2083 -1- SEI SM C EXPLORATI ON SYSTEM USI NG PRESSURE AND VELOCI TY.

DETE SThls invention relates to seismc exploration d83

partidularly to exploration in which it is desired to siér gls)ééibst
reflections caused by downwardl.y travelling rarefaction waves. Land and
marine seismc exploration have conventj onally used geophones or
hydrophones whi.ch _produce_an output in response to pressure. U S. Patent
3,346,838 is an exarrpl e of a pressure sensitive detector. Another type of
detector responds to the velocity of the particles of the nmedium

surroundi ng the detector. In : 2S e velocity-sensitive
detectors are nounted at a | -sensitive detector
is positioned at the sane | oRREBBURE W\ELW'HYSDETEQTDRﬁese detectors

i ndi cate the anplitude and- direction of the acoustic energy inpinging upon
the- detectors. In seismc exploration, ener Is reflected from subsurface

interfaces and i s deBs daventigporRieses dios feexplorakioneand @are o record
only prinary paetiesliairdystorigsidrat fonl prakrdby itr ased:ésimec aRTRiTesonal waves

Ghor ret1 eotdoRE “dRe o bl ¥, A Rsals tERrRRRg teb e Yeres "
sei snogram One part i-8td andymarioe Hedsain: expldration rave conyemisionabliy ect ed

from the surfagg. éﬁaﬁow%& ﬁﬁ%&%degmﬁlcﬁv&oauéewvaﬁ &% Rsp@isef action
wave. [ n accor dance wth t resent inventlon, g%%pi%r efl ections are

suppressed by-OcBRtISHFRg tUh§ BEpLk &5 éﬁéﬁﬁs’sﬁjﬁg |YcPiRFESEY Rt or s. The
present} i nvergeneft jveodetkeson, sei sm c detection system for suppreSS| ng ghost

reflections rel ati VeAE&r'Qr:' é@& Bge&‘#gg{&r ?%?dop‘{jgeéds ng B nﬁré Wherei n

a primary reflection 1S cau ravel nal wave
and a ghost martickesonf ke medium surrounding the detector. 1In U.S Patent

. 2,982,942, three velocity-sensitive detectors are mounted at a
listening station. A pressure-sensitive detector is positioned at
the same location. The signals from these detectors indicate tre
amplitude and direction of the acoustic energy impinging upon the-
detectors.

In seismic exploration, energy is reflected from
subsurface interfaces and is detected to produce seismograms. It
is desired to record only primary reflections which are upwardly

- travelling compressional waves caused by a reflection of the
seismic energy from a subsurface interface. Other reflections such
as multiple and ghost reflections obscure the seismogram. One
particularly troublesome reflection is a ghost reflected from the
surface. The ghost reflection travels downwardly as a rarefaction
wave.

In accordance with the present invention, ghost
reflections are suppressed by combining the outputs of pressure and
velocity detectors. _

The present invention provides a seismic detection system
for suppressing ghost reflections rélative to primary reflections
in seismic exploration wherein a primary reflection is caused by an
upwardly travelling compressional wave and a ghost reflection is
caused by a rarefabtion wave travelling downwardly from the
surface, comprising
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caused by a.rarefaction wave travelling dowmwardly fromthe surface, C{
conpri si ng -2- a pressure detector which produces a positive output in
resbbnse to an upwardly travelling conpressional wave and a negative output
in response to a downwardly travelling rarefaction wave; a velocity

det éet or whi ch produces a positive out put |{|response to an upwardly
travel | i ng conpressional wave and a positiVve output in response to a
downwardly travelling rarefaction wave;, filter neans for changi ng the

frequency content O[?‘tehg&@étd&ggt&‘ whil8h OHJAUESs 1) Golifk 1@ Bufhit W Tre

deconvol uti on opera avi n redet ermned anmount of _white nQi se added,
to zero | ag ofo tare wward rfé'-laéfﬁl f GREPTRFS1oRAa YaVE oRPT 1A REFY LV O s in

of the out put Segankddlo E%ﬂ&ﬂiﬁstﬁéﬁiﬁﬁg‘ rafefffn6n Maved t he ghost
reflection cancél; neans for sum*n w;&e out % uts of the ressgﬁ IS‘P Festons
0

