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AgSTRACT

Digitai$y‘implemented spectral analysis'téchniques
| e“abl?'Pne.tO make simultaneous measurements of wand K
aSSOCiated with each of the several waves present in a
turbulent Plasma and as such possess great potential as
Plasma - turbulence - diagnostic tool This report describes

a8 data vaUlSltlon and processing system for 1mplement1ng

\ digital Spectral analysis techniques-

The. dEtails of instrumentation and implementation of the _
system are described: togather with varlous con51deratlons N
to obtain desired resolution and accuracies in calculated "i
Spectra, . Examples of the Spectra, obtained u51ng the system,-‘

for plasma data are. presented.,



-

l Introduction -mlm.T“ Tl . | x”’: :ggw”ﬁ“}
The study of instabllltles'and turbulence in plasmas
normally involves analysis of fluctuating plaSma=data_Ce@§;tj

density and potential fluctuatiensga.Thefaim'cf such an ;
‘analysis is usually the identirlcation:sf‘tarious;waves
involved, investigation of the nonlinear interactions betWeen,:
the waves and looking for a possible connectlon between the
waves and anomalous propertles dlsplayed by the plasma. The
task of the wave identification hOrmally'lnvolves detectlonh
of the waves in a turbulent or: nocisy- background A further
compllcatlon arlses because one "has- “£6 deal’ w1th the quantle
tles which are fluctuating both in space as well as tlme ‘Inbk
order to characterise each wave one must, then be able to.:.
measure the amplitude, the fregquency &, the wave number k;
and the coherence for each of the waves which may be: slmul—;

taneously present in the plasma. Digitally implemented Spectral
analysis technlques enable one to make 81multaneous measure-e
ments of &)and k‘aSSOClated Wlth each of the several waves-”
prescnt 1n a turbulent plasma and as such possess great potentlal
aS‘plaSma—turbulence diagnostics tool. Smith et al (1974) have
demonstrated the usefulness and advantages of these techniques

" for obtaining the abeve enntioned (see also Smith & Powers
1973; Powers 1974) information. In this report a Data

- acquisition and processing system to implement dlgltal spectral

' analysis techniques is desribed. Details of the data acquiSiton



-system are glven 1n sectlon 2 Varlous standard StepS 1nvolved

',1n the data_proce551nq are summarlsed in s« ctlon 3 In sectlon

Data‘Acquisition'System.

4 some examplts of. the dlspcr81on and spectral characterlstlcs
of plasma,,obtalned us1ng tHe data acqulsltlon and proccss1ng

system are presented ‘Present capabilities and llmltatlJDS ahd

possible future extension of the system are dlscussed in

sectlon 5.

The data acqulsltlon system shown in figure.1l con81sts of

an analog tape recorder a dlgltal tape recorder and an, 1nterface

@between the’ two. The analog signals from the experlmental system’

are recorded on a7 track 7 Speed analog tape. recorder (AMPEX

FR. 2000) The tape recorder has a frequency reSponse from 400 Hz_
to ZLMHz The next step 1n the data acqulsltlon 1s the dlgltl-
Satlon)of the slgnals For the purpose of dlgltlsatlon, a dlgl—jAﬁ
tlser module (Datel DAS 16)18 incorporated into the system An.pe
external control c1rcu1t (1nterface) controls the dlgltlser and -
dlgltlsed data is recorded on a dlgltal tape recorder For thls:,y
purpose a Dual Memory Buffered Formatter (Pertec F 849 & DB 1024)

and a synchronous tape tranSport (Pertec 6840—9 9 Track 75 1pS°.

