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Vibrational excitations in thin films studied by spatial dispersion Brillouin spectroscopy
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By combining a tandem multipass Fabry-Pe´rot ~FP! interferometer with a charge-coupled-device~CCD!
imaging detector, we have successfully observed surface Rayleigh waves, longitudinal guided modes, and bulk
acoustic modes in dilute magnetic semiconductors, Si- and Ge-based films and superlattices. The inelastically
scattered light from acoustic modes is transmitted through the FP off-axis, and is focused on the CCD where
it forms concentric rings. We also have demonstrated that the high sensitivity of our system allows the
observation of weak bulk acoustic modes from opaque a-Si:H/a-SiNx :H superlattices.
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I. INTRODUCTION

Acoustic and mechanical properties of thin films and m
tilayers are usually related to low-frequency vibration
excitations.1 In the acoustic region, the transverse and lon
tudinal modes, which always exist in solid materials, are
most prominent excitations. However, the introduction
surfaces and interfaces for single or supported films and m
tilayers leads to new acoustic excitations with surface ch
acteristics. These excitations consist of shear vertical
longitudinally polarized partial waves whose field comp
nents propagate parallel to the surface and decay expo
tially with distance into the substrate. For a supported fi
for which the velocities (y t

f ,y l
f) of the transverse and long

tudinal acoustic waves in the film are less than tho
(y t

s ,y l
s) of the substrate, a number of surface acoustic wa

in addition to the Rayleigh mode exist. These are cal
Sezawa and longitudinal guided modes, and their num
increases with film thickness. The Sezawa modes exist in
sound-velocity regime bounded byy t

f andy t
s . Similarly, the

velocities of the longitudinal guided modes are in betwe
y l
f and y l

s . Since these frequency regions are separated,
modes are experimentally observable.

Traditional ultrasonic techniques are difficult to use w
very thin films; so, Brillouin scattering has become a pow
ful tool for the characterization of acoustic and mechani
properties of thin films and superlattices.2–8 In a conven-
tional Brillouin spectroscopy~CBS! system, the observatio
of the acoustic excitations involves scanning a FP and u
a photomultiplier tube ~PMT! to record the phonon
spectrum.9,10 Only on-axis light is allowed to contribute t
the signal, and only a fraction of the inelastically scatte
540163-1829/96/54~24!/17805~7!/$10.00
-
l
i-
e
f
l-
r-
d
-
n-

e
s
d
er
he

n
he

-
l

g

d

light is collected, making the CBS inefficient. On the oth
hand, CCD area detectors11 are routinely used in Rama
instruments to solve this problem, and should accomplish
same purpose in Brillouin spectroscopy.

In reality, spatial dispersion properties of a Fabry-Pe´rot
etalon allow off-axis light to be transmitted in a certain ang
range. This means that if the sample is illuminated ove
wide area, scattered light of different frequencies forms c
centric rings on the focal plane of the detector. Being able
collect all this light at the same time results in a considera
multiplex advantage. Using a CCD area detector we are a
to obtain spectra roughly 50 times faster than the scann
method. This has the advantage that the dark count rat
the CCD, which is of the same order as that of a good p
tomultiplier, has much less time to accumulate, with a c
responding improvement in signal-to-noise ratio. The p
pose of this paper is to report the use of a system consis
of a sensitive CCD area detector and a Sandercock tan
FP interferometer in the observation of acoustic excitat
spectra. We are referring to this as a spatial dispersion B
louin spectrometer, or SDBS for short.

This paper is organized as follows. Section II contain
detailed discussion of the optics used for the SDBS. Ob
vation of various acoustic vibrational modes are in Sec.
Results for several film and multilayer systems are p
sented: ZnYSe/GaAs, whereY stands for Mn, Fe, and Co
crystalline c-SiGe alloy, hydrogenated amorphous germ
nium (a-Ge:H! and silicon (a-Si:H! films, and
a-Ge:H/a-Si:H anda-Si:H/a-SiNx :H superlattices. Through
integration processing, the observed two-dimensional aco
tic spectral patterns are converted to one-dimensional~1D!
17 805 © 1996 The American Physical Society
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17 806 54XIA, JACKSON, CHEN, ZHANG, AND WALTON
spectra which are similar to those obtained by a conventio
scanning method.