vel ocity detectors,?2tYRIOSHY BEFS ih FOPhE U
in response tgo tdie easdly e&rheellmg c&@lrersama]f mavpoamlanpmgmhe pmmtune

and velocity det ectors in,cl 0SE37% 9% al seismc
R e

expl orati on. 'S the inverse of
t hegdi stortion int rﬂrihteedmegnst iﬁerpmne thel frefuenayy contentt @fs atAdeastdiong

to one aspect of Lhe jnvantdon g Urmﬁhhﬁﬁfn Hha 86t LRGSR 8n PHE&GRE P i vitg

ocean bottom Th BSmarihe sersmc expl or atl on system The detectors are
pai red, one pregredetetmined opmARE @ﬁeW‘é?oé’PP-?e @efedt &P 395C lfh Sfaithe

The pressureaug&;,gglgru&g%@ﬁ,@ positive output in response to upwardly
travel I i ng conpressional waves and a negatlve | n.res

downwar dl y travel | | FepnS £P6fhangdng the, s@ins E?’Fé'ﬁ PEFRIS ?E’ g@‘?tect?‘ﬁr cutputs
produces a pgfddubd® iaUkesfionss e Thenghdstoreflentibny canealel | i ng

conpressi onal waves_and af&osmlve o%gut t&}&esggns&et opl%%wr velocity

travel | i ng raref act e
detectors, thereby substantla.lly cancellmg the outputs produced in

response to the ghost reflection; amd
means for pos:.tlomng the pressure and veloc1ty detectors in

close proximity along a line of selsmlc exploration.
. Advantageously, the deconvolution q>erator is the inverse of the
distortion introduced by the pressure and veloc1ty_detectcrs.

' According to ome aspect of  the invention, a plurality of
detectors are placed on the ocean' bottom in a marine seismic
exploration system. The detectors are palred, one pressure detector
and one velocity detectar in each pair. The = pressure detector
produces a positive output in response to uwardly travelling
compressional waves and a negative output in response to downwardly

‘ travelling rarefaction waves. The velocity detector produces a
positive output in response to upwardly travelling compressional waves
¢ - and a positive output in response to downwardly travelling rarefaction

waves. These outputs are inverse filtered by filters which have the
inverse characteristics of the inpilse response of the distortions in
each output. The outputs of these filters include positive impulses
for both detectors' response to { '




waves. These outputs are inverse filtered by filters which have the -
Nnverse characteristics of the inpul se response of the distortions in each
out put. -« The outputs of these filters include positive inpulses for both

et ectors’ response to upwardly travelling conpressional waves and a ¢
ositive inpul se response by the3veI00|ty detector to the downwardly -t
travel ling rarefaction wave, and”a negative inpul se response by the
pressure detector to the downwardly travelling rarefaction wave. This
negative inpul se cancels the positive inpul se.response of the velocity
detector to the g gfugreflectlon The present |nvent|on wi |l now be

descri b@ﬂa?qi'ygp@d? cEATessional wave BafA @osHIye i HI$&1 er ence to the
accorrpa:e;pdir@edhsya\mhegze,locity\/\betectofltyutme towivarala travéldéngei smic

|
Gor ect Sprahstiat Sie "ol et 08 bl SPRLGlankOhy EROMBEMS © PLCCOLLS
pr essurdetegi@ryeg (‘}‘6@t%ﬂwdﬁ@éVoﬁf@VSHimeﬁé‘eﬁﬁRﬁgalVﬁiVéhaﬂ'Qilﬁg means; Fi gures

4A - AG@eghoet Muw@l&aﬁeelrseeﬂé)rpeeﬁti% inirbelée/@eépdﬁser@r apgd the inpul se
response i ned,_ out i n..th requency domain; Figures 5A - 5C

of t
are ti NEIM|$F T 48nt%: B B3F1eFEiA"es 4A - 4C. Referring to Figure-1 ,
of the drawi ngse premt Invettian whkli new dei deacu:iqmd ée greatexres || A - D al ong

a line t IgS ﬁfﬁ% on the ocean
floor. dggelsﬁ#Q&QngfQmaﬁﬁbnggghggggg%ﬁ%%n |rec§@% rd the water =
bot t omdrawings, i i pREGNEct ed from a subsurface |nterface 13. The plurality of
detectors 14 -rib(rélel epbws beméﬁﬁéesétismwexmcbtrﬁn bystefigt ectors include a

