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Abstract 

Ultrasonic “phantom” responses, in the form of the false indications, acquired during a flaw detection process, were 

analyzed. It is shown that “ghost” signals are generated at high repetition rate by ultrasonic excitation pulses, fired 

earlier than ultrasonic pulses generating the “normal” responses. These “ghost” indications are caused by multiple 

reflections of the acoustic signals within the tube wall. The appearance, shape and position of the “phantom” signals 

are very sensitive to the probe position, flaw shape and orientation, and repetition rate. This phenomenon is typical 

for systems with so called “deterministic chaos”, where an extremely small cause (e.g. small change in the initial or 

boundary conditions) can produce a large effect.  
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1. Introduction 
 

Sometimes ultrasonic (UT) inspection systems have additional echoes in the signals acquired 

during the flaw detection process. These false indications (“phantom” or “ghost” signals) have a 

detrimental effect and limit the abilities of inspection systems and quality of acquired data. It is 

necessary to understand the cause of these signals and find a way to eliminate or reduce them by 

introducing changes in the hardware, software, or inspection procedure. To illustrate this 

phenomenon we analyzed, as an example, the UT inspection of the pressure tubes (PT) in the 

CANDU reactor [1]. During the inspection, the probe module containing a few UT transducers is 

positioned inside the PT in heavy water; it moves along the tube axial axis and rotates.   

 

2. “Phantom” signals 
 

The UT data, collected during a few inspection campaigns of PT inspection in the CANDU 

reactors, revealed existence of “phantom” indications, associated with scrape marks located on 

the inside surface of the tubes. Such false indications were observed on the B-scan and C-scan 

images but only on one angle shear wave probe, oriented in counter-clock-wise (CCW) direction, 

in the pulse-echo (PE) mode and only at high rotation speed of the inspection tool [1]. Moreover, 

“ghost” responses were observed only on some scrapes (not on all scrapes) and had different 

time and spatial positions, depending on the rotation speed of the tool.   

 

Numerous experiments showed that, on the one hand, the observed “phantom” indications are 

not the noise random signals, but the real deterministic acoustic responses, reflected from some 

“special” scrapes at some “special” conditions. On the other hand, these “ghost” signals do not 

represent the real flaws, because the time and spatial positions of these indications are not related 

to any real flaws, what is confirmed by responses from other probes in the inspection tool and by 

destructive examination of the tested PT.    

 

3. Equipment and specimens used for experiments  
 

The scanning rig with an UT system, which includes Winspect data acquisition software, SONIX 

STR-8100 digitizer card, and UTEX UT-340 pulser-receiver, was employed for experimental 



investigations. All experiments were performed in light water using standard probe module, 

moving axially and rotating inside the PT, standard transducers for the PT inspection, and a few 

PT specimens with scrapes. The shapes of these scrapes were based on the UT images of 

different real scrapes in reactor detected in the field conditions. The experiments were performed 

in the conditions, which were very close to the real field conditions in reactor, in order to 

reproduce the false “ghost” indications, analyze them, determine the conditions at which they 

appear, and understand what their causes are and how to eliminate (or at least reduce) them.  

 

4. Experimental results 
 

During testing, the “phantom” signals were detected only on one scrape (out of six available 

scrapes), only on one CCW PE probe out of the whole set of various probes in the probe module 

and only within a limited range of the excitation pulse repetition rate. “Ghost” reflection from 

scrape occurs probably when a “singular” area of the flaw is oriented at such an angle, that the 

UT wave, reflected from that flaw, propagates with a few reflections within the PT wall, reflects 

from probe module socket wall, where transducer sits, and then impinges on the probe.  

 

Two other transducers from standard probe set in this probe module, which are identical to the 

angle shear wave CCW PE probe, did not detect any false indications. Most probably, it occurs 

because of slightly different geometries of sockets, where these transducers sit in the probe 

module: socket of the CCW PE probe is the deepest one. Five scrapes, where the “ghost” signals 

were not detected, are very similar to the scrape, on which “phantom” responses were observed. 

Probably, this scrape has some minor differences in the geometry, which lead to minor difference 

in the UT beam reflection and respectively to the false indications appearance. Experiments were 

performed within the excitation pulse repetition rate range from 200Hz to 20kHz.   

 

Fig. 1 shows “Imagine-3D” simulations of acoustic beam trajectories, showing “standard” angle 

shear wave CCW corner response [1] and “ghost” CCW response, reflected from the PT walls, 

from the scrape side inclined at the “right” angle and from the probe socket wall. 

 

           
 

Figure 1. “Imagine-3D” simulations of UT beam trajectories, showing “standard” CCW corner 

response (a) and possible CCW “ghost” response (b). 
 