800 cp1 NRZI) are 1ncorporated 1n the system. Long 1engths (greater,;-

than memory length) of data can be. written without data loss at
maximum throughput rates of 30 KCps, The data" tape thus prepared

is processed on IBM 360 computer for data proce351ng and analy81s.
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Detalls of the 1nterface developed for the system are
shown in block dlagram of: flg 2 An 1mportant con51deration:
in digitisation of the data:is. the sampling rate f;'which
determlnes the highest frequency (known as Nyquist frequency
£y F /2) about  which 1nformat10n can be recovered from ‘the .
dlgitlsed data. The analog signal from analog tape recorder is
ampllfled to apprOprlate level and fed to a 4~polealowpass—'43”
butterworth fllter. Each filter has a frequency range. of 50 KHz
but has the facillty of resistor tunning to any cut off frequency )
upto. 50 KHz, The cut off frequency of each filter is selected
according to the dlgltlsatlon rate per channel so as to avoid
aliasing. Sempllng theory dlctates that the maximum 1nput frequency
must  be: lese than half of the sampling: frequency e Aliasing,
is the generatlon of inaccurate digital outputs, and results from |
the presence of hign frequency (greater than ;}/?) components in
the analog 1nput To avoid a11a51ng the maximum input frequency
( { /2) is attenuated below the resolution amplitude of the;
andlog to dlgltal converter, by means of the anti-a11a51ng
filter The. fllters uSed have a 0dB gain in. pass-band and
4-pole - Butterworth de31gn ensures fast roll-off in cut-off
region. o 4. | .
The signal is now fed to the dlgltlser module consisting of
a multiplexer, sample and hold A/D converter (ADC) and programming
‘circuits. as many as 8 channele can be multiplexed both in a
sequential as well as random mode. The selected channels are

Sampled with a fast sample and hold circuit with sampllng time

S/AS.



"Thu ADC uses succe581ve approx1matlon'method and 8 bit conver31on

is over in less than Sﬁts. Thus the whole process of multlplexing
“sampllng and A/D conversion takes Just under lofxs glVlng | .
throughput conver51on rate of 100 KHz. |

Flg 3 gives a time sequence dlagram for the dlgltlsatlon and

:dlgltal recordlng process. To start the data wrltlng, the |
.1nterface can elthcr be trlggered manually or with a synchronl-“
sing pulse from.the analog recorder. Input threshold ‘of the |
trigger circuit is adjusted at 2 -4 volts, S0 as to av01d false
triggering by stray pick-ups. The c1rcu1t incorporates a comparator
whose output trlggers a mono shot (MS) to generate a 300 ms delay
pulse.. The compllmentry output of thlS MS is used as a loglc
level for writing file mark on the tape.,Also at the ri51ng edgel
of thlS pulse, a Zws pulse is generated which 1n1t1ates a Write
'Flle Mark (WFM) operatlon on the dlgltal tape recorder. Flle Mark
is thus wrltten prlor to each data record wrlttcn on the. dlgltal
tape and separates.one record from the - other. At the falllng

edge of the 300 s delay pulse, a'pulse forming network. (PFN)
-generates a number of sequentlal pulses. It changes the WFM logic
to Write Data Mode, .resets the Formater and generates a second ..
-1n1t1ate command to strobe the wrlte command lines 1nto the -
:formatter An OR gate allows elther of the two 1n1t1ate command':
‘tpulses to strobe the command lines into the formatter. The PFN |
further generates a pulse to reset the. multlplexer to channel If

and at the same tlme sets the lOglC which inltlates the data
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conver81on by enabllng one 1nput of the Gate. The other 1nput to
' . the gate is the clock output whose frequency is 24 KHz. A convert
command at 24 KHz rate’ is thus glven to the ADC, At the end of |
each data COnVerSlon, ar pulse 1s generated (ANS) which 'is used
to strobe 8 blt (— 1 byte) data out put llnes of ADC into the
Formatter for subsequent wrlttlng on the dlgltal tape. These
Strobe , pulses are also fed to a counter Wthh 1s used to select
data ‘record lengths to be wrltten on the.tape. Record lengths

of 2,:,-2115.2}2, 213 514

and 215 bytes can be selected by the
use of a Single pole 6 way Swltch The counter at the end of

: :selected record length resets the loglc thereby 1nh1b1t1ng the
4Gate.!The whole process ‘is repeated w1th @ new trigger pulse. .
The complete data acquisition system 1s housed in a shielded room

and analog signals from experlments are taken there by means - of

coax1al cables -and feed-throughs.

