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ACOUSTIC RESONANCE SPECTROSCOPY IN NUCLEAR SAFEGUARDS®

C. T. QOlinger, M. J. Lyon, W. D. Stanbro, M. F. Mullen, and D. N. Sinha
Los Alamos National Laboratory
Los Alamos, NM 87545 USA

ABSTRACT

Objects resonate at specific frequencies when
mechanically excited. The specific resonance fre-
quencics are a function of shape, size, material of con-
struction, and contents of the object. This paper
discusses the use of acoustic resonance spectroscopy
(/ARS) to monitor contamers and detect tampering.
Evaluation of this technigue is based on simulated
storage situations. Although these simulations show
promise for this apphication of ARS, final evaluation
will require actual ficld testing.

1. INTRODUCTION

Acoustic resonance spectroscopy (ARS) is a
nondestructive evaluation technique develoned at Los
Alamos National Laboratery to acoustically intermogate
sodidd objects and containers.'2 The ficld- portable
technigue evaluates acoustic spectr rapidly, inexpen-
sively, and non-intrusively.

All solid obects have nataral modes (frequencies)
at which they can vibrate relatively freely, These nat-
ural vibrational frequencies and their sharpness strongly
depend on the physical charae enistuces of the object such
as its size, shape, and materian composition as well
as stresses placed on the body. These spectra can be
quickl, and easily measured by ARS for future reference
ar companison of similar tems,

ARS miay be useful in monitoning containers and
detecting tampening. Becanse o bge namber of patam
clers influence the acoustic spectram, i s nerly
impossible to retuen a contner to is onganal stare |
the contents have been significantly disturbed, An
nem's acouste fingerprint provides aomeans (o detect

*Uhas work sopported by the IS Depattnent of banergy,
Oftice of Salepnards and Securiy

tampering, monitor the integrity of a container, and
confirm the presence of the contents. In many ways,
this fingerprint behaves as a seal, except that it also
reflects some parameters of the contents, not just the
integrity of the container. Thus, we refer to the ARS
fingerprint as an intrinsic scal. A changc in the ARS
signature indicates some change in the item. After a
change has been detected, more ime-consuming analyt-
ical mcthods can be applicd to determine whether the
anomaly resulied from unauthorized access, removal of
matcrial, damage to the conwiner, spillage of contents,
or cnvironmental ditfercnces between measurements.
Simple, rapid, and nonintrusive ARS mcasurcments
may provide a means of screening large numbers ol
containers for more intrusive and tme-consuming high-
accuracy analyses.

Environmental variables can influence measured
speetra, so these need to be considered in assessing
safeguards applications. These variables include wm-
perature, acoustic coupling to surroundings, pressure
nside the container, and ambient noisc.

ARS is relatively insensitive 1o arabient noise
because only narmow frequency bandwidths are energized
and exvited at cach step interval, Noise outside of this
interrogation band is filtered out and does not interfere
with the measured signa. Atmospheric pressure and
temperature viriations hivve relanvely small effects in
most applications Acoustic conpling, to surroundings,
however, can resutt in significant spectral effects; phase
transitions, which may occur with URg n storage,
could substantially atfeet the signature. Except in cises
of extreme emperature vanations between calibratton
and appheation, temperature ¢fiects should be cor
rectable. Acoustic coupling, to a container’s surround
gy, such as monnting brackets or direct pround con
tact, can atfeet the spectum, These eflects need to be
assessed for cach application.



11. MEASUREMENT TECHNIQUE

ARS excites a bady at discreie acoustic frequen-
cies, listens for the response at that frequency, and then
steps te another frequency. Each step is close 1o the
ncxtin frequency and time, and the desired frequency
range can be swept in just a few scconds, Peaks can
then be identified to determine the resonant frequencics
of a system. This series of peaks establishes a “finger-
print” or signature of the item (Fig. 1). Alternatively,
peak locations can be used to assess physical parameters
of the fill material (e.g., fill height, fluid density, solu-
tion concentration) if the acoustie response has been
cahibrated.
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Fig 1 The ARS method of measuring
acousic spectrd

ARS has many desirable attnbate s, meludmg the
following: the excitation amplitade remams constant
throughout the measurement, ambient nowse 1s hltered
out 1t s not m the narrow bandwidth beiny, measaed
at that e, measutements can bemade i fess than o
nunute, and the acoustie spectram cen be displayed in
real e Moreover ahe entire system consasts of g
computer, an eaternal board (o small extermal package

for notcbook sized computers) and a pair of small trans-
ducers. This makes the system portable, extending the
range of potential applications.

