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ABSTRACT 
 

Extended dry storage of spent nuclear fuel makes it desirable to 
assess the structural integrity of the storage canisters. Stress 
corrosion cracking of the stainless steel canister is a potential 
degradation mode especially in marine environments. Sensing 
technologies are being developed with the aim of detecting the 
presence of chloride-bearing salts on the surface of the canister 
as well as whether cracks exist. Laser induced breakdown 
spectroscopy (LIBS) methods for the detection of Chlorine are 
presented. Detection of a notch oriented either parallel or 
perpendicular to the shear horizontal wave vector is 
demonstrated using the pulse-echo mode, which greatly 
simplifies the robotic delivery of the noncontact 
electromagnetic acoustic transducers (EMATs). Robotic 
delivery of both EMATs and the LIBS system is necessary due 
to the high temperature and radiation environment inside the 
cask where the measurements need to be made. Furthermore, 
the space to make the measurement is very constrained and 
maneuverability is confined by the geometry of the storage 
cask. In fact, a large portion of the canister surface is 
inaccessible due to the presence of guide channels on the inside 
of the cask’s overpack, which is strong motivation for using 
guided waves for crack detection. Among the design 
requirements for the robotic system are: to localize and track 
where sensor measurements are made to enable return to those 
locations, to avoid wedging or jamming of the robot, and to 
tolerate high temperatures and radiation levels.  

 
INTRODUCTION 
The fuel cycle is an integral part of nuclear power generation. 
Once the nuclear fuel is spent the assemblies are removed from 
the reactor and placed in wet storage pools, which provide 

cooling. Eventually, the decay heat generation in the fuel 
assemblies is low enough that they can be taken out of wet 
storage and sealed in an inert environment inside dry storage 
casks before being transported to a repository for disposal. 

In the absence of a final repository, the extended use of dry 
storage for spent nuclear fuel from U.S. nuclear power plants 
needs to be assessed to confirm the structural integrity of the 
storage casks. Structural integrity analysis entails (i) an intimate 
knowledge of potential failure modes, as well as the associated 
degradation processes, and (ii) nondestructive inspection. 
Because the canisters are encased in a concrete overpack the 
access is limited and/or costly. 

The goal of this paper is to report our recent research 
efforts towards robotic nondestructive inspection (NDI) of dry 
storage casks. The accomplishments presented herein form the 
basis for robotic inspection tools and methods currently being 
developed. This paper is organized as follows. The next section 
describes dry storage casks, their features that make NDI 
challenging, and a possible degradation mode of concern. Then, 
a laser induced breakdown spectroscopy (LIBS) based method 
to sense salts on the surface of the stainless steel canister is 
described along with some initial laboratory results. Thereafter, 
compact electromagnetic acoustic transducers (EMATs) are 
discussed as a noncontact means to send and receive shear 
horizontal waves that are sensitive to stress corrosion cracking. 
To date LIBS and EMAT measurements were made in the 
laboratory, with an eye towards setups that are advantageous 
for robotic delivery systems. The next section describes sizing 
the robotic system to prevent it from wedging or jamming 
along the delivery path. Finally, conclusions are drawn 
regarding the design of the robotic inspection system. 

1 Previously affiliation: Penn State, University Park, PA  USA 
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DRY STORAGE OF SPENT NUCLEAR FUEL 
When ready for dry storage, fuel assemblies in the cooling pool 
are loaded into the basket inside a welded cylindrical stainless 
steel canister that is roughly 2 m in diameter, 5 m long, and 15 
mm thick. Once loaded, the lid is welded onto the canister and 
the canister is backfilled with helium. The canister is then 
transported to the Independent Spent Fuel Storage Installation 
and placed inside an overpack for shielding, cooling, and 
protection. Overpacks vary considerably by vendor, but there 
are two basic types; vertical axis systems are thick-walled steel 
clad concrete cylinders concentric to the canister, and 
horizontal axis systems are cuboidal concrete boxes and have a 
steel frame to support the canister in a horizontal orientation. A 
photo of a vertical axis HI-STORM cask is shown in Fig. 1 
since that is the focus of this paper. A cut-away rendering of a 
HI-STORM cask is shown in Fig. 2. Both cask types have a 
well defined ventilation system to provide convective cooling 
of the canister; however, the gap between canister and overpack 
is on the order of 10 cm for vertical axis systems while the 
plenum is quite spacious in horizontal axis systems. The 
environment inside the overpack is too harsh for humans due to 
high temperature and radiation (primarily gamma). Besides, 
vertical axis systems are far too constrained for human access. 
Thus, any inspection of a canister inside an overpack needs to 
be done with the assistance of a robotic system. The alternative 
of removing the canister from the overpack for inspection is 
costly and cumbersome. 
 