B oo e oot okt on o Ancinde b PRl hf o Bredite 178 (Floure 3.
detector and a velocity detector respectively,
Figure 3 shows the combined pressure and velocity
detectors, filters and gain changing means;
Figures 4A - 4C show. the impulse responses of the two
filters and the impulse response of the combined output in the
freouency domain; . '
' Figures 5A - 5C are time domain representations of Figures

47 - 4C. :

' ' Referring to Figure 1 of the'drawings,'a ooat'llitows
marine.seismic'pulSe sources 11A - D along a line of exploration.

' seismic detectors 14 - 17 are placed on the ocean floor. Seismic
energy from sources 1llA - D is directed toward the water bottom 12
and is reflected from a subsurface interface 13. The plurality of
detectors 14 - 17 detect the reflections. Each of the detectors

include a pressure detector 1l4A - 17A and a velocity detector 148 - - _ "
178 (Figure 3). Seismic energy reflected from the interface 13
travels along the ray path 18. This primary reflection is an : .

upwardly travelling compressional wave. .
In order to understand the polarity differences in the
- seismometer depth effect, a positive pressure pulse 18 travelling
vertically upward from interface 13 toward detector 14 at a depth d
beneath the surface of the water is considersd. At time t = O the
pulse arrives at detector 1l4. It continues to the surface where it
is reflected'and returns to detector 14 at a time Tqe where Ty
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travels along the ray path 18. This primary reflection is an upwardly
travell i a9 conpressional wave. In order to understand the polarity
differerices in the seisnometer depth effect, a positive pressure pul se 18
travéLJing vertically upward frominterface 13 toward detector 14 at a
dept h™d beneath the surface of the water is considered. At tinet = 0 the
pul se arrives at detector 14. It continues té the surface where it is
reflected and returns to detector 14 at a tine Td,: where Td -4- is the
two-way tine between detector 14 and the surface, which can be expressed as
[err] where c is the velocity of propagation of the pulse in the water. The
wat er surface is aisrtre Swoswayctimeobativeem sieherhoy bbaad tirensurfeemnahidmean he
total pressure be %r&preggeé he amplitude of upgoing ray 18 is [err] and
that of the downgoing ray 19 is a2, the boundary condition nay be witten
[err] Consequently, the anplitude of the downgoing pulse is [err] which is
the usual statenment of polarity.reversgl siparereflection at a free surface.
The response of pressure detector 14A at depth d to an uptravelling wave
is, therefore, a pair of inpulses, a positive one at t=0 and a negative one
at [serr], as illustwere¢ i tPeg@lecHi offRropaaatders @fothey pulsei iy thet watess
tlﬁB I's SQmeWnan gl frhereiter sﬂlﬁeaézfgack&%ét:%gsfédegr?@kné %u?d&tﬂ/g@tﬁ\dﬁ.’éidrﬁat

e upgoi ng an owWngoi vel ocities mus e_equal , wosta in a
di f f*er ent way, ¢ hatderans Uasts &Pe \FO48 ATESTR DR deFe: dgﬂﬂﬂ“&oﬁmih‘&m@pa%i ng
velocity is wittenpgsing ractiorig ey rdndatieitt of tthe vaowogoingvedydptis as, a
vector V2, and [erihe poundary condition may be written

'Conseauently, the ampiitude of the downgoing pulse i; -3, which
is the usual statement of polarity reversal upon reflection at a
free surface. S S '
The response of pressure detector 14A at depth d to an
“uptravelling wave is, therefore, a pair of impulses; a positive one
at t=0 and a negative one at t=ta, as illustrated in Figure 5A.
The response of velocity detector 148 is somewhat
different. The boundary condition at the surface is that the
- upgoing and downgoing velocities must be equal, or, stated in a
different way, that the velocity at the surface is doubled. The.
upgoing velocity is written as a vector 31 and the downgoing.