II. EXPERIMENT

The experimental setup of the SBDS system was ident
to that described in Ref. 13, which consists of a Sanderc
tandem 212 Fabry-Pe´rot interferometer~TFPI! and a liquid-
nitrogen-cooled 5123512-pixel CCD imaging system. Illu
mination is provided by the 5145 Å line of an Ar1 laser.
The incident laser beam was defocused with a lens~focus
length f530 cm! to cover an area about 200mm in diameter
on the sample. The scattered light is collected by lensesL1
andL2 which adjust the beam diameter to match the size
the corner cubes. Since the off-axis scattered light is ne
sary, the usual pinholes are absent in our system. But
irises, before and after the TFPI, are necessary to elimi
stray light which may contaminate the observed spectra.
polarization of the collected light is chosen through a rot
ing polarizer. To make the spectral pattern match the c
size on the CCD camera head, another lens withf510 cm is
used. In addition, the strong Raman component of the tra
mitted light is eliminated by using a narrow band filter. An
two computers are used to control the TFPI system and
CCD image processing, respectively.

In such a system, the transmitted light of interest will
between the two bright concentric rings from adjacent ord
of elastically scattered light~the tandem feature of the sys
tem still allows considerable transmitted intensity of elas
light at higher orders!. Since the radius of the ring can b
varied by changing the plate spacing of the FP, the str
zero-order elastic ring can be collapsed and only the inela
light plus the tail of the elastic line is transmitted to form t
image pattern, as demonstrated in Fig. 1.

Figures 1~a!–1~c! shows how a zero-order elastic scatte
ing ring is progressively reduced from a narrow ring to a d

FIG. 1. Two-dimensional spectral patterns of the transmit
elastic light from ac-Si film surface, experimentally observed wit
a 1 sec exposure at a power less than 3 mW. The rings in~a!–~c!
correspond to the zero-order elastic peak, while the double ring
~d! come from first-order ‘‘ghost peaks.’’
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and then collapsed from a Si film. After an additional i
creasing in plate spacing, the first-order ‘‘ghost peaks’’ rin
are collapsed into the CCD detector, as shown in Fig. 1~d!.
The first order elastic scattering in a tandem is double pea
because each FP in the tandem transmits at a slightly di
ent plate separation. The phonon rings cannot be seen in
1 because the elastic light is so strong. In order to coll
phonon spectra it is usually necessary to suppress the el
rings. This is accomplished by adjusting the FP plate se
ration so that the zero order light is suppressed, and choo
the free spectral range~FSR! so that the radii of the first
order ghost peaks are larger than the chip size of the C
camera head. The experimental system is somewhat unu
and the optics yields some unexpected benefits. While
initial report has been made in Ref. 12, and a detailed an
sis has been presented in Ref. 13, it might be useful to
view some important optical parameters here for a be
understanding.

A. Maximum frequency range

Since the light contributing to the rings in the pattern
traveling at an angle to the optic axis, the diameter of
ring corresponding to a particular spectral feature, say a p
non, increases along the path. Thus the largest ring that
be transmitted is determined by the diameter of the FP m
rors, and if the FP is multipassed it is limited by the requi
ment that the different passes do not overlap. If the ma
mum radius of the transmitted beam after the last p
~limited by the allowable aperture! is a, then the maximum
angle is tan21(a/L), whereL is the total path length from
the focus of the lens in front of the first etalon to the ou
surface of the second. The difference in frequency,Dnmax,
between light transmitted on axis,n0 , and the light in this
ring is independent of the FSR.Dnmax is calculated in Ref.
13, and the result is

Dnmax'
n0
2 S aL D 2. ~1!

It is obvious that although the FSR, which is determined
the plate separation, can be quite large, no more t
Dnmax can be accessed at any time.

If R is the reflectivity of the FP plates, each pass throu
the FP will contribute a length;d/(12R) to L. If the num-
ber of passes isnp , and the focal length of the collecting len
in front of the first FP isf , L;@d/(12R)#np 1 f . When a
tandem is used the distance between the two FP mus
added, andL ends up being 50 cm or more. In our syste
a/L;1/50, and forl55145 Å, the maximum frequency
Dnmax determined by optic geometry is about 120 GHz.