 

 
FIG. 1  UNLOADED HI-STORM DRY STORAGE CASK 

 

Degradation of the overpack would most likely be 
associated with concrete degradation due to freeze-thaw or 
alkali-silica reaction. Scanning NDI methods related to this 
concern are reported elsewhere [1], but here the emphasis is on 
the canister. A potential degradation mode for canisters, 
especially those located in marine environments, is chloride-
induced stress corrosion cracking [2-4]. Stress corrosion 
cracking (SCC) is a complex phenomenon that causes crack 
growth at a stress intensity factor lower than the plane strain 
fracture toughness KIC and that manifests itself differently 
depending on the material, the type and level of loading, and 
the environment [5,6]. Some stainless steel alloys can be 
sensitized by high temperature excursions that deplete 
chromium at the grain boundaries. For instance, welding can 
create a heat affected zone that becomes susceptible to SCC. 
Welding also creates thermal residual stresses, which in the 
case of canister welds are not stress relieved [4].  

There are three conditions necessary for SCC to occur: the 
material is susceptible, existence of a tensile driving force, and 
the presence of a corrosive environment. The third, and critical, 
element is brought about in this case by the presence of 
chlorides in solution on the surface of the stainless steel. In a 
marine environment it is possible that airborne salts containing 
chlorides enter the cask through the inlet vents with the cooling 
air and get deposited on the surface of the stainless steel 
canister. Under the right combination of temperature and 
humidity the salt could deliquesce on the surface, thereby 
creating conditions whereby SCC could occur [6]. While crack 
initiation and growth is dependent upon all of the above factors, 
experience and expectations from modeling imply that cracks 
transverse to the weld or parallel to it are predisposed to occur 
in the heat affected zone. Experience also shows that stress 
corrosion cracks in austenitic stainless steel are primarily 
intergranular and therefore contain significant branching [7]. 
We want to emphasize that these are educated expectations and 
do not want to discount the possibility of other degradation 
processes. 

A robotic inspection system is being developed to use 
LIBS for surface composition measurements on the stainless 
steel canister. To make this practical an optical fiber will be 
used to deliver the intense light from the laser to the surface 
and back to a spectrometer so that the laser and spectrometer 
can be located in a command center outside the cask. The 
robotic system will also deliver EMATs for crack detection 
using shear horizontal (SH) waves. One of the real advantages 
of using SH waves is that they do not require access to the 
entire surface of the canister. Some vertical axis overpack 
models have guide channels to maintain concentricity between 
the canister and overpack that effectively block access to 
roughly half the canister surface. In these models the robotic 
system is essentially constrained to move vertically between the 
guides. This is the design basis for our robotic inspection 
system. In addition to LIBS and EMAT measurements the 
robotic inspection system is expected to measure temperature 
with thermocouples and ionizing radiation with a miniature 
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Geiger Muller tube. The next section describes LIBS 
measurements of salts on stainless steel. 

 
 

 
FIG. 2  3D RENDERING OF HI-STORM DRY STORAGE 

CASK 
 

 
SENSING SALT DEPOSITS 
As stated above, the presence of chlorine ions in solution on the 
surface of stainless steel, in conjunction with mechanical stress, 
can lead to stress corrosion cracking. Thus, it is of great interest 
to measure the salt concentration on the canister surface to 
ensure that the concentration of chlorine on the canister is not 
high enough to cause SCC. It has been reported that for the 
steels under consideration and in dry storage conditions 
susceptibility to stress corrosion cracking can occur with 
concentrations as low as 0.8 g/m2 [8]; we therefore set the range 
of interest for chlorine detection between 0.1 and 1 g/m2. We 
chose to use Laser-Induced Breakdown Spectroscopy (LIBS) to 
conduct these measurements, primarily due to its compatibility 
with remote measurements in confined, hostile (high 
temperature and radiation) environments and its good elemental 
sensitivity [9]. 

