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Chapter 8

Considerations in laser
Doppler interferometry of MR
scanner bore vibrations1

8.1 Introduction

During magnetic resonance imaging (MRI), Lorentz forces acting on the gradient
coil array induce vibrations. These forces are inherent to the technique, and dif-
ferent approaches are investigated to reduce the effects of these vibrations. One
of these effects is acoustic noise. The vibration distribution over the outer surfaces
of the scanner is complex, and depends on the location of the coils and their sus-
pension. Quantifying these vibrations and their distribution can give insight in the
contribution of different parts of the scanner to the acoustic noise. This sound source
localization can lead to directed vibrational control. These data can also be used for
predicting the sound field inside the scanner.

Measuring the vibrations of the scanner’s surfaces can be performed with vibra-
tion transducers, such as a piezoelectric transducers or laser Doppler interferometry.
Piezoelectric transducers have been used in the MR environment (Tomasi and Ernst
[2003]) to detect and quantify vibrations. Apart from the extra load on the vibrating
surface, piezoelectric transducers may be sensitive to magnetic fields, and therefore
the functioning may be hampered. The advantage of laser Doppler interferometry
(LDI) is the contact-free measurement, but LDI poses other difficulties to overcome.
This chapter discusses these difficulties.

First, the choice of interference method is motivated. Secondly, the theory of

1This chapter is written in close collaboration with Kees Smith, master student at the Biomedical
Engineering department in Groningen.
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the Doppler effect and the mathematics of interferometry are discussed. Then, the
practical considerations and limitations for laser Doppler interferometry inside the
MR scanner bore are discussed.

8.2 Laser interferometers

A laser interferometer is capable of showing displacements in the order of nanome-
ters, which has been used by Michelson in his famous experiment. The purpose of
the laser interferometry setup is to combine two beams of light. The parallel and
overlapping beams interfere and produce a pattern that depends on the frequencies
of the respective beams, and their phase difference. The use of a standard interfer-
ometers to detect vibrations in the nanometer order is not feasible. The changing
interference pattern will vary noticeable, but be relatively stable, e.g., the fringes are
not displaced much. The variation of the resulting signal is too small for easy pro-
cessing. Using two monochromatic beams with light of different frequencies, leads
to a constantly changing phase difference, and consequently, an interference pattern
that changes correspondingly. By modulating the optical path length in one of the
beams, the change of the interference pattern is modulated in conformance with the
change in optical path length.

Such use of a Michelson interferometer is not possible without extensive modi-
fications to the standard setup. With one laser source, after the beam splitter, the
frequency of at least one beam has to be shifted. After scattering, the beams must
be brought together. In the standard setup, this is done with the same beam splitter.
The returning beam(s), however, cannot pass trough the frequency shifter(s) again.

The Mach-Zehnder interferometer splits the original light beam into two beams.
In such a setup, the frequencies of both beams can be shifted free from problems.
However, the vibrating surface cannot be in the optical path in a standard setup.
A modification to the setup is given below where the laser beam is guided to the
vibrating surface and is reflected back to the setup. The transfer of the laser to the
vibrating surface can be done by either free-beam (figure 8.1) or by a fiber (figure
8.2). Both setups are discussed briefly.

8.2.1 Mach-Zehnder based interferometer

The interferometer in figure 8.1 consists of two mirrors and three half-silvered mir-
rors. The half-silvered mirror HM1 divides the beam coming from the laser L into
two beams. Half mirror HM2 deflects the incoming beam to the vibrating mirror
M1, this is called the target beam. The returning beam is combined at half-silvered
mirror HM3 with the so-called reference beam, which travels via mirror M2. The
combined beams fall onto the detector D. The Bragg cells B1 and B2 shift the fre-
quencies of the laser beams.
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Figure 8.1: The setup for a Mach-Zehnder based interferometer.

8.2.2 Mach-Zehnder based interferometer with fibers

In the basis, the setup in figure 8.2 differs only from the previous with the replace-
ment of mirror M2 by a fiber F2, and the inclusion of a fiber F1 in the path to the
vibrating mirror M1. The length of fiber F2 should be twice the length of fiber F1.
The light traverses F1 twice and the optical path length is therefore equal in both
arms.

8.3 Theory laser Doppler interferometer

In this section, the theory is presented which describes the detection of the velocity
of a vibrating surface. This surface is assumed to vibrate sinusoidally, with an am-
plitude AM and a frequency ωM . The resulting displacement xM and velocity uM

are:

xM (t) = AM sin(ωM t) (8.1)

uM (t) = ωMAM cos(ωM t). (8.2)

It is shown that the theory can be generalized to all vibrations.

