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Perfect-crystal neutron interferometers are subject to deg-
radation of their performance caused by vibrational accelerations.
I t is shown that the most seriously offending accelerations are
rotational, and an effective and simple vibration isolation sys-
tem that has been developed at the MIT Neutron Diffraction
Laboratory is described.

Introduction

The great sensitivity of a perfect crystal neutron interferometer to small
phase perturbing effects is a consequence of the size of the device relative to
the wavelength of the neutron radiation used - - the separated coherent neutron
paths typically equal 109 neutron wavelengths. This sensitivity and the re la t i -
vely long time required for a neutron to propagate through an interferometer
(~25ys) cause the interferometer to be very sensitive to physical perturbations
of i ts dimensions which are caused by environmental fluctuations such as vibra-
tions and temperature dr i f ts . This paper summarizes the work that has been done
at MIT on the interferometer vibration problem. The effects on interferometer
performance of vibrational accelerations have been considered by C. G. Shull1
and D. K. Atwood2. Vibration isolation systems have been constructed and ana-
lyzed by B. E. Takala3 and J. Arthur4.

Time-Dependent Phase Perturbations and Interferometer Performance

Figure 1 shows somewhat idealized representations of two common types of
perfect-crystal neutron interferometer. In the Bonse-Hart interferometer, Fig.
l (a ) , the coherent splitt ing and recombination of a relatively narrow (-lmm)
neutron beam are accomplished with three thin crystal plates, in symmetric Laue
orientation. In this idealized version with very thin crystals, the beams do
not suffer appreciable spreading as they pass through the device, and can be
thought of as "rays" with negligible width. The two-crystal interferometer
developed at MIT, shown in Fig. l (b ) , uses two thick (~lcm) crystal plates for
coherent separation and recombination. A Imm-wide entrance beam is transformed
into a set of coherent pairs of rays in the region between the crystals. The
coherent ray pairs are symmetrically located about a central ray (two represen-
tative ray pairs are shown in Fig. l (b ) ) , and taken altogether they form a wide,
continuous beam flowing between the crystals. However, i t is emphas'zed that
coherence exists only between members of ray pairs.

In both types of interferometer, phase perturbations of the separated ueams pro-
duce intensity modulations in the radiation exiting from the f inal crystal sur-
face. Specifically, in an idealir d interferometer, the intensity contribution
to either of the exit beams from a coherent ray pair in the interferometer has
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Figure 1
Idealized representations of a Bonse-Hart interferometer (a) ,
and a two-crystal interferometer (b ) , showing the coherent
s p l i t t i n g and recombination of neutron rays. Both inter fero-
meters are shown using 1.56 A radiat ion; because the two-
crystal device rel ies on d i f f rac t ion from the (400) crystal
planes while the 8onse-Hart interferometer uses (220) d i f f rac-
t ion planes, the Bragg angles d i f f e r .

the form

1 = 1 + cos4) , (1)

where <j> is the phase difference developed over the two coherent ray paths.

Following the analysis of Shull1, consider the effect of a simple sinusoidal
perturbing phase, a(t), with frequency a and amplitude a0 • It will modify
Eq.(l) to give

cos(cf> (2)

The effect that this perturbing phase has on the contrast, C, which is
defined as

C = (3)

can be found for small a0 by e'^anding the cosine function around n) = 0 and
4> = TT . The ratio of perturbed to unperturbed contrast is the degradation fac-
tor, D, which equals

D = 1 - (l/2)(a0 sinait)2 + (l/24)(o0 sinut)4- ...(4)

If the measuring time is long compared to 1/w, the sinusoidal phase perturbation



wi l l be averaged out to give a f i r s t order degradation ef fect of

D - 1 - ( 1 / 4 ) a 0
2 (5 )

for each coherent ray pair in the interferometer affected by th i s perturbat ion.
This result w i l l now be applied to the oroblem of random vibrat ional accelera-
tions of an interferometer.

Phase Perturbations Due to Accelerations

Since a crystal interferometer is quite r i g i d , (such devices are usually carved
from a single s i l icon c rys ta l , with the d i f f rac t i ng crystal plates remaining
fixed to the crystal base) the important effects of vibrat ions are due to l inear
and rotat ional accelerations of the interferometer as a whole. The most s ign i -
f icant phase effects are caused by t ranslat ional acceleration perpendicular to
the d i f f rac t ing la t t i ce planes, and by rotat ion about an axis perpendicular to
the scattering plane.1 '2

The phase effects of transverse l inear acceleration can be understood by using
the non-inert ial reference frame of the interferometer and introducing a f i c -
t i t i ous force and potential for the neutrons.5 An acceleration a w i l l cause a
phase sh i f t

m2x
A<Min = A l r f ^ s e a (6)

in each pair of coherent rays, where A is the area enclosed by the rays, X i s
the neutron wavelength, and e is the Bragg angle. I f the acceleration is s inu-
soidal with frequency to, the phase sh i f t becomes

m2 A
A(j>iin =A apeak si nut , (7)

2irfi2cose v ;

where ap t a^ is the peak l inear acceleration.

Rotation of the interferometer causes a phase sh i f t between coherent rays which
can be interpreted as a consequence of coriolus forces on the neutrons6, and
which is equal to

' (8)

where u>rot is the angular velocity of the ro tat ion. For the case of periodic
rotat ional acceleration with frequency u, th is becomes

A 2m
A<f>rot = A — apeak cosoit , (g)

flu

where ctpeak is the peak angular acceleration.

