO u 1TO

u 1R
u 1TO

U 2 ( N ) ] x
u2TO

+ u 2R ) 1 /21 - 1

uno J ( 1 )

-1 u2R/u2TO 1/2
a = tan ( )

u1R/u1TO

13
-1

A= cos

u 1 (N) 1/2 u 1/2
x-x = ( ) cos 13 - (~) cos a

0 u 1TO u 1TO

(2 )

( 3 )

(4 )

and

u 1 (N) 1/2
= ( )

u 1TO
sin 13 - S.l.n a. ( 5 )

-1 r»: {+90
= tan (x-x

o)
+2700

if
if

(x-x) ) 1
o(x-x.) <1
lJ

( 6 )
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For high plasma densities, where the phase swing is large, a

mul tiple of 360 0 may have t o be added t o ~ . The correct mul

tiple is obtained by following the plasma density increase from

( o r decrease to ) zero.

The plasma column dens ity is given by the phase swing from the

angle .0 obtained in the absence of plasma:

n ( x, t ) d x
e

A no c
= (. -. )-

o IT
(7 )

where Ao is the vacuum wavelength ,

and nc = 4 IT 2me(~ oe 2 A 02 )- 1 i s the c ut-off

density. Eg . (7 ) i s strictly valid only when n e «nc' Fo r

electron dens it i e s a pproaching the cut-off d ens ity, i t tends t o

und e r e s t imate t he e lectro n d ens i ty by approxima t ely the factor

(ne /2nc)/( 1-Jl - n e/nc)' (This factor is i mmedia te ly ob-

t a i ned from Eg s (1) a nd (2) of Pape r I .) Fo r n e<0 .5nc' the

e r ror is be low 20\ .

The power attenuation in t he T branch , fina lly , is given by

A block diagram for computer -controlled recording and

evaluating the interferometer signals is shown in Fi g . 3 . Some

practical aspects of t h e evaluation are discussed in the

Appendix.

3 . Testing the i nterferometer

The interferometer was tested with a pul s ed plasma source ,

which has been desc ribed e lsewhere ( Brenning et a l . 198 1) . Th e

plasma is produced by a discharge i n a conical t heta pinch, and

shot along a guiding mag ne t i c field t o the i nteract i on space ,

whe r e t he inte r f erome t e r is situated . Th e plas ma d ens i ty can be

varied several orders of ma gn i tud e by c ha nging the parameters

of the plasma g un .
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The l im i t s of pe r forman c e of the i n te r fe r omet e r a r e o f two

types , (1 ) the high -density l imi t, where r e f l e cti on a nd re f rac 

tio n reduce t he transmitted powe r too much, and (2 ) t he l ow

- d e ns i t y l i mi t , whe r e the phase sw ing one tries to me asur e com

petes wi t h nois e and other error s o u r c e s, e.g . v ibr a t i ons of

t he mi c r owav e horns a nd dr i f t of t he a mplifiers a nd t he mi c r o -

wave sou r ce .

Fo r p r e c i s i on mea sureme n t s of l ow dens ities i t i s es sential

that t he s i g na l l evel s wi tho u t p lasma ( Ul0 a nd U20 ) a re

taken as close i n time to the a c t ual mea su r e ment s as po s s ibl e .

Fo r example, a disp laceme nt of t he mi c r owa v e horn s with 1/100

mm corres po nds t o a pha s e s h ift of 1 d e g r ee, or a c ol umn d e nsi 

t y o f 1 .7.10 15 m- 2.

Fig. 4 s hows e xampl es of measurements c lose t o t he l o w-dens i ty

l imi t . To t he left a re shown " z e ro l ines " wi tho ut p l a sma i n t he

T branch; to t he r ight , me a sureme nts wi th plas ma . Th e upper

panel s show one -sho t reco r d i ngs , and t he lower pa nel s ave r a ge s

ov e r 10 shots . Th e r e so l ution i n a noise-fr e e sur rounding would

be around 2 . 10 15 m- 2 for s ingle shots and 5 .10 14 m- 2

f or 10-shot ave r a ges (corre sponding to a 1/4 degree phase

s wi ng ). Due to no i s e associated wi th the discharge of ou r

pla sma source, o ur actua l r e solution was not qui t e so go od . We

ach ieved around 10 16 m- 2 for s ingle s hots , a nd 2 . 10 15

m- 2 fo r a ver ages over 10 s hots ( right-hand panels o f Fi g . 4).