A few typical PE B-scans obtained at different repetition rates are shown below in Fig. 2. 
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Figure 2. Circumferential 2D angle PE CCW B-scans performed at the middle of the scrape at 

various repetition rates: a - 1kHz, b – 5kHz, c - 8kHz, d – 10kHz, e - 14kHz, and f – 18kHz. 
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Amplitude PE C-scans, performed within different time gates, are shown in Figs. 3a-3c. 

 

 

 

   

 

Figure 3. CCW PE amplitude C-scans of scrape performed within different time gates and at 

various repetition rates: a – 24-30µs and 9kHz, b – 30-36µs and 11kHz, c - 36-42µs and 18kHz. 

Color scale is shown in Fig. 2. 

 

Numerous PE A-, B-, and C-scans, some of them presented in Figs. 2-3, were performed on 

different scrapes using standard probe module with standard angle CW and CCW transducers at 

various repetition rates in PE mode. Obtained results showed the following: 

1. Out of six approximately identical available scrapes, the “phantom” signals were 

observed only on one scrape. 

2. “Ghost” signals were observed only within the repetition rate range from 4kHz to 18kHz. 

3. “Standard” CCW interface response of the scrape (direct reflection from scrape located 

on the inside PT surface [1]) does not depend on the repetition rate and always has the 

same shape, amplitude, and time and angle positions (~28µs and ~44
0
).  
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4. “Standard” CCW corner response of the scrape (reflection from corner between scrape 

and the PT inside surface [1]) does not depend on the repetition rate and always has the 

same shape, amplitude, and time and angle positions (~37µs and ~300). 

5. “Ghost” response parameters (shape, amplitude, and time and angle positions) strongly 

depend on the repetition rate. 

 

5. Analysis of results and physical reasoning 

 

To explain this rather complex set of the obtained results, two major factors should probably be 

taken into account: repetition rate and sensitive dependence of the acoustic beam trajectory on 

the boundary conditions.  

 

5.1 Repetition rate 

 

Let us at first analyze the effect of the first factor – repetition rate of the excitation pulse. Most 

probably, because of the high repetition rate, the “ghost” signals are generated by the UT pulses, 

fired much earlier than the UT pulses, generating the “standard” CCW responses. But since all 

the pulses are synchronized to each other at any repetition rate, it is impossible to distinguish the 

respective UT pulses, generating the “standard” CCW responses and the “ghost” signals; they all 

are revealed within the same time gates. 

 

In general, the “ghost” phenomenon can be described as follows. The UT probe periodically 

(with a specified repetition rate) transmits the UT pulses. At the same time, probe rotates with 

respect to the scrape. Each transmitted UT pulse, which is just one of a series of pulses 

transmitted with a repetition rate, propagates within the tube wall with multiple reflections within 

this wall. After impinging on the scrape, the UT wave partially reflects from the scrape side and 

propagates back to the probe (again with multiple reflections within the PT wall and with 

reflection from the probe socket wall). If scrape side is inclined at the “right” angle and if the 

pulse trajectory within the PT wall contains the “right” number of UT wave skips (this depends 

on the distance between probe and scrape), then probe receives the reflected signal (see Fig. 1b). 

As a result, the respective “phantom” response appears. If rotating probe receives UT signals at a 

few circumferential positions, then a few responses, coming at various angle and time positions, 

can be detected on one image. 

     

At a high repetition rate, there are more transmitted UT pulses within a fixed time interval than at 

a low repetition rate. Therefore, the probability that some of these pulses will propagate along 

the “right” trajectory, will be reflected from the inclined side of the scrape, and will return to the 

probe as the “ghost” signals, becomes greater when repetition rate increases. 

 

Recall, that initially the “phantom” indications in the field conditions were observed only at high 

rotation speed of the inspection tool. However, in the field inspection system the pulser repetition 

rate is uniquely related to the rotation speed [1]. Therefore, when rotation speed (i.e. repetition 

rate) increases, the number of transmitted UT pulses within a fixed time interval also increases. 

Therefore, one can assert that in the field conditions the real cause of the “phantom” responses is 

not a high rotation speed, but the high repetition rate of the pulser.  

 



5.2 Sensitive dependence on the boundary conditions  

 

Now let us analyze the effect of the second factor - sensitive dependence of the acoustic beam 

trajectory on the boundary conditions. The appearance, shape and position of the “ghost” signals 

are very sensitive to the value of the inclination angle of the scrape side. As the beam tracing 

simulation shows (see Fig. 4), even a slight variation of this inclination angle changes 

significantly trajectory of the reflected beam. Therefore, the beam may not be able to return to 

the probe. As a result, the “ghost” signal does not appear. Probably, it explains why only some of 

the scrapes generate the “phantom” signals: the dimensions and inclination angles of scrapes 

differ slightly, although in principle all scrapes should be identical. 