Measured resonant amplitudes are affected by
transducer placement. If the transducer is close to a
node during one measurement and close to an anti-node
of that frequency during another one, the relative ampli-
tudes will not be the same, but the measured resonant
frequencies remain invariant unless a transducer 1s close
enough to a particular nede o prevent detection of that
particular vibrational mode. Nondetection of a single,
or cven a few, resonant frequencies should not signifi-
cantly harm the analysis because multiple resonand es
are generally considered. This makes ARS a robus
system for ficld applications where it may be imprac-
tical to reproduce exact transducer locations between
measureincnts.

1I11. HARDWARE

The ARS system used for this study 1s based on
an IBM/PC- AT 386 or similar hardware., This sup-
ports a single plug-in board (DS A 100), which gen-
crates the input and analyzes the return signal. Alter-
natively, the DSA 100 board can be placed in a small
box containing a rechargeable battery pack and operated
from a notehook-type computer through an RS§-232
interface. This increases the portability of the system,
A pair of ransducers completes the ARS system. One
induces vibrations in the object under study and the
other detects the vibratonal response, feeding the signal
back to the DSA 100, Software necessary for data
acquisition and graphical display accompanics the DSA
100, and the entire system can be procured for a few
thousand dollars,

1V, EXPFRIMENTAL DESIGN

We hitve tested ARS in estabhishung and monmtor.
ing ntrinsic seals on 55 gatlon drums. ‘These, or
drums of simidar design, are used in several applications
of nuclear safeguards concermn such as stormg, weagons
components, heavy water, and nucleas wastes, intrinsic
seals may also be usetul i monionng U, cylinders
and smaller cans of spectal aeclear matenial,

The applicanon of ARS i establishing intnnsag
seals mvolves two mdependent questions. Fust, can
matenal be removed from a sealed stem wathout sigmih
cantly altening, the seal? Second, does the imtrmsie seal
chanpe natwally so as o be umdentifiable at some Luer
e



To gain expericnee with potential pitfalls in
applying ARS to safcguards, we have performed prelim-
inary, laboratory-scale 1ests to assess whether removal
and replacement of the container's lid (without disturb-
ing the interior) can be detected. Tests of natral vana-
tion in a container's signature have so far been limited
to thermal cycling by exposure outside and tests per-
formed in a laboratory with high ambicnt noisce levels.

All of these 1ests were conducted with the trans.
ducers magnetically attached 10 the lid of the drum. The
transducer locations were marked directly on the lid so
the ransducers could be precisely replaced. In many
cases Wsts were duplicated. In one, the transducers
remained affixed to the container and in another they
were removed and visually aligned to closely approxi-
maltc their previously marked positions,

V. RESULTS

Acoustic spectra obined on a given container
under diflerent conditions generally support the possi-
bility of using ARS in cstablishing inuinsic scals,

In cases where the conainer was not tampered with,
the relatively mild environmiental conditions did not
adversely affect the sigunature. Conversely, every time
the container was opened and rescaled, clear spectral dil-
ferences occurred, These results are only preliminary,
and ficld westing is required 1o assess the effects of
environmentil conditions on the acoustic signature,

A. Signature Stability

To 1est the stability of the signature with tempera-
ture shitts, we placed the barrel i full sun for S days.
Alwer exposure o thos thermal cycling, we returned the
container 1o a climate-controlled room where the refer
coce spectrum was measurcd. New spectra revealed
approximately 40-Hyz shafis m resonant treguencies
when the container was stilll warm, but wathin approx
imately 3 hours the spectrum regamned ats original strue
ture. Fipure 2 compares the reference spectrum with
the Tinal spectrum after thenmal cycling and cooling.
Resomance peaks of these spectra show no sigmficant
differences wathin the resolution of the measurcment,
Lamited thermal cyching hid negligible effects onthe
acoustic sigmatisre . The it diflerences i speetia
reflecta shpht thermal dependence of in obrecUs inons
tie sipatuee, We should be able o correct for thermal
eltects, viuch will permit hield apphicanons where (em
peratures cimnot be comrolled

Response Amplitude
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Fig. 2. Comparison of acoustic signature
after thermal cycling.

A high-noise environment does not adversely
altect the ARS technigue. The system was placed ina
room with a large ir conditioning unit. This does not
match the very high noise levels found in some indus-
trial apphications, but it is sufficient to warrant limiting
worker exposure to the noise. All major resonances
were reprodicible between analy.es.

B. Tamper Indication

Preliminary tests have also been performed 1o
detect intrusion into the container. The lid of this par-
ticular container has a padded ring where the lid meets
the edge ol the drum. The lid is held in place by a
keeper ning that engages both the Lid and the wop ridge
of the contaimer. The keeper ring s secured by bolting
the opened emxds wogether.