8.3.1 Doppler shift

In a reference frame, laser light has a radial frequency ω0 related to the wave number
k:

ω0 = kc, (8.3)
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Figure 8.2: The setup for a Mach-Zehnder based interferometer with arms
that go through fibers.

where c is the speed of light. Measuring the frequency of the light in a frame that
moves with a speed u in the same direction as the laser light, gives

ω = k(c− u). (8.4)

If the light is scattered in the opposite direction, from the moving frame back to the
reference frame, then the observed frequency in the reference frame is shifted more:

ω = k(c− 2u). (8.5)

For a sinusoidally vibrating surface, with the substitution of equations 8.3 and 8.2,
the observed instantaneous frequency ω of the laser light is

ω(t) = kc− 2ku = ω0 − 2kωMAM cos(ωM t), (8.6)

where
2kωMAM cos(ωM t) = ωD (8.7)

is the Doppler shift in frequency.
A frequency modulated signal s(t) can in general be written as

s(t) = A cos
(
ω0t + φ(t)

)
(8.8)

where A is constant, and φ(t) is time-varying. The argument Φ of the cosine is
defined as:

Φ(t) = ω0t + φ(t). (8.9)
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The instantaneous radian frequency is defined as the time derivative of the argument

ωi(t) =
d
dt

Φ(t) = ω0 +
d
dt

φ(t) (8.10)

(Fante [1988]).
On the other hand, when the instantaneous frequency ωi is known, the argument

is derived by integrating ωi:

Φ(t) =

t∫
0

ωi(τ)dτ. (8.11)

For the Doppler shifted frequency (equation 8.6), the argument Φ of a wave is

Φ(t) =
∫

(ω0 − ωD)dt = ω0t− 2kAM sin(ωM t) + φ, (8.12)

with φ the integration constant.

8.3.2 Interferometry

Interferometry requires two monochromatic laser beams, a target beam and a refer-
ence beam, with arguments ΦT and ΦR (with their own frequencies and phases, as
described by equation 8.9), and amplitudes E0T and E0R, respectively. The respec-
tive time signals of the target and reference laser beams can be described by plane
harmonic waves as:

ET (t) = E0T sinΦT (8.13)

ER(t) = E0R sinΦR. (8.14)

The interfering laser beams produce a current ID in a detector D with a sensitivity
KD:

ID =KD[E0T sin(ΦT ) + E0R sin(ΦR)]2 =

1
2KD

{
E2

0T + E2
0R

− [E2
0T cos(2ΦT ) + E2

0R cos(2ΦR)]

− 2E0T E0R cos(ΦT + ΦR)

+ 2E0T E0R cos(ΦT − ΦR)
}

.

(8.15)

Working out the arguments Φ, the detector current is

ID = 1
2KD

{
E2

0T + E2
0R

− [E2
0T cos 2(ωT t + φT ) + E2

0R cos 2(ωRt + φR)]

− 2E0T E0R cos
[
(ωT + ωR)t + (φT + φR)

]
+ 2E0T E0R cos

[
(ωT − ωR)t + (φT − φR)

]}
.

(8.16)
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In equation 8.16, there are basically 5 terms with different frequencies. The DC term
consists of E2

0T + E2
0R, then there are terms with frequencies 2ωT , 2ωR, and their

mean ωT +ωR. The last term comprises the difference frequency ωT−ωR. Band-pass
filtering this signal leaves

ID = KDE0T E0R cos(ΦT − ΦR). (8.17)

In practice, this means that if the frequencies are identical, then the intensity on
the detector is constant. The term in equation 8.17 then contributes to the DC
term. Having two slightly different frequencies, however, results in an intensity on
the detector that is fluctuating with an angular frequency of ωT − ωR. A graphical
representation of this is given in figure 8.3.