LIBS involves focusing a pulsed laser onto the sample 
surface, generating ionized and excited particles in luminous 
plasma, and resolving emission lines from the plasma that are 
characteristic of the elements of interest [10,11]. LIBS has been 
widely used for its versatility, simplicity and ability to perform 
in-situ, rapid chemical analysis and has been extensively 
studied to improve its analytical performance by optimizing 
experimental parameters [10,11]. However, characterization of 
chlorine on stainless steel by LIBS is challenging due to the 
high excitation energy of chlorine of over 10 eV and the 
potential for interference from iron emission lines when the 
spectrometer resolution is limited [8,12]. 

Dual-pulse LIBS could greatly enhance the chlorine 
emission intensity [8,12]; however, such complex delivery 
configuration may not allow delivery of LIBS in the conditions 
of dry cask storage monitoring. Eto et al. [9] recently 
demonstrated a fiber-coupled LIBS system and a coaxial 
focusing configuration for detection of chlorine on stainless 
steel in confined space. However, reliably detecting the 
chlorine emission line at 837.6 nm when chlorine is deposited 
on steel remains challenging, especially when quantitative 
concentration measurements are sought at low concentrations. 

One possible alternative is to use the detection of Na to 
infer the presence of salt (and chlorine). This is justified in part 
by the fact that no significant variation of the ratio of alkali 
elements such as Na, Mg, and K to chlorine has been observed 
in oceans and major seas [13]. Considering the fact that alkali 
metals could be readily measured by LIBS with a typical limit 
of detection of a few ppm, they could serve as surrogates for 
measurement of total chlorine concentration [14]. This assumes 
that no environmental speciation of Cl and Na occurs. For 
preliminary measurements, samples with homogeneous 
distribution of NaCl on stainless steel have been created and the 
ability to detect and quantify the Na emission line in LIBS 
measurement with an SEM/EDS benchmark has been 
demonstrated. 

Figure 3 shows the experimental setup for LIBS 
measurements. A Q-switched Nd:YAG laser (Spectra Physics 
Quanta-Ray) with pulse duration of 10 ns and a repetition rate 
of 10 Hz was operated at second harmonic generation. The 
laser pulse energy was attenuated to around 40 mJ and focused 
onto the sample surface. The spot size is approximately 200 
µm. A 3-axis motorized translation stage was used for remote 
control of the sample position during data acquisition. The 
emission light was collected in standard atmospheric conditions 
and diverted through an optical fiber into a Czerny-Turner 
spectrometer (Horiba Jobin Yvon iHR 550) and an ICCD 
camera (Andor iStar 334T). A LabVIEW-based data 
acquisition system was developed to provide proper timing 
between shutter and ICCD through a delay generator (Stanford 
DG645). 

 
FIG. 3 EXPERIMENTAL SETUP FOR LIBS 

MEASUREMENTS 
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To calibrate the LIBS measurement, i.e. determine the 
relationship between intensity and concentration, we needed to 
create reliable standards with precisely known salt 
concentrations. We developed a procedure to repeatedly create 
salt films on metallic substrates. For this, we used a Perkin 
Mira-mist nebulizer, which allows us to create nanoscale 
droplets of salted solutions. We used it on room temperature 
samples and on substrates heated to ~500 K, the latter 
producing more consistent results. Heating allowed us to 
instantly dry the solution at contact with the substrate, creating 
a continuous film of salt. We used this procedure with a 100 
times diluted 5 mol/L standard NaCl solution and with an 
artificial seawater solution from Lack Product Company LLC 
diluted to 0.198 g/L chlorine concentration. We created a series 
of 10×10 mm2 samples with 0.1, 0.3, 0.5, 0.8, and 1 g/m2 
chlorine concentrations. With this procedure we obtained 
samples with high homogeneity and precisely known 
concentrations. SEM images of two samples with 0.3 and 0.8 
g/m2 chlorine concentrations are shown in Fig. 4. 