Repeated atiempts were made at opening the con
taner, replacing, the lid and adpusting the wosion on the
keeper-ring, bolt 1o reproduce tie original spectrum,
Many individual resomance peaks were invariant he
tween measurements, but we could never reproxduce all
uf the magor tesonances, Reproducing, the torgue on
the keeper nng bolt upon rescaling the container sull
results i sipgnthcantly difterent spectrae This s prob
ably due, 1 part, to the fact that the oing is deformed
shiphtly ciach time 1ty iemoved, so the focations ol
neEvamnen pressure on the hd e sreversibly altered.



~ No attempts were made at circumventing the lid to
gain cntry. A padded ring between the lid and container
prevented cffective acoustic coupling. Thus, acoustic
signaturcs obtained from the lid will not reflect the
integrity of the rest of the container. To get this infor-
maticn, a second spectrum should be aken from the
container walls. Because the rest of the container is
contiguous, this second measurcment may be sufficient
10 monitor for intrusion scenarios that circumvent the
lid.

V1. DISCUSSION

Tests on the stability of an item’s acoustic sig-
nature indicate that some resonant frequencics shift
slightly, but in cvery case these were within a peak
half-width of cach other. Comparing these shifis rela-
tive to the peak widths may be usceful in assessing
whether or not the shifts are significant

Potential complications do exist in using ARS 10
cstablish intrinsic scals. Environmental variables such
as emperature and atmospheric pressure do affect a con-
tainer's acoustic spectrum. Bench-1op tests indicate that
thcse may not be significant, but ficld tests arc now
required 10 assess whether long exposure (o environ-
mental conditions adversely affects the stability of ARS
intrinsic scals,

Anuther question in using ARS to establish anf
momtor mtrinsic scals is whether the sysiem can be
spoofed by replacing authentic material with a surro-
gate. We have not performed any surrogate Lests
dirceted at nuclear safeguards applications, but rele vant
testing has been performed for apolicadons of ARS in
monitoring the chemical weapons convention.? In
these tests, a surrogate chemical was engineerced to
closely match the acoustic velocity, density, and vis-
cosity of the VX chemical agent. Comparing the
spe-tra of similarly filled munitions, acoustic reso-
nances for surrogate-filled rounds were significantly
shifted from those of the VX-filled round (Fig. 3).
These results suggest that diversion scenarios in which
nuclcar material is replaced with a surrogate would still
be detectable in many mtnnsic scal upphcations.

In some cases (such as assessing the significance
of small shifts in resonance peaks), it may be desirable
1o monitor spectral shapes as well as resonant freguen
cies. Companison of spectrn can be facilicied if trans
ducers are precisely reposinoned on the container ciwh

time. One approach would be 1o pesmanently atach the

ansducers to the item, but this woald add substantial
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Fig. 3. Comparison of real (H) vs. surrogate-filled
munitions.

cost to cach itcm. An aliernative solution is 10 cpoxy
magnels to the scaled itcms. The transducers could then
be magnctically repositioned to the same location.
Teste on this approach are currently undcrway.

VII. SUMMARY AND CONCLUSIONS

In the future, ARS may play a useful role in safe-
guards applications. Spectra obtained using ARS have
high nuise rejection; measurements arce rapid, typically
requiring only about 10 seconds; the systems are pont-
able. with a lap-top computer housing all required hard-
warc; and acoustic spectra arc sensitive 1o changes in a
varicty of independent parameters.

These attributes make ARS attractive in ficld
applications and where radiation ficlds may be high. In
the ucar-tertn, ARS may be usclul in establishing and
monitoring intrinsic scals op individual items. In par-
ticular, we hape io test the technigue on pit conuincrs
and UFg cylinders,

In addition 1o cstablishing intrinsic sca ., ARS
may have safeguards applications in process monitoring
and facility design verification. These applications are
being pursucd in sepanate studies.

REFERFMCES

1. Dipen N. Sinha and Kenneth B Apt, “Acoustic
Resonance Spectroscopy,” in “*Verilication
Technologaes,” Department of Energy/Oftice of
Arms Control and Nonproliferation report
DOE/DIOACIVT O2A (1900 pp. 5256



2. D.N. Sinha, “Acoustic Resonance Spectroscopy
(ARS)," IEEE Potendials 11, 10-13 (1992).

3. Dipen N. Sinha, “Acoustic Resonance Spectroscopy
in CW Venification,” in “Chemical Weapons
Convention Verification Technology Research and
Development,” EAI Report 10/93/005F (May
1993).