3. Imolementatlon of D1q1tal Spectral AnalV31s technlque for =7

1nterpnetatlon of Plasma Data.

The data process1ng, for implementing digital spcctral

analySlS essentlally 1nvolves application of Fast Fourler

Transform (FFT) algorlthms (Cooley & Tukey 1965, Glassman, 1970,
Brlgham 1974) to the dlgltally converted data-in order to compute
standard . auto and cross power Spectra together w1th other useful

l

spectral functlons e.g. coherence spectra co -'and gy“ - spectraa

A detalled descrlptlon of procedures 1nvolved in calculatlon of
the above mentloned Spectral functlon via FFT i$ given by Smlth

et al, (1974) In the following we summarise the basjc ideas.



3, 1 D1q1tal Spectral Analy81s Technlque.

Let us conSlder two fluctuatlng 51gnals 9y (t) ami a, (t)
”Grepresentlng density or potentlal fluctuatlons at two Spatlal
points rl and r, and let r2 = rl elr. In FFT approach to the

spectral analys:s gl and ;;'are first dlgltlsed and the
‘dlgltlsed data is Fourler tranSformed u81ng FET alogorlthms..
%Let Gl (f) and. 62 (£)- represent the fourler transforms -

correSpondlng to 91 (t) and 92 (t). The auto- power spectra of

gl (t) and 92 (t),frespectlvely are then given by

S

B3

Pii(f) = G, (£) 6 (f) | _,;_, @

Py, (£) = (f) G, (f) N ;5;Va_ . (2)
where the superscrlpt * on a quantlty denotes complex conJu—l;
gate of that quantlty The cross power spectrum is glven by

plz(f,).._= Gl(f) G, (£) [ o - .(3I
Plz(f)Vis'in_general~comp1ex and . can be writtéhtés
where'clz(f)iand le(f) are the co—Spectrum and ‘quad-spectrum
respectlvely .P (f) can’ be alternatlvely wrltten as

12(f): Py, (£) exp (i eiz(f) o (B)

where E?lz(f) is the phase dlfferenceaat frequency f and 15
glven by . .
(—} L (£) =6, (f) *;el.,(f-) e
hereﬁ7 (f) and ©,(f) are phases of Gl(f) ‘and G, (f) respe~ -

ctively. The quantltyweaz(f) can also be written as



- Another functlon of 1nterest is the coherence functlon'Xiz(f)

Wthh 1s deiHEd as - S S
| P f) } - L ey
{_Pll(f) x Pzz(f)J : .

a?lz<f>

The functlon E) (f) determlnes the degrte of cross—correlatlon

) between gl () and 92 (t) at given frequency f If ?? (f) is

Zero at a- particular frequency then gl(t) and gz(t) are inco-

herent at that frequericy. If, on. the other hand 512 (f) =1, the

two 81gnals are coherent a t that frequency For 1ntermed1ate
,v,} -

values ‘of o ,(£), the signals are partlally coherent.

'“interpretation of Plasma Data.

In 1ntcrpret1ng the plaSma fluctuatlon data u51ng thex
technlques outllned above, follow1ng steps are followed Fluctua-
tion data glCt) g, (t) are.recorded at two (or more) spatial’

points. The records are dlgltlsed and fourler transforms of the

,dlgltlsed data are calculatcd u51ng approprlate W1ndow to account

for the flnlte duratlon of the data record. The power spectra

ll( ), 22(f) and Plz(f) are then calculated from fourler

transforms of the data. Also the values of [P} 2(f)[, 12(f) and

12(f) are computed. From the peaks in Pll(f) (f) or Plz( £)