 
 

 
 

FIG. 4 SCANNING ELECTRON MICROGRAPHS OF 
SURFACES AFTER SALT DEPOSITION. SAMPLES 

WITH 0.3 G/M2 (LEFT) AND 0.8 G/M2 (RIGHT) 
CHLORINE ON STAINLESS STEEL SUBSTRATE 

(IMAGES TAKEN USING SEM X5000) 
 
 

 

 
FIG. 5 LIBS LASER SHOTOS (IMAGES TAKEN USING 

SEM X200) 
 

On heated substrates, a continuous film of salt is observed 
on the surface of the samples. Although the salt is not 
observable, even at very high magnification, its presence, 
homogeneity and relative salt concentrations were confirmed 
using EDS measurements. At concentrations higher than 0.5 
g/m2, crystal clusters of salt begin to appear, mainly gathering 
on crevices of the substrate. The salt layer also appears to be 
thick enough to smooth surface discontinuities of the substrate.  

The LIBS laser shots present a high degree of geometrical 
reproducibility. Each shot creates two ventricles (see Fig. 5), 
corresponding to the laser beam profile. Laser shots are directly 
surrounded by a depletion area on which no salt is observed and 
by an affected area on which the high substrate temperature 
occurring during the shot causes the salt layer to melt. The 
diameter of the depletion area is approximately 0.5 mm. The 
thermally affected area depends on the substrate, and is 8 mm 
in diameter for stainless steel (SS) and 2 mm in diameter for 
aluminum. While the impact of the melting on the chlorine 
concentration is still not fully understood in our measurements, 
early observations suggest that there is little or no change for 
our concentrations of interest. This needs to be further 
investigated and confirmed. 

 
FIG. 6 NA I ACCUMULATED EMISSION SPECTRUM 

OF NACL SAMPLE (1.0 G/M2 CHLORINE) ON SS AND 
THE LORENTZ FIT OF 589.0 NM EMISSION LINE 

 
The gate delay and gate width time of the ICCD camera 

during the LIBS experiment were set to 1 µs and 0.25 µs, 
respectively, in order to avoid strong self-reversal of Na I 
emission lines. Five laser pulses were used at each location of 
the sample, obtaining a cumulative spectrum. Emission spectra 
obtained in this fashion at three different locations on the 
sample were used in the data analysis. A typical emission 
spectrum from an NaCl sample at a chlorine concentration of 
1.0 g/m2 is shown in Fig. 6. Two Na I emission lines at 589.0 
nm and 589.6 nm are detected. The Na I emission line at 589.0 
nm was fitted using a Lorentz distribution. 
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FIG. 7 DEPENDENCE OF THE NA I EMISSION 

INTENSITY ON CALCULATED CHLORINE 
CONCENTRATION	  	  

 
The dependence of the Na I line intensity on chlorine 

concentration is shown in Fig. 7. The integrated emission under 
the Lorentz-fit 589.0 nm line is plotted versus the chlorine 
concentration calculated using concentration of diluted NaCl 
solution, well-controlled flow of the nebulizer, and the spraying 
time on the substrates, and confirmed by SEM/EDS. Mean 
values of the Na I emission intensity are fitted to an exponential 
relationship, which is an approximate expression of the 
Lambert-Beer law [9]. This procedure allows us to account for 
self-absorption. The error bars of Na emission intensity are 
primarily due to large thermal affected areas interfering with 
the results of the subsequent laser shots and the assumed 
Gaussian-shaped spraying distribution of the nebulizer. A good 
correlation of the measured intensity with the calculated 
concentration is found, suggesting that the measurement of Na 
can be a good surrogate for the measurement of salt 
concentration. Clearly, in order to use Na as a surrogate for Cl, 
it is necessary to show that during transport and deposition the 
Cl and Na ratio remains approximately constant, as it is 
possible that environmental reactions during transport could 
cause this ratio to change. Finally it is necessary to investigate 
other possible sources of Na (such as dust, etc.) that could 
generate a false positive signal. Nevertheless the technique 
appears to be a promising path that allows the use LIBS on 
steel while avoiding the concerns of the convolution of the Fe 
and Cl lines and permits low detection limits. 