Wh en a ve rage s are made , t hey shall be averages of calculated

den s itie s . It is no t sui t abl e t o averag e detec t or signa l s

fi r s t , and then ca lcu late the d ens i ty. At low d ens i t i e s, t he

latter p r o c edur e is less efficien t i n eliminating vibrations o f

the mi crowave horns, low-frequency no i s e and long- term drifts.

At high d ensit i e s , where t he power in t he t ransmitted be am can

be s trong l y r educ e d , i t cou l d eas ily give com pletely er roneous

res u lt s .

One exampl e of meas urements c lose to t he high dens i t y limi t is

shown in Fig. 5. To the le f t are s hown the unprocessed signals
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f r om the t wo detectors, whic ll nice ly illustr ate the phase shift

be twe e n t hem; t h e l ower detec tor i s lead i ng wi t h 90 0 when t he

density increases and lagging wi th 900 when i t dec reases

again .

1'he plasma i s in the form o f a fl at s l a b , with a t hickness o f

ap proximate l y 0 .1 m, which is s ho t perpendicula r t o the l i n e o f

s ight of t he i nter f erometer . Th e microwave horn s ar e 1 .2 m

apar t, a nd carefully focu s sed on each other. Th e high -veloc ity

plasma s t r eam g ives a rapidly varying refraction o f the beam,

and al so some r e f lect i o n . As a result, the power in the t ran s 

mitted beam varies r a p i d l y , as shown in the right-hand panel s

of Fig . 5. The strongest reduction (a factor of 10) a nd t h e

most rapid fluctuations (a fa ctor 4 over 200 ns) occur around

the density maximum . They are s hown with extended time scale i n

t he lower right-hand pane l .

The calculated co l umn dens i ty f r o m the same shot is shown in

Fig .6. I t is not fil tered in a n y way . The smoothness of t h is

curve , c ompa r e d to the rapid f luctuations in the power levels

o f the t rans mi t ted s i g na l s, illustrates how well the interfero

meter c a n distingui sh between phase s hifts and density var i a

tions . It also keeps track c o rr e c t l y of the turnings of 3 60 0 ;

measurements with s l owe r t ime swee ps show that t he density

decays back to z ero as it should .

The highes t plasma co l umn dens ity we were able to measure was

3 . 10 18 m- 2, which in o u r plasma source corresponds t o a

pe ak d ensity just below 3 .1 0 19 m- 3 (a p prox i mate l y half the

c u t - o f f density) . Th e pow e r in t he transmi t t e d branch was for

t hese d ensiti e s r e d uce d by typi cally a fact o r 30 , which ma de

nec e s sary r a t h e r f requ e nt and car e f u l calibra t ion of the inter 

ferometer, as d e s cr ibed in the Appendix.
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APPENDI X

Fig. 3 shows a b l o c k d i a gra m f or the r e c o r ding and e va luat ion

of the interferometer signa ls . When a r e c ord i ng is t o be made ,

t h e u s e r is fi rst offered a n o ppor t u n i t y to ca libra t e the 1 n

t er f e r ome ter, i .e . , r ead new va l ues o f U1R' U2R , UI TO a nd

U2TO ' I t i s pre f e r a bl e to me a su r e UITO and U2TO before

UIR a nd U2R ' since o ne then do e s not have to touc h the

a tten ua t o rs ATT3 And ATT4 in t he R branch (Fig .l) after measu

ri ng t he transmission i n t ha t branch; a ve ry ac c u r a t e measure

men t o f t he R branch pow er i s e ssen t i a l if o ne wants t o measure

high plas ma densit ies, whe r e t he T branch transmi ssion becomes

strongly r e d uced .

