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Theoretical models fit reasonably well with experimental data 
in using acoustic emmission signals to detect cold cracks 

BY C.-K. FANG, E. KANNATEY-ASIBU, JR., AND J. R. BARBER 

ABSTRACT. Acoustic emission (AE) has 
been used to investigate the propagation 
of a finite crack in a weldment subjected 
to nonuniform longitudinal residual 
stresses during gas metal arc welding 
(GMAW). Cold cracking in selected 
weldments was accelerated using the 
electrochemical method to cathodically 
charge the weldments with hydrogen in 
order to induce hydrogen embrittlement. 
Cold cracking was observed about 40 
min after charging in the specimen sub- 
jected to hydrogen embrittlement, while 
it was observed two days after welding 
for the one that was left in the atmos- 
phere. The AE signals were generated as 
the specimen cracked and were 
recorded, and the effects from structure 
and instrumentation were removed from 
the measured signals by deconvolution 
in the frequency domain. Most of the 
high-amplitude signal components were 
found to be clustered in the frequency 
range below 200 kHz. The experimen- 
tally obtained spectrum was compared 
with theoretical results derived in earlier 
work, and reasonable agreement with 
theoretical surface displacement in both 
time and frequency domains was ob- 
tained. The envelopes for both spectra 
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were found to decrease with increasing 
frequency, while the fluctuations in each 
curve diminished at high frequencies. 

Introduction 

Welding processes are often associ- 
ated with discontinuities caused either 
by improper welding conditions or dis- 
turbances that change the preset condi- 
tions. Cracking is the most damaging of 
all the discontinuities in weldments. 
Cracks could be formed either during 
welding (i.e., soon after solidification), 
which is hot cracking, or after the bead 
has cooled to room temperature. This lat- 
ter, which is cold cracking, may continue 
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for several hours, days, weeks, or even 
months. Cold cracking or delayed crack- 
ing, as it is sometimes called, is the focus 
of this research. 

Due to the intense heat input in weld- 
ing, significant variations in physical and 
chemical properties occur, which in turn 
lead to changes of microstructure (e.g., 
martensitic transformation) in the heat- 
affected zone (HAZ), especially for high- 
hardenability steels. These often cause a 
decrease in the fracture toughness of the 
material, which, coupled with the resid- 
ual stress due to solidification and ther- 
mal shrinkage, and sometimes hydrogen 
embrittlement for high-strength steels, 
may result in cracking. Several tech- 
niques have been developed for detect- 
ing weldment cracks, but acoustic emis- 
sion (AE) has been found to be more 
suited to real-time monitoring. 

Acoustic emission is a transient elas- 
tic wave generated by the rapid release 
of energy within a material (Ref. 1). It is 
generated while the phenomenon is un- 
dergoing change, and is therefore highly 
suitable for real-time or continuous mon- 
itoring. The AE technique has been ap- 
plied to the on-line monitoring of a vari- 
ety of manufacturing processes, e.g., 
casting (Refs. 2, 3), machining (Refs. 4, 5) 
and welding (Ref. 6). In the detection of 
cold cracking in weldments, it has been 
studied by a number of researchers (Refs. 
7-10). The AE spectrum from cracking 
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Fig. I - -  Specimen configuration and dimen- 
sions. 

has been studied by Graham and Alers 
(Ref. 11), Ono and Ucisik (Ref. 12), and 
Honjoh, et al. (Ref. 13). Liu and Kan- 
natey-Asibu, Jr., (Ref. 6) used the AE spec- 
trum as features in the pattern-recogni- 
tion analysis of defects in welding. More 
physical insight might be helpful in the 
interpretation of the AE spectrum and in 
turn improve the pattern recognition 
ability. Very little, however, has been 
done to correlate experimental spectra 
with theoretical modeling, especially for 
AE from the propagation of a finite crack 
under nonuniform residual stresses in a 
weldment. 