velocity as a vector V , and
- <> .
Vl - Vz .~ 8

The response'o?.thé velocity detector at depth d is, therefore, a
pair of unit impulses of the same sign separated by a time 13, as
illustrated in FIG. 5B. ’ '

| The other part of the water layer effect is the
reverberationtrain and is the same for both types of phones. The .
response to the reflection from the surface is different for the
two detectors as illustrated in FIGS.'ZA and 28. It is worth



~The response of.the velocity detector at depth d.is, therefore, a pair of
it inmpulses of the sane sign separated by a tine [err], as illustrated in
G 58..The other part of the water layer effect is the reverberationtrain
nd is the sane for both types of phones. The response to the reflection.
romthe surface is different for the two detectors as illustrated in FIG%
2A and 2B. It is worth -5- noting that, for ideal responses to the
surface refrTection, if the two phone outputs are recorded, scal ed and
summed, then the depth effect of the phone should cancel out for vertically
travel | ng waves. The inpul se responses for the water surface reflections
for theoting pratyeSohddeala respansendy the serfacg reflectionhi bhthty be readily

exam Nega lﬁﬁaﬁé‘%@ﬁutshsnf%&bﬁedt rﬁﬁié@raﬁhoéunﬁn@@ ﬂ:ﬁ&PQﬂéQi‘eptFOf the velocity
detector transform this | r %r%g{ the pressure
- det ect &f thaﬁgf*tb‘ﬁnﬁ’“mﬁlimf‘ %]( f’;‘t Yeé:t%%‘i‘lrli’ e is thus made up
of seveaws.parts. The [err] factor I's common to both and does not produce
any phase O @I (e hifaRE HeBndklordBre whtelir el ROUBBLIR 25 @ | | near

phase conponen iI'ter Troma synmmetrical tinme extent
about . ffeD the twacabengs haver arfreguensyf fildering Pfquﬁ vhigd. mayThe velocity -

det ect %ad&@S@xaﬁﬁﬁwwn&t&ﬁé%aﬁ&&i&& tt'iatﬁsi"fo&‘ﬂl dfS tA& resptnsks. the first zero
Cr ossi n of "th g 5 then it err% rﬁntcg the second zero crossing,
and sof t"?h ejﬁF b GPtectar tepP CEI?“a PSFS magi nary, and, »
therefore has a 900 phase shift assodmfeg W|th |t The [err] will also

- produce phase changes of [Gg(rﬂ) atl'#he zero crossings. The anplitude spectra
for the two are obt ai ned fromthe magni t ude_ of the Fourier transforns:

-mift mift mife
“Te (e Jue d )

' -wiftd

2e o cos'rrf'r

and for tne pressure detector transf‘orm, this is Gn(f), where

: _ --21r.'l.1"!:d -
' G () =1-¢e

- -mift, mft, -nifT
e Y %e 9
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= 2ie sinnfr

_ L S o S '"1f16
The phase 1is thus made up of several parts. The e factor _
is common to both and does not produce any phase difference between
the two. It may be thought of as a linear phase component which
shifts the filter from a symmetrical time extent about t=0 to a causal:
filter, a shift of T,/2 in time. The velocity detector phase
component associated with cosﬁfta is zero up to the first zero .
crossing of the cosine, then it is w until the second zero crossing,
and so on, The pressure detector transform is purely imaginary, and,
therefore, has a 90° phase shift associated with it. The: 51nnfr
will also produce phase changes of w at the zero crossings. The
amplitude spectra for the two are_obtained from the magnitude of the -

Fourier transformss
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-6- [err] [err] Plots of the anplitude responses are shown in FIGS. 4A and
48. Fropmthe anplitude spectra it is noted that the | ow frequency respons
of the welocity detector is much greater than that of the pressure
detector, so that we expect nore | ow frequency content is expected on the
vel obfty phone recording. It is also not edgt hat the phase difference

bet ween the two types—-of--phones—is [err], but that it starts as a 900 | ead
for the pressure detector at f = 0 and junps to a 900 lag at the first zero
of - the velocity detector response. For the frequency range of interest in

reflection seismc data, {he Li{terd f t . ofhlthe t he phones
produces an apparent 900 %ﬁégé Lﬁidtio#ff%égagﬁﬁ. Tﬁegag%?g?%%ffect
corresponding to seisnoneter depth is not m ni num phase. For both types of
detectors, there is a zero on the unif_circle in the z-transform donmain.