Now, let the target beam be backscattered from the reflecting vibrating surface.
The argument ΦT (equation 8.12) then is

ΦT = ωT t− 2kAM sin(ωM t) + φT . (8.18)

The argument ΦR of the reference beam is not frequency modulated, hence, equa-
tion 8.11 therefore yields

ΦR = ωRt + φR. (8.19)

Substitution of equations 8.18 and 8.19 into equation 8.17 leads to

ID = KDE0T E0R cos
[
(ωT − ωR)t− 2kAM sin(ωM t) + (φT − φR)

]
. (8.20)

This is a frequency or a phase modulated signal, of which the argument of the cosine
in given in equation 8.20. With a frequency tracker, the phase modulations can be
detected. The output of the frequency tracker is proportional to the instantaneous
frequency of the detector current (equation 8.10), in this case

ωi = ωT − ωR − 2kωMAM cos(ωM t). (8.21)

The frequency ωT − ωR is constant, and the AC part of equation 8.21 gives, apart
from some constants, the speed of the vibrating surface u (equation 8.2). The AC
output of the tracker therefore is:

Vout = −2Kku, (8.22)

where K is the sensitivity of the frequency tracker. The unit of K is Volts/Hz (van
Netten [1988]). Note that Vout is the response to the instantaneous speed, and that
the frequency of the vibrating surface is the frequency of the voltage.

In this section, u is assumed to be sinusoidal. The system is linear so that, with-
out loss of generality, u can be replaced throughout this section by a nonstationary
signal.
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Figure 8.3: Detector current ID. Two interfering laser beams (fT = 21000
Hz, fR = 20000 Hz) produce a detector current in the detector. The grey
line represents equation 8.16. The black line is the band-pass filtered signal
from equation 8.17. The period of the black line is 1 ms, which corresponds
to the difference frequency fT − fR, being 1000 Hz.

8.3.3 Measured vibrational data

With laser Doppler interferometry, the vibrating surface speed u can be found. The
time signal coming from the demodulator is a measure for this u. Equation 3.2
shows that the root-mean-square value of u is proportional to the rms sound pres-
sure immediately near the surface. With these data from the complete surface, the
complete sound field can be modelled (Yao et al. [2004]).

8.4 Optical considerations

The use of fibers pose some specific problems. Fibers consist of a core (index of
refraction n1) which is surrounded by a cladding layer (index of refraction n2),
and a protective surround. Through internal reflections, the light stays inside the
core. These internal reflections occur when the angle of incidence on the core-
cladding boundary is greater than the critical angle iB = sin−1 n, where n = n2/n1.
From figure 8.4, it can be seen that this poses a limitation on the angle incident
to the fiber ending. This is called the acceptance angle, which is the inverse sine
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Figure 8.4: Schematic view of a fiber. If i is equal to the critical angle, then
θ is the acceptance angle of the fiber. In this graph n0 sin θ = n1 sin θ′ =
n1 cos i (n1 > n2 > n0).

of the numerical aperture (NA) of the fiber: sin−1 NA = iA. For a good collection
efficiency, all light coming from the source should be focused within a cone, having
a half top-angle iA. All energy outside this cone is not coupled into the fiber. For
an incoming parallel bundle, with a bundle diameter equal to the lens diameter, this
means that the objective lens must have a numerical aperture smaller than or equal
to that of the fiber. The size of the fiber core can result in different modes of the
light transmitted by the fiber. Through consecutive internal reflections, the optical
path lengths of different rays may vary considerable. Destructive self-interference
upon leaving the fiber degrades the beam quality, and makes it less suitable for
interference experiments. By reducing the core diameter, only one mode is guided
by the fiber. This is called the TEM00 (transverse electro-magnetic) mode.

In general, the manufacturer of the fiber provides objective lenses and mounting
devices that fulfill all requirements. Nevertheless, the laser beam must enter the
lens and fiber straight. This is of particular importance with a monomode or single-
mode fiber, where the core diameter is typically 5 µm. Bringing the beam diameter
back from a millimeter to this spot size requires high grade optics. The beam has a
certain divergence and is therefore not completely parallel. Not all rays meet at the
focal point which should be at the fiber entrance. The increased spot size leads to a
reduced coupling efficiency, and also to scattered light back from the fiber entrance
into the setup. The divergence depends on the beam diameter, thus a wider diameter
conserves the parallel beam better. A beam diameter greater than the lens diameter
is undesirable.

For a free laser beam, it is also true that a wider beam gives a less diverging beam
waist. In experiments done with free beams, a wide beam should be employed to
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Figure 8.5: Two measurement situations with fibers. The angle of incidence
to the scanner surface of the laser beam must be 90◦. Full lines: the laser
beam reflects from the surface and enters the fiber again. Dotted lines: the
angle of the fiber end to the surface is not perpendicular. In the worst case,
the laser light does not enter the fiber again.

minimize the divergence and the loss of intensity because of that (Young [2000]).