Experimental work is undertaken in 
this paper for comparison with a theoret- 
ical analysis of surface motion due to 
propagation of a finite crack in a weld- 
ment subjected to nonuniform residual 
stresses (Ref. 14). The latter involves the 
growth of transverse through cracks in 
weldments. All welding was done using 
gas metal arc welding. To facilitate the 
generation of cracks, we considered the 
four principal factors essential for pro- 
ducing cold cracks, viz., brittle structure; 
high stresses; the presence of hydrogen; 
and low temperatures (Ref. 15). For a brit- 
tle structure, we used a high hardenabil- 
ity material (AISI 4340 alloy steel), with 
high cooling rates induced by a liquid ni- 
trogen quench to promote the formation 
of the brittle phase. Cracking was in- 
duced by hydrogen embrittlement, 
which was accelerated by the electro- 
chemical method through cathodic 
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Fig. 2 - -  Acoustic emission monitoring system. 

charging of the specimens with hydro- 
gen. Thus, no external loading was 
needed to crack the specimen, and the 
residual stress distribution was main- 
tained. The AE signals from cracking 
were recorded and transformed into the 
frequency domain. We note that the ob- 
served AE spectrum is significantly influ- 
enced by the resonance and transmission 
characteristics of both the structure 
(geometry and acoustic properties) and 
the instrumentation (Ref. 16). These ef- 
fects were removed from the measured 
signals by deconvolution in the fre- 
quency domain. The spectrum was then 
correlated with the theoretically ob- 
tained surface motion. 

Exper imental  Procedure 

Specimen Preparation 

A commercially available AISI 4340 
high-strength steel was selected because 
of its high hardenability and susceptibil- 
ity to cold cracking. Its chemical compo- 
sition was 0.41% C, 0.75% Mn, 0.008% 
P, 0.003% S, 0.23% Si, 1.75% Ni, 0.82% 
Cr, 0.13% Cu, 0.25% Mo, and the bal- 
ance Fe, with an as-received hardness of 
196 BHN. Three plates (marked No. 1, 
No. 2, and No. 3) with dimensions 254 x 
101.6 x 9.5 mm (10 x 4 x 0.37 in.) were 
used in the experiments. 

In order to introduce a crack configu- 
ration similar to the one analyzed theo- 
retically in the previous work (Ref. 14., 

i.e., a transverse through crack across the 
weld centerline), the specimen was pre- 
cracked using electrical discharge ma- 
chining (EDM) before welding. The loca- 
tion of the precrack was selected so that 
the distance between the AE sensor and 
source met the far-field requirement (Ref. 
14). As shown in Fig. 1, the precrack was 
a through slot of length 5 mm (0.2 in.) 
and a width of 0.3 mm (0.01 in.) in a di- 
rection perpendicular to the weld center- 
line. The theoretical results were based 
on the assumption that the crack propa- 
gates in a uniform medium. However, the 
HAZ of the as-welded specimen is 
mainly composed of martensite, whose 
fracture toughness is significantly lower 
than that of the base metal. In order to in- 
troduce the brittle phase (martensite) in 
the base metal region, also, each speci- 
men was austenitized at 850°C (1562°F) 
for 30 min and then quenched in water 
before welding. No quench cracking was 
observed. To avoid melting at the pre- 
cracked region during welding, the slot 
was masked using high-temperature ce- 
ment before welding. 

AE System Setup 

Each specimen was monitored by an 
acoustic emission system during and 
after welding. The schematic diagram of 
the AE system setup is illustrated in Fig. 
2. A differential acoustic emission trans- 
ducer was used. It was calibrated using 
the ASTM Standard El106. Figure 3 
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Fig. 3 - -  Sensitivities o f  the transducer to: A - -  surface displacement; B - -  surface velocity. 

shows the sensitivities of the transducer 
to: a) surface displacement; and b) sur- 
face velocity. Since the former has a more 
uniform frequency response than the lat- 
ter (with a cut-off frequency of 875 kHz), 
we expect that the output voltage de- 
pends more on the surface displacement. 
In order to isolate the transducer from 
thermal shock, a waveguide 11.5 in. (292 
mm) long was attached by threading to 
the far end parallel to the slot of each 
plate. The distance between the center of 
the slot and the attachment was 200 mm 
(7.8 in.). The transducer was spring 
loaded against the other end of the wave- 
guide and acoustically coupled with 
commercially available AE couplant. 