In order to cover a FSR larger thanDnmax, more than one
exposure is necessary. However, the multiplex advantag
the instrument is such that an exposure rarely requires m
than a few minutes, and this is not a limitation. In fact, w
limit the angle through our instrument to less than this
minimize problems caused by walk-off effect of light in b
tween the FP mirrors.

B. Walk-off effect

Since the FP depends on a large number of reflection
achieve transmission, when the light is transmitted at

d

in
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54 17 807VIBRATIONAL EXCITATIONS IN THIN FILMS . . .
angle off axis, the number of reflections is limited by t
walk-off of the beam in between the FP plates. A very rou
way to estimate this is to assume complete interference
long as they overlap, and none if they do not. With th
assumption the maximum angle that can be tolerated be
walk-off effect reduces the intensity of the transmitted lig
to more than 90% of the intensity of the incident beam i
had been transmitted on axis is calculated in Ref. 13 to

tanu'u'2
a~FSR!lnR

3c
, ~2!

wherec is the velocity of light. From Eqs.~1! and ~2!, if
n0 is the frequency of the transmitted beam at normal in
dence to the FP plates, a beam whose frequency isn will be
transmitted at an angle cosu5(11Dn/n0)

21'121
2u

2, and

Dn'
n0
2 Fa~FSR!lnR

3c G2. ~3!

It is convenient to express this as a fraction of the FSR:

f5
Dn

FSR
'

~FSR!~alnR!2

17.6cl
. ~4!

With the FSR in GHz, a typicalR of 0.93, r50.5 cm, and
l 55145 Å, we havef'(FSR)/20.

Thus for a FSR larger than about 25 GHz, a full FSR c
be accommodated~subject to the limitation discussed in Se
II A !, but as the FSR is reduced below 25 GHz, less is av
able. The dependence on the FSR is, of course, due to
increase in plate separation which aggravates the walk
effect as the FSR is decreased. The light which ‘‘walks o
can contribute to the background and reduce the cont
and for applications where a low background is essential
maximum acceptance angle should be reduced even fur
This can be accomplished by placing an iris at the exit of
last FP.

C. SDBS finesse

Since no pinholes are employed, the finesse of the SD
system is determined by the reflectivity and flatness of
FP plates. According to Born and Wolf,14 the reflectivity
finesse of a single pass FP is

f r5
pAR

~12R!
. ~5!

This expressions assumes perfect FP plates. For real pla
plate flatness finesse,M /2, can be specified if the flatness
l/M , and the final finesse becomes

f215AS 2M D 21S 1f r D
2

. ~6!

For a multipass instrument, if the number of passes isnp , the
finesse becomes

F5
f

A~21/np21!
. ~7!
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The width of the ring recorded by the detector is prop
tional to dn f5Fn0, and dn f is the width of the spectra
feature recovered upon deconvolution. This will b
narrower than that obtained with a scanning instrume
using the same number of passes and the same FSR be
the scanning instrument must use pinholes to limit the div
gence of the beam, and the ‘‘pinhole finesse’’ decreases
instrumental resolution~which, of course, would be virtually
unusable without pinholes!. Thus the finesse with an are
detector can be expected to be equal to or higher than th
the scanning configuration. It may appear paradoxical t
removing the pinholes results in a higher finesse. In orde
understand this result it should be noted that when scan
the light collected on axis corresponds to the FP plate se
ration, and if no pinholes are used, light of longer wav
length can be transmitted at an angle which is only limit
by walk off. Light transmitted at an angle will be attenuat
by a factor of 2 when the number of reflectionsp is at least
p5 ln(12A0.5)/lnR, which for a typical reflectivity of 0.93
yields p>17. If the radius of the beam isa, and the plate
separation isd, the angle between this ray and the cent
beam isa5tan21(a/17d)' a/17d.

On the other hand, the change in angleu corresponding to
a change ofp ~corresponding to increasing the order by 1! in
the phase factord is D5sin21(l/d)'l/d, which is much less
thana, and many orders can be transmitted. This will res
in a broad elastic tail unless pinholes are used to limit
beam divergence.