8.5 Practical considerations

Regardless the method, free beam or fiber, the laser beam must be aligned in such
a way that, after scattering, it is reflected back in the same direction. For the free
beam, deviations from this alignment result in the beam not returning via the same
path. The returning beam must be combined at HM3 with the reference beam.
A deviating beam is harder to be made parallel and overlapping. For the fiber,
misalignment yields coupling inefficiency, or in the worst case, no light returning
into the fiber at all (figure 8.5). The alignment must be done precise, and possibly
with a certain ease. The fiber end must be placed in an adjustable lever, which can
be adjusted as the MR outer surfaces are curved, and not necessarily symmetric.
Within the bore, the lever is difficult to reach, therefore the ease of adjusting is
an important factor during operation. For the free beam, a similar argumentation
holds. The mirror that deflects the laser beam to the surface, should also be easy
adjustable (figure 8.6). The tolerances in misalignment are small, as the beam
diameter, or the spot size, are small as well. Producing a diverging beam increases
this tolerance, as light is more likely to leave the fiber, scatter perpendicular at the
surface, and re-enter the fiber in such a setup (figure 8.7). The loss of intensity,
however, is considerable.
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Figure 8.6: Two measurement situations with mirrors. The angle of inci-
dence to the scanner surface of the laser beam must be 90◦. Full lines: the
mirror is under an angle of 45◦, and the laser beam is parallel to the scan-
ner surface under investigation. Dotted lines: the laser beam has a smaller
angle of incidence to the mirror, as the scanner surface is curved.

Figure 8.7: With a diverging beam, the reflected laser light can enter the
fiber again. The angle with the normal must be smaller than half the
top-angle of the beam emerging from the fiber. The thicker lines are per-
pendicular to the surface, and correspond to the light that is scattered back
into the fiber.
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In both the fiber setup and the mirror setup, the instrumentation within the
scanner room, or at least in the vicinity of the bore, cannot be magnetic nor con-
ducting. The vibrations to measure arise from the switching of gradient magnetic
fields. These same fields can induce eddy currents in conductors, which then evoke
Lorentz forces in the conductors. The resulting vibrations lead to a disturbance of
the measurements.

Vibrations can be transferred from the scanner to the measurement setup. For
adequate measurements, such transfer should be prevented. The mounting of the
measurement system must be isolated from the scanner system as much as possi-
ble. Airborne vibrations, the acoustic noise, can also induce vibrations in the mea-
surement system. Resonance frequencies of the construction must lie outside the
frequency range of testing. Furthermore, the interferometry setup must be located
outside the sound field. The components in such a setup are small and sensitive
to vibrations. Speech in the vicinity of the interferometry setup is already quite
noticeable.

Deflection of the scattered light due to the surface vibrations can be neglected.
A 1000 Hz signal at 130 dB SPL leads to 2.4 × 10−5 m rms amplitude (at standard
temperature and pressure). Under the assumption that this value does not change
significantly over the spot area, no significant deflections are generated. If at all,
these are � 1 degree, and be of influence only if the free beam path is long. In any
case, the alignment must be perpendicular to the surface.

8.6 Problems/restrictions

8.6.1 Placement and alignment

The scanner surface looks like a cylinder, but is in fact not. It is in general not
rotational symmetric, and has a curved surface in the Z-direction (figure 8.6). A
construction for free beam experiments as used by Yao et al. [2004] is not therefore
feasible in a real scanner environment. The rotation of the mirror is necessary to
direct the beam in another direction. For alignment purposes, the mirror needs to
be translated in the XY plane as well (see figure 8.8). In experimental setups
containing fibers, the fiber end must be guided to the scanner surface. The fiber-
head place keeper can be mounted on a rotating device, also to scan the surface all
round. The place keeper must give enough directional freedom to align the laser
beam perpendicular to the surface (figure 8.9). Especially the fiber end must have
rotational freedom for alignment purposes.

If possible, the measurements ought to be performed with a subject or dummy
inside the scanner bore. The sound field may depend on the volume it radiates into,
with the scanner bore design as a crucial factor (Hedeen and Edelstein [1997]; Kui-
jpers [1999]; Price et al. [2001]). Further, loading the bed and perhaps the scanner
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A B C

Figure 8.8: The scanner bore in cross section. The central circle depicts
the rotating mirror holder. A: With a rotational symmetric bore, the mirror
holder only needs to rotate for measurements. B: If the bore is not rotational
symmetric, then only rotating the mirror leads to light scattered round (dot-
ted lines). C: To avoid situation B (dotted lines), the mirror holder needs
translational freedom in the XY plane as well, to be placed in the correct
position (solid lines).