 

 

 

Figure 4. “Imagine-3D” simulation of trajectories of two acoustic beams, impinging on the PT 

inside surface at almost equal incident angles (two red lines are beams transmitted by the probe), 

but propagating after a few reflections (within the PT wall and from the scrape side) along very 

different trajectories (green line is the beam returning to the probe). 

 

The deep socket, where the CCW probe sits, provides an additional reflection of the beam, which 

returns to the probe (see Fig. 4). Without this deep socket and without reflection from its 

sidewall, the “phantom” response would be impossible. That is why only one CCW transducer 

has “ghost” indications, while all other angle shear wave transducers in the probes module do not 

have false responses. Fig. 4 confirms the assumption presented above: it shows how two UT 

pulses, transmitted from the probe and impinging on the PT inside surface at almost equal 

incident angles (two red lines which are very close to each other), propagate after a few 

reflections along very different trajectories. One beam reflects from the scrape side and returns to 

the probe (green line) as a “ghost” signal, while the other beam does not “notice” the scrape and 

continues propagating within the tube wall.  

 

Note that this phenomenon is just one example of the existence of so-called “system with 

deterministic chaos”. In such a system, even a tiny change in one of the variables (e.g. the initial 

or boundary conditions) might result in a very different outcome. In other words, an extremely 

small cause can produce a large effect. This phenomenon is called “sensitive dependence on the 
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initial/boundary conditions”. Although such a system may be perfectly deterministic in principle, 

its behavior is completely unpredictable (chaotic) in practice. That is why such system is called 

system with deterministic chaos. To determine (predict) the future situations, one should know 

the present situation in its finest details, but obviously it is not possible to monitor every small 

and sometimes even the un-observable fluctuations, see for example Fig. 5 showing schematic of 

typical system with deterministic chaos - so called “Sinai billiard”.  

 

 
 

Figure 5. Example of a system with deterministic chaos - Sinai billiard 

 

A consequence of sensitivity to initial conditions is that if we start with only a finite amount of 

information about the system (as is usually the case in practice), then beyond a certain time the 

system will no longer be predictable. Sensitivity to initial conditions means that each point in 

trajectory of such a system is arbitrarily closely approximated by other points with significantly 

different future trajectories. Thus, an arbitrarily small perturbation of the current trajectory may 

lead to significantly different future behavior. Chaotic processes basically work as amplifiers: 

they turn small causes into large effects. 

 

In a way, "sensitive dependence" is nothing more than the rediscovery by scientists of the old 

wisdom, which is captured by the phrase "For want of a horseshoe the kingdom was lost". The 

meteorologist Edward Lorentz in 1972 has invented yet another expression [2], the "butterfly 

effect". The flapping wing represents a small change in the initial condition of the system, which 

causes a chain of events leading to large-scale phenomena. Since the weather is a chaotic system, 

the tiniest fluctuations in air pressure in one part of the globe may have the most spectacular 

effects in another part. Thus, a butterfly flapping its wings somewhere in Chicago may cause a 

tornado in Tokyo. It has also been suggested, that the term "butterfly effect" owes something to 

the 1952 short story “A Sound of Thunder”, by Ray Bradbury, in which time traveler alters the 

future irretrievably by accidentally killing a butterfly during the prehistoric era. 

 

Generally speaking, there are three different types of systems: deterministic systems, chaotic 

systems, and systems with deterministic chaos. Typically, the chaotic behavior in time is due to 

external sources of noise, or large number of degrees of freedom, or uncertainty associated with 

quantum effects. However, the actual source of irregularity in systems with deterministic chaos 



is neither of these causes, but the property of the nonlinear system of separating initially closed 

trajectories exponentially fast in a bounded region of phase space.  

 

Since nature in principle is nonlinear, one should always keep in mind the possibility of 

deterministic chaos in any system. Any UT inspection system has numerous nonlinearities [3]: 

correlations between amplitude A of the received signal and probe parameters (frequency, focal 

length, diameter, water-path, band-width, incident angle, etc) and correlations between A and 

such characteristics of system as quality of acoustic contact, parameters of pulser-receiver, pulse 

duration, and many others. As a result of all these nonlinearities, the deterministic chaos might 

appear in an UT inspection system. Results of experiments and physical reasoning show that 

sometimes this really happens.     