To summarize, sample-preparing procedures have been 
standardized in our experiment to create homogeneous salt 
deposits. The samples were analyzed by LIBS system and the 
concentrations benchmarked by SEM/EDS. The ability to 
quantify Cl on stainless steel in the concentration of 0-1 g/m2 
has been investigated in this study by means of a surrogate Na 
measurement. For future work, synthetic seawater will be used 
to more realistically simulate the deposition on the canister. 
Other alkali metals such as Mg and K will be examined 

simultaneously with Na in the salt deposits for verification 
purposes. Fiber-coupled LIBS and coaxial focusing 
configuration will be developed to increase the flexibility of the 
LIBS system and to reduce the impact of misalignment of the 
focus. Experimental parameters (i.e. laser energy, gate width, 
gate delay) will be optimized for this configuration. Calibration 
curves for these specific experimental parameters will be 
constructed, with a goal to develop a more general 
understanding, which would allow us to construct a universal 
calibration curve. 
 
SENSING STRESS CORROSION CRACKS 
Vertical axis cask systems (in particular HI-STORM) pose 
many geometric challenges for canister NDI. Figure 8 depicts 
an unwrapped overlay of canister welds on the overpack inner 
liner. The presence of guide channels limits access to portions 
of the bottom and circumferential welds. Furthermore, since the 
circumferential orientation of the canister relative to the 
overpack is unknown, the axial weld can either be exposed or 
inaccessible due to the guide channels. The limited accessibility 
associated with overpack guide channels excludes the use of 
conventional NDI methods based on point-by-point probing. 
Therefore, a non-contact guided wave method is highly 
desirable for remote robotic delivery. 

 

 
 

FIG. 8  UNWRAPPED OVERLAY OF CANISTER 
WELDS ON OVERPACK INNER LINER WITH SENSOR 

CAR EMPLOYING PULSE ECHO METHOD 
 
Rayleigh waves (surface waves), Lamb waves, and shear 

horizontal (SH) waves are well known types of guided waves 
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commonly used for NDI [15]. Rayleigh waves propagate along 
a traction-free surface of a half-space. Lamb waves and SH 
waves propagate in a homogeneous isotropic traction-free plate. 
Because the guided waves are confined within boundaries and 
near a boundary, they can propagate a fairly long distance from 
a single probing position in a plate or pipe. This mid-range 
volumetric inspection capability is useful for applications with 
limited accessibility, as is the case for the canister. 

Among the guided waves mentioned above, SH waves are 
chosen as the primary activation for canister NDI because they 
reflect from a crack oriented either normal or parallel to the 
wave vector. Lamb and Rayleigh waves have particle motions 
that are entirely in the sagittal plane determined by the wave 
vector and the plate thickness direction. Thus, they may not be 
sensitive to cracks that lie within that plane. On the other hand, 
SH waves have particle motion perpendicular to the sagittal 
plane. Hence, SH wave motion is essentially three-dimensional, 
which enables them to scatter and reflect from cracks aligned 
perpendicular or along the welds [16]. This reflection 
characteristic suggests that the pulse-echo method either along 
the weld as illustrated in Fig. 8, or normal to it, will be 
effective. Since the pulse-echo mode transmits and receives the 
wave at the same point, the number of transducer locations is 
minimized and the inspection method is simplified relative to 
through-transmission or pitch-catch. Moreover, the pulse-echo 
method assists in locating the welds by examining echoes from 
the weld-canister interfaces. In fact, visual identification of 
welds could be challenging because in some cases the welds are 
ground flush. 

Initially, the SH0 mode at 250 kHz has been selected for 
canister NDI from the dispersion curves shown in Fig. 9. The 
SH0 mode is very attractive for mid-range NDI because it is 
nondispersive, meaning that its phase velocity is independent of 
frequency. Additionally, it is equally sensitive to defects 
located anywhere across the plate thickness because the 
displacement profile is uniform. While excitation of a single 
mode is preferred from a signal processing standpoint, that 
would require use of a lower frequency, which would require a 
larger transducer and decrease defect resolution. The 
compromise solution is to excite the SH0 mode at 250 kHz and 
accept that the SH1 mode is likely to also be excited due to the 
source influence [15]. Fortunately, the SH1 mode has a similar 
group velocity to the SH0 mode, as well as good sensitivity to 
surface damage.  