D. Ring width and intensity distribution

From Eq. ~1! a ring of radiusa on the detector corre
sponds to a frequency differenceDn5n2n0 such that

Dn'Aa2, ~8!

whereA is constant determined by the optical parameters
the system. If the width of this ring on the detector isda, it
originates from a corresponding ring of radiuss and width
ds on the sample. The width is determined by the finesse
the two FP’s, and if the bandpass isdn f , the widthda on the
detector is

da5
]a

]n
dn f5

dn f

2Aa
5
C

a
, ~9!

whereC5dn f /2A is a constant. Thus the light correspondin
to the frequency rangen6dn f is displayed over a band
a6C/a. It comes from a corresponding bands6C8/s on the
sample. This means that the changes in the ring radius an
width are directly correlative to a proportional space sc
ning on sample surface. If the sample is uniformly illum
nated with monochromatic light, the radius of the ring r
corded by an area detector can be changed by changing
plate separation of the FP. Although the increase in width
the ring is balanced by a decrease of ring radius, the in
grated intensity on the detector is independent of the siz
the ring.

However, because of the drop off in intensity of the las
beam it is impossible to obtain uniform illumination. For
Gaussian laser intensity profile, the irradiance is
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I ~r !5
P

pw2e
2r2/w2, ~10!

whereP is the total power in the beam, andw is the width of
the beam. The exponential drop off in the intensity on
sample surface will produce a corresponding exponen
drop off on the detector, and a consequent weakening of
signal. In order to maximize the signal it is best to adjust
plate separation so that the inelastic light of interest is
close to the center of the ring pattern as possible. If
second order elastic ring appears, and must be suppre
this can be accomplished with an iris.

Unfortunately the nonuniform illumination complicate
the determination of absolute, or even relative scattering
tensities. In principle they could be determined by calibrat
the system by measuring the intensity of the elastic light
the corresponding ring size is changed. In practice, beca
the sample contains inhomogeneities, we have found it
ficult to obtain consistent results. In any case, the intensit
a spectral feature has not been of interest in our invest
tions, and a solution to this problem has not been sought w
sufficient dedication.

E. Phase velocity of acoustic excitations

In our experiments a quasibackscattering geometry
used. The in-plane wave vector component for surf
acoustic excitations is linked to the wave vectork0 of inci-
dent radiation by the expressionq5k0(sinui1sinus), where
u i andus are the incident and scattered angles normal to
surface. The phase velocity of the surface acoustic mo
can be deduced from

ysurf5nsurf/k0~sinu i1sinus!, ~11!

where nsurf is the measured frequency shift. But for bu
vibrational excitations, the phase velocity is calculated fr
the measured frequencynB as follows:

yTA,LA5nB/2nk0 , ~12!

wheren is the refractive index of the material. In our expe
ments the in-plane wave vector component was chosen a
the @100#- and @110#-axis of lattice~001! planes.

III. RESULTS AND DISCUSSION

A. Vibrational spectra in transparent films

It is well-known that the low-frequency vibrational spe
tra of a supported film depend strongly on the thickness
the film under investigation. When the thicknessh is com-
parable to the phonon wavelength, discrete guided longit
nal and transverse acoustic modes are present in the s
trum, whose number increases withqh. For thicker films,
these modes will form continuous spectra which extend
the higher frequencies of the bulk phonons in the substr
Using our spatial dispersion Brillouin spectrometer, the
surface and bulk acoustic excitations can be observed
choosing an appropriate FSR and ring radius.

The dilute magnetic semiconductor ZnYSe/GaAs
(Y5Mn, Fe, or Co! system is a semi-transparent heterostr
ture. Owing to the phase velocities of longitudinal and tra
verse acoustic modes in the films being less than thos
e
al
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GaAs substrate, this structure shows very rich vibratio
spectra as illustrated in Fig. 2 from a ZnFeSe/GaAs sam
The two-dimensional~2D! spectral pattern in Fig. 2~a! shows
two dim inner rings due to phonons and bright outer rin
due to first-order transmitted elastic peaks, i.e., ghost pe
where a FSR of 24.6 GHz is used. The innermost ring wit
frequency shift of 8.5 GHz is due to the surface Raylei
wave ~RW!, propagating along the air-film interface. Th
phonon mode at 16.8 GHz, associated with the other in
ring, shows a strongly wave-vector-dependent freque
shift. However, similar to the RW, its phase velocity
nearly a constant. The calculated velocity is very close to
longitudinal sound velocity of ZnSe film. As previousl
found in the ZnSe/GaAs by Hillebrandset al.,3 this mode
should be the longitudinal counterpart to the Rayleigh wa
i.e., the longitudinal guided mode~LGM!, with a phase ve-
locity slightly below the longitudinal sound velocity. Th
so-called LGM is also observed as an inner ring in Fig. 2~b!,
where a 72.9 GHz FSR is used. The outer ring as well as
ring in Fig. 2~d! are the phonon of transverse acoustic~TA!
modes with a frequency shift of about 26.8 GHz. In additio
the longitudinal acoustic~LA ! mode is also observed at
frequency of about 49 GHz. All the data were taken with
2.5-min exposure, but the scattering intensity of each m
is very different.