Lhe spectralbandsvﬁmre wave phenomenon are present are identi-

.fied. If the coherence value glz(f)aat~these.peaks is reasonably

high (~0.8 to O.Q)uthen'from the power spectra one can obtain



_the'frequeneies and power at eéch frequency for‘eaCh of the

‘ several anes present 'In the reglon where coherence is poor
-the reSults are unreilable. From the phase of the cross spectrum
one can determlne values of wave number k(f) or for cyllndrlcal
geometries,’the-mode number m(f) corresponding to the'coherent
waves in folloW1ng way The phase spectrum 6912 (£) can be
1nterpreted as the phase Shlft each frequency component
Nundergoes 1n travelllng a‘dlstance £ between the two Spatlal
ep01nts r1 and r2 and thlS phase Shlft can be represented by

the dot product of. wave number k(f) and separatlon r.'_Thns

Q (£) = Ga(f) —é}l(f) =k 7. r (9)

yields k(£f) 'if r is known., In cylindrical geometry the azimuthal
wave number k(£) and aeimnthal mode number m(£) are relatedvby
the relation k(f) =vm(t)/R'Where_R is the radius“at which the
Qaﬁeﬂphenomenon is observed' To{determine azimuthal mode.nnmbers,
the fluctuations are monltored at two spatial points at ‘

radlus R separated in azlmuth by angle §£ 'Then r = R§5and :
6. (f) = k(f) m(f) R;/__ m(£) . ¢ (10)

The a85001ated phase ve1001ty in a21muthal dlrectlon can then be

expressed

o w o 2mER ,Q;TiFa,?gb o
Vp R IE Y O R € (11)

Thus the values oftﬁ X, Vp and power for each of.the several
waves present 1n the plasma can be obtalned Presence of any

wave-wave interactlon in the plasma can then be detected by 1ook1ng
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at frequency and Wave-matching conditisns.. PoWers (1974) has
p01nted out the poss;blllty,of measurlng particle dlffu81on
arlslng from the wavyes preSent 1n a turbulent plasma u51ng ‘the

Spectral analysls technlques.;xsx L

Resolutlon and Rellablllty of the Obtalned Spectra.

In the 1mplementatloa oE above mentioced‘scheme to obtaln i'
the sPectra, number of 1ntermed1ate steps are necessary to o
obtaln de51red reSOlutlon and accuracy in the:spectral estlmates;
For example one has to use proper w1ndow to take" account of the ‘
flnlte length of the data. Ch01ce of the W1ndow is determlned by
a number of factors extensively dlscussed in llterature |

(see e.g. Jenklns and Watts., 1968, Smlth et al._1974) The

,obtalned spectra have to be approprlatcly smoothed to reduce

the errors on the estimated spectra toeacceptable llmlts; Ltngth
of the data used: for thHe analy81s and the number of p01nts used

for the spectra smoothing determlne the Spectral bandw1dt'
and have to, bc choosen : approprlately for des1red resolution and

accurancies.
The window useéd in the present processing system is the’

Hanning window given by

‘ {iee 2 mt
Wit) =& ( l—CoS B ) Wo(t)

/h

i

where'Wb(t) 1 dr)st. T | o 12).
,,=.O ' elsewhere.

and T'is the total duratlon for which the data is recorded.
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The choicegofath&s window is dictated by the fact that i) the
Hanning window: has verybiow'eide_lobeJlevels resulting in
bsubetantial reduction of leakage problem and consequent improved
resolution and ii) it can be easily implemented in terms of _7'

simple»weighted average in the frequency domainv(Smith et al. 1974).