Compact EMATs are under development for canister NDI. 
The key requirements are that they be robot-deliverable and 
tolerant of high temperature and gamma radiation. Prototype 
EMATs are shown in Fig. 10, although it is not possible to see 
all of the components. The key components are a stack of 
permanent magnets, an electric coil, and a case. The outer 
dimensions are 70 mm x 44 mm x 19 mm (length x width x 
thickness), which fits into the sensor robot to be discussed later. 
As shown in Fig. 10, a pair of EMATs (transmitter and 
receiver) were arranged to examine echoes from notches in a 
15.9 mm thick SS 304L plate. In one case the notch is aligned 
with the wave vector so the echo is from the notch tips, and in 

the other case the notch is normal to the wave vector so the 
echo is from the notch face. A 5 cycle sinusoidal signal of 1200 
Vpp and 250 kHz from a RITEC RAM-5000 was applied to the 
transmitter and the receiver recorded wave signals with 30 dB 
gain that were post-processed using MATLAB including a 500 
kHz low-pass filter. Figure 11 depicts the corresponding A-scan 
signals. Though the baseline signal shows the existence of 
electromagnetic interference appearing at the beginning, the 
waveforms illustrate that SH waves can detect notches oriented 
at 0 and 90 degrees to the wave vector. The results shown are 
for notches located roughly 100 mm from the transmitter. It is 
worth noting that this is a first iteration result that we expect to 
be able to improve upon with further development. 

 
 

 
 

FIG. 9  SH WAVE DISPERSION CURVES FOR 15.9 MM 
THICK STAINLESS STEEL PLATE 

 
 
 

 
 

FIG. 10  EMAT ARRANGED TO DETECT NOTCHES 
ORIENTED 0° (LEFT) AND 90° (RIGHT) 
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The pulse-echo methodology described above, and in more 
detail in a companion paper [17], is intended for detection of 
SCC, but nonlinear ultrasonics has enhanced potential for 
characterizing the extent of SCC once it has been detected. The 
length of branched cracks is difficult to accurately determine 
with linear ultrasonics and other NDI methods due to crack 
closure effects. But the nonlinearity associated with opening 
and closing of cracks is well-known to provide more accurate 
results and a variety of NDI methods have been developed to 
take advantage of the crack-induced tension-compression 
asymmetry [18-20]. The aim of this future work is to classify 
the cracks as 25, 50, or 75% through the wall thickness. 

 

ROBOTIC DELIVERY SYSTEM 
The interior cask environment presents many challenges to 
performing physical inspections and delivering sensors to 
locations of interest. Within the overpack, there is a limited 
amount of maneuverable space to navigate the robotic delivery 
system. Additionally, the environmental conditions are 
particularly harsh for off-the-shelf robotic hardware due to high 
temperature and radiation. This section will discuss the 
methods for performing a robotic inspection and the design 
constraints imposed by the cask. 

A typical vertical axis cask has cooling vents on the top 
(outlet) and bottom (inlet), and internal guide channels to 
maintain alignment of the multipurpose canister (MPC) housing 
spent nuclear fuel. Due to complex geometries at the bottom 
vent, the robotic delivery vehicle is designed to enter the cask 
through the outlet vent at the top of the cask, and from there 
gain access to the top of the MPC. Two methods are being 
considered to navigate across the top of the MPC: a delivery 
robot and a delivery arm, as depicted in Fig. 12. The use of a 
delivery robot provides greater maneuverability and is more 
self-contained than the arm when navigating on top of the 
MPC; however, the use of an actuated robot on the canister lid 
may provide more points of failure in terms of electronics and 
motors necessary to control the robot. The extension arm, while 
larger, could potentially be controlled using guide wires and 
pulleys that are actuated externally to the cask, resulting in a 
simple, fully passive device internal to the cask. To ensure the 
extension arm can be easily retrieved, the pivot will be limited 
to a 45° angle and inserted into each of the outlet vents to 
ultimately provide a full 360° degree scanning region. 

 

 
 

FIG. 11  A-SCAN SIGNALS FROM EMAT ARRANGED 
TO DETECT NOTCHES ORIENTED 0° AND 90° 
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FIG. 12 THE DELIVERY ROBOT AND DELIVERY 

ARM ARE TWO METHODS FOR INSERTING THE 
ROBOT INTO THE CANISTER 

 
Once the delivery robot or delivery arm is positioned in 

front of a channel gap, a smaller “sensor robot” that contains 
sensors for inspection will be deployed into the channel gap. A 
curved entry surface (Fig. 13) is constructed on the delivery 
arm / robot to aid in the insertion of the sensor robot. The 
smaller “sensor robot” will actually consist of several 
connected cars, which improves access and permits proper 
distribution and spacing of sensors.  This geometry also permits 
the addition of new or different sensors in the future, if 
necessary. The individual cars are connected to each other and 
to the command and control center by a tether or umbilical that 
distributes electrical power, optical signals, data, and cooling 
(discussed below), and provides a mechanical connection. 