This inplies that a stabl ¢_iny segdee‘_not exi sis2 Howgver, _ eyen for the
i deal i zed perfect surfaceT?dﬂngﬁb ,za%bﬂﬁﬁzﬁéhﬁoxiﬁh i&ﬁnE%the achi eved
by stabilizing a deconvol titi on operator with the addition of a small anount
of white noise to the zero lag of the auto correlation function prior to
thegoperator conputation. In addition, the effective reflection coefficient
at the surface is Riossadfl yhe @mplityde HSEONSESnIFHPEQNTeln Silf%e ArAnd\4Ber
gu”ﬁcefis sonmewhat rqughrﬁlsh?th@ J./ftﬁﬁstéﬁéﬁt:];aThi;Simﬁtw thett théldoactrealiency
epth effect is not precis a 900 S i and that, it,] LA
phase. M ni num pha%eépﬂ%‘{?oﬂgc#{'ﬁt Y%T‘?C%@pi%ﬁge%gﬁoiﬁlﬂ'l’% IEFEF ﬁagtﬁagn&s%ul d
conpensat e reasonafegsimd defentor hesodb@thwefekpedt moxe dbw firdquenpereshgent is
remove the .appare A StheS M 1lok 1 14 ihfne” QBRERATAG | NGt F1Qr a AEPhotieddenat the
effects. As stat e?xﬁgg\%%gsﬁ?‘? prfgésqug‘@"et ector 14A produces an O%tPUtt ats
shown in FIG 2A Ppiegevifferange eatweedtha Ao tynes fs Paenes 1s 90°, but that 1
‘starts as a 90° lead for the pressure detector at f = 0 and jumps to a
90° lag at the first zero of the velocity detector response. For the
frequency range of interest in reflection seismic data, the filtering
-effect of the depth of the phones produces an apparent 90° phase shift
of the data. _ . '
The filter effect corresponding to seismometer depth is not
minimum phase. For both types of detectors, there is a zero on the
_ unit circle in the z-transform domain. This implies that a stable
inverse does not exist. However, even for the idealized perfect
surface reflector, a good approximation can be achieved by stabilizing
a deconvolution operator with the addition of a small amount of white
noise to the zero lag of the auto correlation function prior to the
operator computation. In addition, the effective reflection

1%

- coefficient at the surface is probably less than one in magnitude,
| since the water surface is somewhat rough due to wave action. This
v means that the actual depth effect is not precisely a 90° phase shift

and that it is minimum phase. Minimum pnase deconvolution (spike
deconvalution or Flatiron) should compensate reasonably well for the
depth effect and should, therefore, remove the apparent.90° phase
shift while compensating for amplitude effects. -

. As stated previously, pressure detector 14A produces an
output as shown in FIG. 2A, and velocity detector 148 produces an
output of the type shown in Figure 2B. In response to the upwardly



tput of the type shown in Figure 2B. In response to the upwardly:- - 7-
avel l'ing conpressional wave (primary reflection) the pressure.detector
oduces a positive going output 20, and the velocity detector produces a
sitive going output 21. The conpressional wave is reflected fromthe -,
surface and travels downwardly glong the ray path 19 as a rarefaction wae
In response-to-this.dowmwardly travelling rarefaction wave, the pressure
detect or produces a negative going output 22, and the velocity detector
produces a positive going output 23. Commercially avail abl e pressure and

| { t ti
D 1§ or v Eind npefislofss, VB Robfhary fer1Be HAf £ Dbl UED 00 1o
det ectagdestaFnaraduces fao peskidve | gping-iayiipes 20 A Qﬁ'ﬁdt"EBV%%:iBWer sinplifications
of t h%ét@éﬁ&”g@od%eé faegesﬂqb@cgo@h@ duBpeleECt aee RHomPFBEss1anal GBASt

fl d ad he applitudes of th
out pat’s SFPented [BORGTE I RoL anY e e s SowiertL i MR | cancel -