After this calibration a recording with a pulsed plasma is

made, giving Ul(N) and U2(N), where N is the number of the

timepoint. In our c a s e i t was possible to trigger the r ecording

well before the plasma density started to incre ase . The detec

tor s i g na l s wi thout plasma (Ul0 and U20) could therefore

be obtained individually for e ach shot f rom the time before

plasma arrival . As discussed in Section 3 , this is essential

for p r ecision measurement of l ow d ensities . The initial phase

angl e ~o is then obtai ned f rom Eqs ( 1)-(6), using Ul0 and

U20 i ns tea d o f Ul(N) and U2 ( N).

The p lasma c o l umn density In e(x, t) dx, and t h e T b r a n c h powe r

a t te nuatio n , ar e then ca lcu lated as shown in the block diag ram

of Fig. 3 , by success i ve l y s o l v i ng Eqs (1)-(8) f o r each time

point N. There ar e t hree o pe n i ng s f or error messages in t his

c a l c u l atio n :

Erro r message 1 is d i s p l a yed i n c a s e the quantity A (g iven by

Eq . ( 1) ) is an i nvalid arg ume n t t o the arccos f unct ion o f Eq .

(3) . This happen s i f the mea sured values Ul(N) a nd U2 (N)

a t some time point c or r e spond t o phasor lengths El end E2

(F ig . 2a ) which togethe r ar e s ho r te r than the distance AB. In
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our c a s e tllis occurred under e i t h e r of two c i rcu ms t a nce s: first

i f the re c o r d i ng as triggered simultaneously as the main dis

charge o f th e plasma s o u r c e , which added considerable noise to

the dete ctor s ignals; second, if the power in the T branch was

s o large that the si t.ua t.ion with the angle 13"'0 shown in F.ig . 2b

could arise . In this case, also a small noise level on Ul(N)

and U2(N) could give invalid arguments to the arccos fun c 

tion . The search for the type of error is simplified by error

message 1, which gives the time of the error, and value of 13

for the last previous timepoint .

~rror message 2 is displayed if the angle 13 at any timepoint is

below 5 degrees. The reason for this error message is that a

given pair of El and E2 in Fig. 2a in principle also can be

c a u s e d by mirroring in the x-axis. To exclude this ambiguity,

one has to set the power in the T branch so low that the phasor

tip always corresponds to positive y. However, for low plasma

densities (where the highest phase shift resolution is desired)

one may want to operate with the T branch power at maximum and

with an initial phasor location with .f;T approximately

straight up in Fig. 2a. The check that 13 is always greater than

5 degrees (which is an arbritarily choosen value) ensures that

the measurement still is unambiguous.

Error message 3 is displayed if the phase charge ~~ between two

consecutive timepoints is found to be larger than ± 300

(again an arbritarily choosen value) which makes the counting

of multiples of 360 0 somewhat uncertain. After displaying

this error message, the plasma column density is put equal to

zero for the r emaining timepoints. The power attenuation PIPo,

however, can still be c o r r e c t l y obtained from Eqs (1)-(5) and

Eq. (8). It is therefore calculated for the whole time period

of recording. This procedure allows display of the plasma den

sity increase up to cut-off, which in our case was the usual

reason for this kind of error message: with the T branch power

approximately zero, noise in the detectors makes the phasor

tips apparently move about in a random fashion around the
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position (xo' yo) of Fig. 2a , quickly giving phase shifts

greater than ± 30 degrees.
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Wi th

T br a n ch?

With

p lasma?

U1R ye s no no

u 2R yes no no

U1TO no yes no

U2TO no yes no

UlO yes ye s no

U20 ye s yes no

U1 (N) yes yes yes

U2(N) yes yes yes

Ta b l e 1. Th e quan t i ties ne ed ed fo r e va l uati ng t he pla sma

density. The i ndices 1 and 2 i nd icate the n umber o f t h e

detector . N is the number of t he t i me po i n t i n a t ime-dependent

r e c ording wi t h plasma.



1, branch

R, branch
~

11 branch

!R2 branch

o 0 0
Plasma

Figure 1. The interferometer bridge circuit. Notations :

ATT = attenuator, DET = directional c o u p l e r ,

HYB = hybr id ("Magic T" or hybrid r ing) , ISO =
i s o l a t o r , KLY = klys tron , PHA = variabl e phase

s h i f t e r , TER = terminating load, and TUN = tuner .