- The elementary bandwidth Af of a digitally computed power
spectra is given bimA f = 1/T HZ where T.is the duration of data.
in seconds. The spectral estimatee with Af bandwidth, bowever,-e
have large variances. In order to reduce the statistical:errors
to acceptable}level,_thegspectra:are*smoothedi Tbe'emoothinékA
procedure.adopted in the present eystem;is averaginu%ot tﬂé'

pectra over several ad jacent elementary frequency bands. The
‘reductlon in varlanCc resulting from such smoothlng is accompanled
-by_a loSS in frequency resolutlon. It the averaglng is done over
'm"adJecent elementry frequency bands, the spectral bandw1dth
of the smoothed Spectra is.given by AF = m[}f Thus in de01d1ng
the amount of smoothlng a compromise has to be made between the o
reductlon in statlstlcal variance ‘and: loss cf the frequency |
resolution. Detailed discussion of the quantitative relatlonshlp
between the amount of smoothlng and the variance in the resultlng
spectra is given by Jenklns,andvWattS‘(l968). The varlances of |
varioue spectra as a function ofusmoothing parameter tm'Aare
given in appendix I. One notes that in all cases the variance
of the spectrai estimates degreases as. 'm’ ihcreases. The |

-smoothing procedure adopted in'thelﬁresent system gives good
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spectral rtsolutlon prov1dcd the length, of thc data used is

large enough to- accommodate at least a few perlods of: the lowest

.frequency component de81red to be- resolved ThlS then dictates

the m;nlmum‘length of data to be used .for the analYS1s. Data
lengths smaller than or of the order of one perlod of the
lowest frtquency componeént involved will reSult 1n inaccuracies
in the calculated spectra. However, in Such a 51tuatlon Max imum
Entropy method.outlineddby Ulrych (1972) can be used to yleld

accurate spectral estlnates.

Some examples'of'spectra_Obtained in plasma experiments;using

the data acquisition and_ processing:system.

The data acqulsitloa'and proce881ng System has been used for
obtalnlng varlous reSUlts from the experlments 1n laboratory
plasmas. Fortran programmes (Appenle‘II) based on the procedure‘
outlined in the section III have been wrltten, tested and utlllsed
for obtalnlng these results. For FFT a programme given by
Brlgham (1974) has been adopted in the present system. In fig, 4
we glve a series of Spectra representlng plasma density
fluctuatlons in a crossed electrlc-magnetlc fleld system where
magnetlc field is 1ncreased from below the threshold of the
cross- fleld 1nStab111ty A multi-wave spectrum is seen to. evolve
as the threshold for cross field modes. is exceeded (fig .5 (b) (d)).
The peaks arenclearly resolved. The spectra have been lnterpreted

in termsbof-croesffield inetabflityfby Saxena and John (1975) .
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Auto, phase and coherence spectra for low frequency waves

-vobserved w1thout (flg 5 (a) ) and w1th a pump wave near lower

‘Hybrld (flg° 5 (b) ) are shown in. flg. 5;;whlle the hlgh

frequency pump wave and reSultlng lower hybrld wave are shown
in flg 6.? The coherent waves are marked by the arrows. The |
results and impllcatlons of these spectra in terms of parame-

trlc 1nteractlon of the waves are dlSCussed elsewhere (Saxena ,

et.‘al 1977).

5. Dlscu551ons._ o

| The hlghest freouency‘about whlch the 1nformatlondcan be
derlved from the fluctuatlon data u51ng the data acqulsltlondrw
and proce581ng system is. determlned by the slowest dev1aeA on.
the sYstem.‘The slowest. dev1ce in the system 15 the dlgital tape
transport wthh takes data from the buffered formatter at agn_s
conStant rate of 60 chs and uslng a dual buffer memory the
max1mum rate at whlch data lengths greater than the memory
(1024 bytcs) <can be transferred w1th zero data loss turns out'd
to e 30 kcps. However,-ln small bursts (411024 bytes) data

can be transferred to'buffured formatter at a- rate upto 1 Mcps;f'
though the’ data cannot be transferred agaln until the tape L

transport has taken the 1nformatlon from ‘the buffer at\60 chs.