Figure 8.9: The scanner bore is depicted in thick black lines. The central
thick black line represents the mounting of the fiber place keeper to the
floor. From the small cylinder to the thick black line is a grey line, this
represents the connection from the fiber end (small cylinder) to the floor
mount. All arrows indicate the rotations and translations that are necessary
in a setup with fibers.
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bore with extra mass, may alter the vibrational characteristics. The laser interfero-
metric setup should not interfere with the scanner sound field, nor the vibrational
characteristics. This poses serious restrictions to the size and construction of such a
setup.

The complete measurement setup should be supported by the floor, and not
touch the vibrating scanner. Still, it has to be placed in such a way, that the mir-
ror or fiber end can be located accurately in the scanner bore, or near the scanner
wall.

8.6.2 Limits of LDI

Laser Doppler interferometry in a setup as presented is capable of detecting nanome-
ter displacements (van Netten [1988]). For sinusoidal vibrations with a constant
amplitude, the velocity depends linearly on the frequency (equation 8.2). Low fre-
quency, low amplitude signals give a low Vout. Irrespective of frequency, the de-
modulator gives an output depending on the measured velocity. The sensitivity of
the demodulator, however, limits the maximum velocity to be measured. The back-
ground noise inside the scanner bore are more than 50 dB(A). It is not clear whether
this is due to scanner induced vibrations, and that the scanner surface vibrates with
corresponding velocities. It does however provide a lower limit to the measurement
values of interest. This, in combination with the knowledge about the highest mea-
sured sound pressure levels (138 dB peak level in Ravicz et al. [2000]), determine
the required demodulator sensitivity and recording resolution.

The output signal of the demodulator is not depending on the intensity of the
photo signal on the detector. The detector current, however, depends on the intensi-
ties of both the target beam and the reference beam (equation 8.20). For a detector
current with enough signal-to-noise, the intensity of the reference beam should be
as high as possible. The backscattered signal with intensity E0T can then be low,
without compromising measurements. There is a lower limit to E0T , the literature
however does not state the minimally required ratio of E0T and E0R. During mea-
surements, the noise floor of the demodulator needs to be taken into account. If the
signal-to-noise ratio of the demodulator input signal is too low for the demodulator
to function properly, the detector current signal needs amplification.

Related to the backscattered signal intensity is the reflectivity of the vibrating
surface. Absorption and diffuse scatter of incoming beam decrease the intensity of
the reflected beam. The use of a mirror, glued to the surface, or retroreflective tape,
can reduce this problem. The increase of mass can be so low that the vibrational
characteristics are not altered. Joining the mirror to the surface together must be
done tight. A layer of glue can lead to resonance frequencies of the mirror.

In addition, the measurement time is a serious constraint in such experiments.
The actual measurement is not the limiting factor. Relocating and aligning the setup
may be time consuming. A high number of measurement points is needed for ac-
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curate sound pressure level prediction. The spacing of points depends on the wave-
length of the vibrations. Without considering harmonics, the minimum wavelength
in air is about 10 cm. Spacing measurement points 2.5 cm apart in a bore (diameter
60 cm, length 150 cm), leads to 4500 separate measurements. Automation of this
process would require electronics to navigate the mirror or the fiber place keeper.
Electronics are in general not compatible with strong magnetic fields.

8.7 Conclusion

In this chapter, the considerations that need to be taken in laser Doppler interferom-
etry of the scanner bore surface are discussed. The advance of LDI is contact-free
measurement of vibrations. Both free-beam and fiber setups are possible, with their
shortcomings and advantages. Fibers give a better beam preservation, and give a
higher freedom to lead the laser beam to the scanner surface. Free beams need a
less complicated construction for placement inside the scanner bore, but leading the
beam into the bore might lead to difficulties.

The most serious constraint of LDI measurements inside the scanner bore, is
time. In a laboratory setup, the alignment is already difficult. In a setup that
changes after every measurement, the alignment takes considerable time of the total
measurement time. Automation is difficult, if not impossible. The number of mea-
surement points with a piezoelectric transducer is equal to that with LDI, just like
the time to move to a new measurement location. However, the gain in time comes
from the alignment procedure. The LDI experiment should be done in combination
with piezoelectric transducers. Comparing the results from such an experiment will
make clear which measurement system should be chosen.
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