Figure 3 shows the three-dimensional~3D! spectral pat-
terns, which correspond to the LGM and TA modes in F
2~b! and to the LA mode in Fig. 2~d!. Here a bin of 636
pixels was used and the data in the CCD chip are read ou
a dimension of 85385 bins. The high scattering intensit
from the LA mode, compared with the intensity of the LG
in Fig. 3~a!, should be associated with a large elasto-op
coefficient. We note that due to larger film thickness~h51.5
mm!, the higher-order Sezawa waves and longitudi
guided modes cannot be distinguished from the backgro
in our samples. Since the phase velocity of the LGM in t

FIG. 2. Two-dimensional phonon modes of the surface Rayle
wave, longitudinal guided acoustic wave, transverse and longit
nal acoustic waves from dilute magnetic semiconductor ZnFe
GaAs heterostructures, where data are read out in a bin of 636
pixels and 2.5 min.
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films can be obtained using Eq.~11!, this allows us to evalu-
ate the variation and dependence of the elastic propertie
doping concentration and ion radius, as illustrated in Fig
The results clearly show that the elastic constants incre
with both increasing doping concentration and increasing
radius or atomic number.

B. Vibrational spectra in opaque films and superlattices

For opaque semiconductors, the surface ripple effec
the dominant mechanism for Brillouin scattering. Therma

FIG. 3. Three-dimensional phonon structures of~a! the longitu-
dinal guided mode, transverse acoustic modes in Fig. 2~b!, and~b!
longitudinal acoustic modes in Fig. 2~d!. The discrete small peak
are due to cosmic rays.

FIG. 4. Dependence of phase velocity of the LGM on dop
concentration in ZnYSe/GaAs (Y5Fe, Co, and Mn! heterostruc-
tures.
on
.
se
n

is

excited acoustic modes, which corrugate the nominal pl
surface, produce a small cross section for inelastic scatte
Experimentally, the phonon spectra measurements we h
performed are sufficiently sensitive to such a small cr
section.

Figure 5 displays the phonon spectra of a surface R
leigh wave~RW! from hydrogenated amorphous germaniu
(a-Ge:H! and silicon (a-Si:H!, a-Ge:H/a-Si:H superlattice
~SL!, and crystalline silicon germanium (c-SiGe! alloy in
which the germanium content is 2.3%. Their frequency sh
are found at 9.4, 13.8, 17.5, and 12.3 GHz, respectiv
where the angleu i of incidence of light is 75° fora-Ge:H
and c-SiGe films, 80° for a-Si:H film, and 85° for
a-Ge:H/a-Si:H SL. 1D spectra were obtained by summin
over bins at the same radius, as shown in Fig. 6. We fo
that even though the average intensity in each pixel may o
be a few counts, the integrated spectrum may have a
hundred counts with a good signal-to-noise ratio. Of cour
phonon spectra are easily contaminated by stronger ela
Rayleigh wing scattering due to inhomogeneity in the sam
surface. In order to avoid this, these spectra were taken i
appropriate ring radius which is determined by FP pl
separation. Based on the incident and scattered angles
here and Eq.~11!, the phase velocities of the Rayleigh wav
are found to be 2620, 3720, and 3260 m/s fora-Ge:H,
a-Si:H films and fora-Ge:H/a-Si:H SL, respectively. The
phase velocity (yR54850 m/s! of c-GeSi film is about 1%
lower than that of crystalline silicon due to 2.3% Ge conce
tration.