(From Brenning, 1984)



y

y

Yo

1L--'-------'L- -l_L-__---"- -.x

a.

A

y

xo x B

b.

A xo B

Figur e 2. (a): Ca lcu lation of t h e phase angl e ~ o f the T branch

(b): A situa tion wher e noi se eas i l y c a n give rise to

invalid a r g ume n ts in the cos - 1 function of

Eq . (3)



CALCULATIONS OUTPUT ON SCREEN

Record U1TO
and U2TO

:
I
I
I

no
~IBRA/>oIi--------

. Y yes

Open the R branch an d
cut off the T branch!

Record UlRO
and U2RO

i
DISPLAY : U1TO, U2TO, U1RO and
U2RO; also the changes since

l a s t calibration

.

yes

no

CALIBRATE
AGAIN?

Error message 1: Invalid argument
to the cos - t fu nction at t i mepoint
N=** . The angle 8 for the previous ~~~
timepoint was 8 = ** degr ee s

Error message 2: The angle 8 was
smaller than 5 degree s at time
point N = ** . Reduce t he power in
the T branch and calibrate again!

I

I
I
I
I

I
I
I
I
I I II RECORD I~__-l

I
I
I
I
I
I
I

I
I
I

ye s

no

Set

Eqs(2) (3) I

A(N) f r om Eq . (I) I
1.

yes

ye s

is !A(N)!>1?

1"
Calculate Ci and 8 from

.1
15 8 < 5 deg rees ?

Ca l 7uI~t e UtO and U20 from the
beg1nn1ng of t he sweep . Use
the se i n Eqs(l) -(6) to calcu
l ate <Pn

Record U1(N) and U2(N) :~ --,

•
I Set N = 1, N* =

Calculate I n dx from Eq(7), put
t ing the valu~s=O fo r N>N* . Cal 
culat e T br an ch power at tenuation
pip from Eq(8).

o

-.J Ca l cul a t e

I
.. no I

Solve Eqs(4) -(6) for <P N• Check
that <PN + n' 3600 is within ~ 300 I
from <P (N_I) ' Is it? I
'I~es no Er ror message 3: The phase change

iet N=N+1 1 • • I between t i mepo i n t s N = ** and **
15 15 0

.. no N=N ? n N*=N ? yes I was greater than + 30 • The densi-
max rna ~:~~~~~~~-+-! +1 ties after th is tTmepoint are un-

"-__....::=--1r!:.:...~N~*:.:_~N~.I~_~1'-1 certain and wi11 be put = O.

Figure 3. A block diagram for the numerical evaluation of the det ecto r signals
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Figure 4 . Mea s u rements a t l ow densities . The l e ft -hand pa ne l s

show the "zer o l e v el" obtained without p lasma i n t he

T branc h; t he r i g h t - hand panels are recordings wi t h

pla sma . The t wo upper pane ls are singe l s hot r e c o r 

dings , wh i l e t he l ower pane ls are averages o v er ten

s ho t s . A phase s wi ng of 1 d e g r e e corresponds t o

1. 65 .1015 m- 3.



El:.pnr 7 MEAS. WITH HIGH He . 29-AUG-6 6 14: 36 Expnr 7 li£AS. IJ:TH HI:;H He . 29~AUC-Be ~~ : JG

.0.~ r. /\ »; r>
./ V V~,J V·

0. -------------------

"I

v

. 16

. 1 I-

I I

-
PIPo

1.6

L

.5

e.

I,

I~
, ~ i

\iJ'\,,vVI0'\r ..

0. ~-----------------

•e.30.I • •

t1ICRlJ.,JAVE FllJER TRANSHISSIOH (FIFo)

- .5 ' ! I I I
e.

1.5 - -

PIP. [ i
i

L I. ~.\

-J'v/~.r

- .0 5 -
10. 20. 30. 40 .O.

UPPER DETECTOR ",icro sec

:~ I I
U2

I\/'vl\/:V

.L

.1 I-

O. 1-------------------
-.1 e,

I
10.

I
20. 30 . 40. -..

22. . 24. 26• 28.

LOWER DETECTOR ",icrcse c: HICROU~VE PQUEq TRAHS~IS9IOH IPlPo) "'icrosec:
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