The multlple speeds of the analog tape recorder help 1n
1ncrea81ng thlS limlt ‘on the hlghest frequency Wthh Can be
handled by the system 1n follow1ng way A 81gnal hav1ng hlgh

frequency components can be recorded at a high speed: on" the tape



14

_rccorder and played back at a lower. speed such that the largest
frequency component in the replayed analog 81gnal is compatlble
w1th the Sampllng rate; The speed reductlon essentlally

results 1n a tlme stretchlng of the recorded data and correSpon—
dlng reductlon 1n the 1nvolved frequcnc1es in the replayed L
81gnal Suchxa tlme stretchlng also results in 1ncrease in the
n01se component and approprlate care Should be taken about
81gnal levels when attemptlng to digitise hlgh frequency data o

in this mode.
. Taking into account the maximum speed reduction of 64

8
maximum_frequencyfwhichgcanyinAprinciple, be handled for a single

(120 ips.to 1 Z ips) available in the analog.tape recorder, the

chahnel data turns out to be 960 KHz and: reduces to 480 KHz in
the case.of two multiplexed channels.. However, using one. of the
tracksﬂof:the analog reeorder for recordlnq synchronlsing

pulses, each of,theydatawchannels can be separately diditisedywﬁ
the simultaniety of the data being assured by starting each
dlgitisationgat same place.on the tape. Thus-maximum frequency
which can be handled in the prcsent system is 960.KHz. The ADC
1ncorporated in the system has throughput rates of lOO Kcps and
thus ~if recordlng system ‘capabilities are Suitably modlfled '
frequencies upto 2 MHz (the upper cut off for analog tape
reCOrder) can be handled One way of 1nCrea81ng the hlgh frequencyv
llmlt w1thout 1ncorporat1ng any addltional system is the use of :

multl—tlme—delay sampllng technlques (Smlth et al. 1972).
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On'onebof'the tracks éf the analog recorder clock pulses can
‘be fécbrde@ éimultanéouély wi£h the data_recofded on the;other
chénnels. A.firSt'digifisatibﬁ'of the data channels can be
initiated by the first clock pulse and fhen su%seqﬁent |
digitisations can be done using succeediﬁg clock pulses to
ihitiate digitisation of the data channels. Thus with multiple
scanning'of data channels, the effective sampling freqﬁency caﬁ
be increased manyfolds resulting in an increased value of fN
‘and hénce a higher high frequency capability. The digitised
data obtained in multiple scans has to bé reérranged'using the
computer before‘actuél processing. System modifications to
incorporate multi-time-delay sampling are in progress. The lbwer
freqﬁency}cut—off in the present system is 400 Hz‘and is

determined by the response of the analog tape recorder.

\

The present system is. thus capable of handling plasma

turbulence data in the»frequency domain of 400 Hz to .96 MHz;

with the proposed modification incorpofating multi-time~-delay
.sampling,_the system will achieve ultimate capébility of handling .
and processingiplasma turbulence data upto 2 MHz., This system

has been used to study the spectral and dispersion characteris-
tics of‘the‘cross—field and the two sStream instabilities in
collisional plasmé subjected to crosééd electric and magneti;i
field (John & Saxena 1975; Saxena & John 1975), parametric
interaction of iower hybrid wave with the cross-field instability.
(Saxena et al. 1977) and:suppression of the cross-field modés

by injection of cold electrons (Bora et al. '1977).
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APPENDIX-I

Formulae for varlances of various spectra for smoothlnq

parameter mt . .

A) CROSS -~ POWER SPECTRUM

Var  [}912(??[]2 ~ o Ca) 'yplé(?)L2£; % léﬁ (f)k i]

B) COHERENCE SPECTRUM ‘ S o
: a2

c) PHASE SPLCTRUM

var |G (£) o (W.. 1 -1
1% \] [[: 6, (FIT J
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APPENDIX. - IT

FORTRAN PROGRAMMES FOR DIGITAL

SPECTRAL ANALYSIS OF

. PLASMA DATA
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