Ref er rgaty 1s0abiguaeefactiot saver 14 neaptbnsee'eo anps mywardélxet ector 14A and a

Vel oot EPvEEE | Blretiiilof GE; YreifrasBite Gefectol OOUIR §HEALAR 100 N 2
press@Oénléll’éB@%ﬁzimd e velagit Y@%\ec?‘ﬁeﬁéc’%F%@t BP%lt&P’% 9%8M¥ied to the

filtergutgdt 28. Each filter has characteristics.specified in the responses
of Figures 4 and 5. shows the fre n f._the output of a
pressure dete Werg&el&? ?‘faiﬁ%l SHBETPSHT 20 ‘%Ligc hg@&%lt{)ré) for exanpl e.
Fi gur esul Batslieofisr e I prasdicinglGheiinvettione @affnnenbfdetemrgm ty detector
after . hﬂafgf‘é?ﬂ Pfé:h@ﬁ&ﬂ ah&( Jﬁpiiﬁfdezéspbﬁeééré@rde‘i:@cﬂ%oé’igﬁﬁﬁ' Iters which

have t racteristics an | S necessary to
rneasurLlﬂ.n Pﬁ@"FF%]cYueﬁ{SPrﬁﬁszé‘oﬂ% 21 aﬁ%g"%’&‘-ﬂ 1f&%€gf‘f'§r%f t® primary and ghost
ref | ecidsptitse biVihege rdetettioss to detected primary and ghost
' reflections. It is necessary to filter and adjust the amplitudes of
the outputs of the two detectors SO that the gnost reflections will
“ cancel. o : _
Referring to Figure 3, detector 14 includes e.pressure
detector 14A and a yelocity detector 14B. Detector 16 includes a
pressure detector 16A and a velocity detector 1&B. Detectorll7
includes a:velocity'detector 17A and a pressure detector 17B.
The outputs of these detectors are applied to the filters
'24-29. Each filter has characteristics specified in the responses of
Figures 4 and 5. Figure 47 shows the freauency domain of the output
of a pressure detector after it has been filtered by the filter 24 for
example. Figure 4B shows the frequency domain of the output of a
velocity detector after it has been filtered by filter 25. In order
to provide filters which have the characteristics shown in Figures 4A
and 48, it is necessary to measure the frequency response of the 8
actual detectors to primary and ghost reflections. Having measured
the characteristics of the deteetors; these measurements are used to
provide inverse filtering which will produce the response
characteristics of the type shown in Figures 4A and 48. U.S. Patent
3,275,980!teaches the manner'in which such filters are implemented.
Time domain filtering is particularly suitable for the implementation
of Filters 24 - 29. The teachings.of-U.S. Patent 3,275,980 may be
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the characteristics of the detectors, these neasurenents are used to
proy_i..d.e{i_‘nverse filtering which will produce the response characteristics
of the type shown in Figures 4A and 4B. U S. Patent 3,275,980 teaches the
manner; i n whi ch Such filters are i npl emented. Tinme domain filtering is
particularly suitable for the inplenentation of Filters 24 - 29. The
teachings of U S. Patent 3,275,980 nay be -8- used to set the filter
characteristics so-that—the-responses of Figures 4A and 4B may be produced
fromthe neasured response characteristics of the actual detectors being
used. When the filtered outputs having the frequency responses shown in
Fi gures- 4A and 4B are conbi ned, ..t.he broad freq cy.spectrum of
Figure 4Cis proddtsgg toTﬁFé r]:i% HLLNes )Fhaﬁith C? essopg?% ¥'8? TESRANSER;

det ector to a pri rdgyresefh andi 4 mayi apupradubed dirdm SBeameastirere response
representations ofcrgRg bt dtaks B IEHé %ﬁté?lt REfEYLEHE 3Q§.n gk&d.m ning the