 
 

 
FIG. 13 THE SENSOR ROBOT WILL NAVIGATE OVER 

A CURVED PLATFORM TO AID IN INSERTION 
 

 
Navigating a robot in confined spaces can be a particularly 

difficult task. It is therefore imperative that once the delivery 
robot has entered the cask, the entire system can be passively 
retrieved in the event of a power failure. The geometry of the 
sensor robot is designed to ease the retrieval of the robot in 
these situations. As depicted in Fig. 14, the robot must navigate 
around the edge of the MPC to access the guide channel gap. 
This scenario is similar to what is known in many industrial 
assembly settings as a peg-in-hole problem.  

 
FIG. 14 ROBOT NAVIGATING AROUND THE EDGE OF 
THE MPC TO ACCESS THE GUIDE CHANNEL GAP 

 
The peg-in-hole analysis shows that insertion can result in 

jamming and/or wedging under certain geometric relationships 
between the inserted object and the entry space. The maximum 
geometric constraints of the robot can be determined by 
modeling the robot as a simplified, two-dimensional peg. 
Jamming refers to a scenario in which supporting forces 
become unbalanced and the robot becomes unable to enter the 
channel. Wedging occurs when the geometry of the robot is 
either under- or over-sized, potentially causing the robot to 
become immovable within the channel during either insertion 
or extraction. An optimal robot geometry is determined by 
analyzing the frictional constraint forces acting on the robot 
body. Further reading on this analysis can be found in a 
companion paper [21]. 

Apart from mobility constraints, thermal constraints on the 
robot design are severe. The temperature on the outer surface of 
the MPC can surpass 177°C (350°F), which exceeds the 
operating range for most off-the-shelf robotics hardware. To 
regulate internal temperatures, cooled air will be circulated to 
components that require active cooling. Thermocouples will 
monitor these components to ensure sufficient cooling is being 
provided. The tether or umbilical connecting the individual 
sensor robot units and the sensor robot to the command and 
control station will include the conduit for delivering cooling 
air to components requiring active cooling. 

Throughout the inspection, the operator will be provided 
feedback of the exact location of the robot within the cask. One 
method to do this is through Simultaneous Localization and 
Mapping (SLAM). The SLAM algorithm simultaneously 
determines the position of the robot while creating a map of the 
environment [22]. This process helps to pinpoint where a 
particular sensor measurement was obtained, as well as 
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allowing repeatability when returning to a canister for future 
inspections. A particular difficulty in localizing the robot is the 
lack of unique features within the cask. The interior of a cask is 
a relatively sparse environment with symmetrical geometry, 
making it difficult to properly obtain the orientation of the 
robot within the cask. Additionally, the lack of sufficient 
lighting within the cask further diminishes the ability to 
accurately determine the position of the robot. To account for 
the low visibility, a light source will be added to the front of the 
robot. In future work the components of the robotic inspection 
system will be tested for radiation tolerance at the Radiation 
Science and Engineering Center at Penn State. 

CONCLUSION 
A robotic inspection system is being designed for 
nondestructive inspection of dry storage canisters for spent 
nuclear fuel. The inspection system targets stress corrosion 
cracking for which two distinct sensing technologies are being 
developed: (1) LIBS to characterize salt deposits on the surface 
of the canister and (2) noncontact EMATs to generate shear 
horizontal waves that are sensitive to stress corrosion cracks. 
Both types of sensing systems will be delivered by a robot 
designed not to wedge or jam in the ventilation system during 
maneuvering, and to simultaneously perform localization and 
mapping in order to be able to return to measurement sites. To 
date, LIBS measurements have correlated Na I line intensity to 
Cl concentration and EMATs operating in pulse-echo mode 
with SH waves detected notches oriented both parallel and 
perpendicular to the wave vector. These results provide a good 
foundation for the robotic inspection system design, which is 
ongoing. 
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