Each of the phase shi f ts mentioned above i s proportional to the area enclosed by
the coherent rays in the interferometer. For the Bonse-Hart interferometer th is



presents no problem since all coherent ray pairs enclose the same area. The two-
crystal interferometer is a bit more complicated, since different ray pairs
enclose different areas. A phase shift which is proportional to enclosed area
is equivalent to the phase shift introduced by a wedge of material placed across
the beam between the interferometer crystals, so that the outer rays see a
greater difference in optical path length than do the central rays. The range
of phase shifts must be taken into account when computing the effect on the
intensities of the beams leaving the interferometer. For a phase shift that is
linearly dependent on enclosed area, the intensity of one of the exit beams can
be shown to be7

I = (*/16) + (ir/8) Jl(<l>Amax) . (10)

where 4>Amax ""s the phase shift induced in the ray p^ir enclosing the maximum
area. This leads to a modification of the expression for the degradation caused
by a small perturbing phase (Eq.(5)). Using a series expansion for the Bessel
function d\, it can be shown1 that

D - 1 - (1/16) a2 , (11)
Amax

when the two-crystal interferometer is subjected to an area-dependent sinusoidal
phase perturbation.

Experimental Study Of Vibrational Accelerations and Isolation at MIT

The use of a pair of sensitive pieozoelectric accelerometers and a Fourier
spectrum analyzer has greatly facilitated the study of the vibrational environ-
ment at the MIT Reactor. The accelerometers are wery sensitive to linear acce-
lerations along one axis only. When the pair are mounted with their sensitive
axes parallel, in the neutron scattering plane, and perpendicular to the line
connecting their centers, they can be used to separately measure linear and
rotational accelerations. The sum of the signals from the accelerometers gives
the translational acceleration parallel to their axes, while the difference bet-
ween their signals gives the rotational acceleration. A typical difference
signal spectrum is shown in Figure 2(a). The vibration spectrum at the MIT
Reactor changes somewhat from day to day, but peak accelerations (for both sum
and difference signals) lie between 10~6g and lO'^g, where g is the gravita-
tional acceleration of the earth, 980 cm/s2. The peak levels tend to occur at
harmonics and subharmonics of 120 tlz, the principal vibration frequency of the
many transformers and pumps located in the reactor.

To estimate the effect of these environmental vibrations on the performance of
an interferometer (for instance, the MIT two-crystal interferometer), it is
necessary to adapt Eq.(ll) to allow for a range of vibrational frequencies.
Since the spectrum features a few prominant peaks, it can be approximated by a
limited sum of sinusoidal oscillations, with appropriate amplitudes and frequen-
cies. Equation (11) then becomes

D - 1 - (1/16)1 «2 . (12)
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Figure 2
Fourier analysis of the difference signal from two
accelerometers, giving the frequency spectrum of the i r
rotational acceleration. Spectrum (a) was taken on the
interferometer support table at the MIT reactor without
any vibration isolat ion system. Spectrum (b) was taken
on top of the vibration iso lat ion system used with the
MIT interferometer.

Now, insert ing the constants appropriate fo r the MIT two-crystal interferometer
into Eq.(7) to f ind the amplitudes a-j for l inear accelerations, one finds

a l i n * peak 55.3 (13)

where apeak is determined from a peak in the measured spectrum. I t is c lear
that for values of apeak in the range 10~6g to 10- g, a-|-jn w i l l be negl ig ib ly
small, and even i f several peaks are present in the spectrum,, these l inear acce-
lerations w i l l not cause a signif icant deteriorat ion of interferometer perfor-
mace. This w i l l also be true for a Bonse-Hart interferometer. So, at least in
the MIT Reactor environment, one can ignore the effects of l inear accelerations.
Unfortunately, rotational accelerations are not so easily neglected. Insert ing
the constants appropriate to the MIT interferometer into Eq.(9) gives:

a ro t = apeak 5.98'1Q6 rad cm
2 r f

(14)
g sec

where apeak is the peak acceleration measured by the accelerometer difference
signal,2r is the separation of the accelerometers in cm, and f is the v ibra t ion
frequency in Hz. I t is apparent that the vibrat ion spectrum shown in F ig . 2(a)
could cause some degradation in interferometer performance; at times when the



vibration environment is more severe the degradation could be serious. Thus,
vibration iso lat ion schemes for interferometers must be designed to eliminate
rotational accelerations.

The interferometer support at MIT was bu i l t wi th these considerations in mind.
I t consists of a high-quality bal l bearing supporting a weighted table on which
the interferometer s i t s . The orientat ion of the table is maintained by two weak
springs connecting two points on i t s outer edge with an anchor r ig id ly connected
to the base.

I f the bearing were perfect, the resonant frequency of th is system would be
determined by the moment of i ne r t ia of the table and the torque constant charac-
t e r i s t i c of the spring coupling. This was found to be the case for rotat ional
motions with amplitudes large enough to be v is ib le to the eye. However, the
ambient v ibrat ional motion is so small that the motion of the table is microsco-
pic. For such motion, the resonant frequency of the system was found to be
somewhat higher than expected, and independent of the spring constant. I t is
believed that the restoring force for such small-amplitude osc i l la t ions is pro-
vided not by the springs, but by the e las t i c i t y of the bearing bal ls and races.
These deform s l igh t ly while supporting the load of the tab le , and microscopic
osci l la t ions of the table do not cause the bal ls to r o l l , but rather to merely
f lex a b i t . The small-amplitude resonant requency of the f i na l version of t h i s
system is 2.5 Hz, whereas the resonant frequency expected from the moment of
inert ia of the table and the spring constant would be 0.7Hz.

Fortunately, the actual resonant frequency is well below the frequencies of a l l
of the large ambient v ibrat ions. Figure 2(b) shows the rotat ional acceleration
spectrum measured on top of th i s turntable. The amplitudes are a l l less than
10"5g, and no appreciable degradation of interferometer performance is expected
or observed.
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