requrred deconvol ution operators ters an | ementing filters
with such a deconvol uti on"9efFR® Ji ?%regrRH}'vHU?Sh heving the reaupnoy respgnsesn

order to ensure t lhmbwh He Bigees rzafbrm:waom cmmaéd the b@aam, $iatatfré@1’é&¢:y one -

of the two out put s ol

protided for this bétlg@leéjlé% Gﬁ#rhlft T Jp F‘g’ypr’jsg Zeaﬁ?aponse
vel ocity detect orsifaaeseeélm ﬁetﬂqtnrtweaem‘deaw $efl%ti¢he conbi ned out put s
havé an inpul se response ggusEowa brfh BB Wt fife: ddMilA Crepebsinat Aird 6reocﬂéded

di di . Wiile th t
"ol eent ed v ¢ h IFg CREEST o A R P8 SoRE e, Ta3iarss Bhevabition
practice of the i operdtioos off the tfeltgtsvraryd dmplfndntgirlgafilctenspuﬂ.eh sishiss
conventional in the SRR Hne éfélrgw":&t rlgnsl%l(u{'» Jkrpb%t ?Ltn{rh:l 3?7'49?4% gaifp grder to

changi ng, and sunmati on Raoce res
processing art. €nsure that the ghost reflections cancel, the gain of‘ at least one of

the two outputs is adjusted. Gain changing amplifiers 30 - 35 are
provided for tnis purpose. The outputs from the pairs of pressure and
velocity detectors are combined in the adders 36-38. The combined
output;‘have an impulse response as shown in Figure 5C. These outputs
are recorded on“recording medium 39 as is conventional.
While the invention may be implemented with analog filters,
amplifiers, and summers, the preferred practice of the invention will
 be by way of a digital computer as is conveotional in the seismic
exploration art. Digital filtering; gain changing, and summation
procedures are well known in the digital seismic prooessing art.

v



&LAIMS: 1. A seismc det ecti on system for suppressing -ghost
flections relative to primary Wlsmc expl oration

erein a primary reflection is caused rdIy travel | ing
onpressional wave and a ghost refle mr“@\ a rarefagtion wave ;
travel ling downwardly fromthe surfac ng a* pressure detector "t
whi ch produces a positive outpdt Tn response to an upwardly travelling
conpressi onal wave and a negative output in response to a downwardly
ling rarefaction wave, a velocity detector whi.ch produces ‘a positive
“in response to an upwardly travelling conpressional wave and a
positi've output in response to a downwardly travelling rarefaction wave;

filtery f ngi en sJ.eas of the
out uts [ nﬁudlg%b&{al%m n#%ue%nggﬁgse geconvo %% [ otrsl ree%tgtﬂef h W% a
pe iong n&elativent tof priPAY nbeBechipnsd in ?@F%‘chage@lqrﬁéwn

GHLQGEY T & Grk Al uaéﬂé&m&reqes éflseBNan0i 29 Stfgvetlﬁfnémt puts so
that the outputs produced in response tJ0 the ost refI E op cancel ; neans

Y (WA oaPdufs 9BPst nee PEE’Q?résarﬁ“ OB t3 HRYIECEI®M t hereby
waas texavé Bl ing Wﬁf&lﬁgrﬁ:ﬁ&l@ué@ﬁa&eprﬁpzﬁmgn response to the ghost - i
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a velocity detector which produces a positive output in response
to an upwardly travelling donpressional wave and a positive
output in response to a downwardly tra?elling rarefaction wave;
filter means for changing the frequency content of at least one
of the outputs including a minimum phase deconwolution operator
having a predetermined amount of white noise added to zero lag
of the autocorrelation function;
‘means for c'nanglng the gains of the outputs so that the outputs
produced in response to the ghost reflection cancel;

" means for summing the outputs of the pressure and velocity
detectors, thereby substantially cancelling the outputs produced
in response to the ghost reflection; and _
means for pos1t1on1ng the pressure ard veloclty detectors in
close proximity along a line of seismic exploration.

2. A system according to claim 1, wherein .the deconvolution °f
operator is the inverse of the distortion introduced by the presswe .~
and velocity detectors. - '