 

Different criteria are used to characterize system with deterministic chaos, but probably the best 

criterion is the Kolmogorov entropy SK, which measures level of chaos in a dynamic system [2]:  
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Figure 6. Examples of deterministic system (a), system with deterministic chaos (b), and chaotic 

system (c). 
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In [2] the Lyapunov exponent, determining an average loss of information about point position 

after iteration, was determined for one-dimensional triangular map: 
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where x and ∆(x) are the coordinates of the phased space of the system and r is the parameter of 

the system determined by its most important physical characteristics (e.g. for the UT inspection 

system, the parameter r might characterize the system ability to focus acoustic beam and provide 

high accuracy of measurements).  

 

For one-dimensional triangular map (2), the Lyapunov exponent λ equals [2] 

 

                                                                λ = ln (2r)                                                                      (3) 

 

It means that λ acts like an “order parameter’, which indicates the onset of chaos. When r>1/2 

then λ>0, and we have system with deterministic chaos; and therefore we are loosing 

information about point position after an iteration. However, when r<1/2 then λ<0, and we have 

deterministic system; and respectively we are gaining information about point position after an 

iteration, because all point are attracted to some attractor point.  

 

It is emphasized in [2] that coordinates x and ∆(x) of the phased space of the system should 

provide the most “general” characterization of the system. Physical reasoning shows that for the 

UT inspection system, it is worthwhile to select, as such “general” coordinates, the distance x 

between probe and flaw and the amplitude A(x) of the received signal. Function A(x) provides a 

general characterization of the system, similar to one providing by the distance-gain-size (DGS) 

diagram, commonly used in the UT testing for calibration and testing.  

 

In the UT inspection system analyzed above, function A(x) [3], is approximately similar to 

function (2) when r>1/2, because this system is using focused UT probes, for which amplitude A 

usually reaches maximum at the focal point. It means that for such system, SK=λ=ln(2r)>0. 

Therefore, in this case the analyzed UT inspection system is system with deterministic chaos and 

positive Kolmogorov entropy.  

 

If some UT inspection system is using non-focused probes, and respectively the wide and 

diverging acoustic beams, then curves in DGS diagram become gently slopping [3]. As a result, 

function A(x) also becomes shallow of slope, and therefore it becomes approximately similar to 

function (2) when r<1/2. It means that for such system, SK=0. Therefore, in this case the 

analyzed UT inspection system is the deterministic system with zero Kolmogorov entropy. It 

happens because the UT system, employing wide or diverging acoustic beams, becomes almost 

linear, the small variations in the initial or boundary conditions become insignificant, they do not 

entail large changes in the amplitude A, and respectively they do not lead to the chaotic 

phenomena. Thus, UT inspection system, using non-focused probes and wide UT beams, is less 

sensitive but more stable than UT inspection system, using focused probes and narrow beams.  

 

 



6. Conclusions  
 

1. Sometimes UT inspection systems have additional echoes - false indications. Most 

probably, these “phantom” responses appear after multiple reflections of the acoustic 

signals within the PT wall; they are caused by UT excitation pulses, fired at high 

repetition rate earlier than UT pulses, generating “standard” responses. 

2. Performed experiments and physical reasoning show that these false indications appear 

only in the CCW probe, probably because of an additional reflection from its deep socket 

wall. The “phantom” signals are generated only at the high repetition rates (i.e. at the 

high rotation speeds in the field conditions); and their position, shape and amplitude are 

very sensitive to the probe position and orientation, probe socket geometry, flaw shape 

and orientation, and repetition rate.  

3. Appearance, shape and position of “ghost” signals are particularly sensitive to the value 

of inclination angle of the scrape side: even a slight variation of this angle changes 

significantly trajectory of the reflected beam. It explains why not all but only some of the 

scrapes generate “phantom” signals. This phenomenon is just an example of so called 

system with deterministic chaos. In such a system, an extremely small cause can produce 

a large effect, which is called “sensitive dependence on the initial conditions”.  

4. Generally speaking, the coincidence of a few “special” conditions in the UT inspection 

system, related to the probe position and orientation, flaw shape and location, and value 

of repetition rate, might generate some false indication in any probe. 

5. Knowing the causes of the “phantom” signals in the UT inspection system analyzed 

above, various methods to eliminate or decrease magnitude of false indications can be 

suggested:  

• Modification of the probe module by changing the angle and depth of the socket 

wall of the CCW probe.  

• Development of a special software to analyze and combine responses of various 

probes in order to automatically eliminate “phantom” signals from family of the 

CCW probe responses, it these responses are not correlated to the “real” responses 

from other probes.  

• Modification of the inspection system by separating and controlling 
independently the rotation speed of the inspection tool and the repetition rate. 
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