Although the appearance of the phonon spectrum fr
a-Ge:H film is different from our previous work15 due to
film thickness, the measured phase velocity in both case
very close. Fora-Si:H films, our measured velocity is
smaller than that reported in Ref. 16. This can be attribu
to the influence of hydrogen concentration which causes

FIG. 5. Two-dimensional phonon spectra of surface Rayle
wave from hydrogenated amorphous germanium (a-Ge:H! and sili-
con (a-Si:H! films, a-Ge:H/a-Si:H superlattice, andc-SiGe alloy.
The spectra were observed with a power of 100 mW and at incid
angles of 75° fora-Ge:H andc-SiGe, 80° fora-Si:H, and 85° for
a superlattice. The angle between incident and scattered light is
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17 810 54XIA, JACKSON, CHEN, ZHANG, AND WALTON
namical properties of the film to soften with increasing h
drogen content. In the case of a superlattice, since the m
lation period (L) is much less than the phonon waveleng
(; 3000 Å!, its physical properties also can be described
an effectively homogeneous film of thicknessh. It follows
that the phase velocity of a surface Rayleigh wave
a-Ge:H/a-Si:H SL can be characterized by the correspo
ing quantities in the constituents:16

yR5LH S dAyR
AD 21S dByR

BD 21 dAdB
yR
AyR

B S rAyR
A

rByR
B 1

rByR
B

rAyR
AD J 21/2

,

~13!

where A and B represent a-Ge:H and a-Si:H films,
dA5dB550 Å, L5100 Å, ra-Ge:H55.05 g/cm3, and
ra-Si:H52.21 g/cm3, respectively. Substituting these valu
into the above equation, the calculated phase velocity~3170
m/s! is consistent within 3% with the measured veloci
Note that the above calculation does not include any in
ence from the substrate because the thicknesses of
samples are greater than one phonon wavelength. It is
sonable to ignore the effect of the substrate on the pho
spectrum.

Finally we wish to illustrate the high sensitivity of ou
system: although the surface Rayleigh wave can be obser
the vibrational spectra of bulk acoustic modes fro
a-Si:H/a-SiNx :H quasiperiodic superlattices~QSL! are too
weak to be observed after scanning for two hours with a h
contrast and good finesse 313 TFPI. In fact, the insulator
layers in the superlattice cause a dielectric fluctuation m
smaller than that in semiconductor layers. Thus, the sm
cross section due to small dielectric fluctuation ina-SiN
x :H and opacity ina-Si:H makes it difficult to observe bulk
vibrational modes.17 However, using our Brillouin spectros

FIG. 6. 1D phonon spectra from surface Rayleigh waves~RW!,
converted from Fig. 5, where the spectral intensities are normal
with a magnification of 2.5 times fora-Ge:H/a-Si:H SL.
-
u-

y

n
-

.
-
ur
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n

ed,

h

h
ll

copy, we have successfully observed longitudinal acou
modes with a 5 min exposure. A 1D phonon spectrum o
tained by scanning a 313 tandem FP is shown in Fig. 7~a!.
2D and 1D phonon spectra obtained using our system
demonstrated in Fig. 7~b!. Although the peak is seriously
broadened, a good line shape and signal-to-noise ratio ca
found. However, this mode cannot be seen in Fig. 7~a! at all.

IV. CONCLUSION

In conclusion, the measurements on acoustic excitati
have been carried out to characterize the vibrational pro
ties of ZnYSe/GaAs (Y5Mn, Fe, and Co! heterostructures
Si- and Ge-based films, as well as superlattices by mean
a newly designed Brillouin spectrometer, which combine
highly sensitive CCD camera detector and a tandem Fa
Pérot interferometer. In contrast with a conventional Br
louin spectrometer using a scanning method, we have d
onstrated that three- and two-dimensional phonon spec
patterns can be observed within a short time. Despite the
that no pinholes are used, this system has shown high se
tivity on a weak phonon signal, and tolerable finesse a
contrast.

Furthermore, the observation of phonon modes in 2D a
3D might offer another possibility to do direct space resolv
measurements or scanning of the sample surface as in m
Raman imaging spectroscopy. This potential application m

d

FIG. 7. Phonon spectra observed using~a! the conventional
Brillouin spectrometer, and~b! using our spatial dispersion Bril
louin spectrometer on ana-Si:H/a-SiNx :H quasiperiodic superlat-
tice ~Ref. 17!.
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provide more information related to the spatially distribut
scattering intensity, phonon frequency, and spectral widt
the locations at which the spectra are taken. It should
noted that inhomogeneities on the sample surface or sub
face actually may result in variations of these paramet
and would become an observable effect with our instrum
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