The transducer was connected to a 
preamplifier with 40 dB gain and 20 kHz 
high-pass filter, followed by a main am- 
plifier with an adjustable gain. The signal 
from the main amplifier then goes to a fil- 
ter, and the upper cut-off frequency was 
set at 1 MHz. The signals were then 
recorded using a modified video 
recorder with a 2-MHz bandwidth. Be- 
cause the amplitude of the signal pro- 
duced by cracking is relatively high, and 
the recorder would saturate for voltages 
exceeding the operation range of-1 to 1 
V, the signals were attenuated by 20 dB 
before recording to avoid saturation. An 
oscilloscope was used to monitor the 
signals. 

Welding Experiment 

After setting up the AE system, bead- 
on-plate welds were then produced 
using a computer-controlled gas metal 
arc welding machine using argon (Ar) 
shielding. A commercial AWS ER 70S-6 
electrode of 1.6 mm (0.062 in.) in diam- 
eter was utilized as a welding wire, 
which contains 0.07-0.15C, 
1.40-1.85Mn, 0.80-1.15Si, 0.02P, 
0.02S, and the balance Fe. The constant 
voltage mode with reverse polarity (elec- 

trode positive) was used. The welding 
conditions, including average arc voltage 
and current of 31.4 V and 389.5 A, re- 
spectively, and a travel speed of 7.5 mm/s 
(17.7 in./min), were used. Other welding 
conditions were wire feed rate 4 m/min 
(157 in./min), and welding time 16 s. 
Only specimen No. 1 was restrained at 
the four corners by parallel clamps, while 
the other specimens were free of external 
restraint. In each specimen, welding was 
started from a location 5 mm (0.2 in.) 
from the edge parallel and closest to the 
slot, and was continued for a length of 
130 mm (5 in.), with the weld bead per- 
pendicular to the slot. Liquid nitrogen 
was poured on the specimen immedi- 
ately after welding to induce martensitic 
transformation. The cement was then re- 

moved and the area around the slot 
sanded and rinsed using acetone. 

System Calibration 

Before cold cracking, each specimen 
was calibrated together with the setup. A 
3H pencil lead of 3 mm (0.1 in.) length 
and 0.3 mm (0.01 in.) diameter was used, 
to which a quasi-statically increasing 
force was applied, in the vertical direc- 
tion and at the crack center, until fracture 
occurred. Three calibration signals were 
recorded for each specimen, and their 
average in the frequency domain was 
taken. 

Hydrogen Embrittlement 

Specimen No. 1 was not subjected to 
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Fig. 4 - -  Experimental setup for hydrogen charging using electrochemical  method. 
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Fig. 5 - -  Photograph of delayed crack in atmosphere. 

hydrogen charging. Hydrogen embrittle- 
ment was induced in the other two spec- 
imens (Nos. 2, 3) using the electrochem- 
ical method. The experimental 
conditions for specimens Nos. 2 and 3 
were the same for checking repro- 
ducibility. In order to restrict cracking to 
the neighborhood of the slot, the surfaces 
of specimens Nos. 2 and 3 were masked, 
except for the region around the slot with 
an area of 40 x 5 mm (1.6 x 0.2 in.), on 
both sides. Weldments Nos. 2 and 3 were 
then individually immersed in an 800 
mL, 1 N sulfuric acid (H2SO 4) electrolyte 
and connected to the negative port of a 
DC power supply, as shown in Fig. 4. The 
anodes (counter electrodes) were two 
platinum sheets with dimensions 25.4 x 

25.4 x 0.0254 mm (1 x 1 x 0.0001 in.) 
each. They were immersed in the solu- 
tion on both sides of the plate to ensure 
uniform current density. Specimens Nos. 
2 and 3 were then individually charged 
with hydrogen at constant current den- 
sity (100 mA/cm 2) in the solution, to 
which 11.5 mg arsenic trioxide (As203) 
had been added to prevent the combina- 
tion of the absorbed atomic hydrogen 
into molecular hydrogen. 

Signal Conditioning 

The calibration signals and those from 
cracking were recorded and subse- 
quently played back for analysis. On 
playback, the recorder was put in a pause 

Fig. 6--Photograph of delayed crack after hydrogen charging in electrolyte. 

mode at the desired location of the tape. 
The output analog signal was passed 
through a signal gating unit, through 
which a 16.7 ms length of the signal was 
clipped for sampling. It was then digi- 
tized with a 0.25 ps sampling period. To 
avoid saturation of the digitizer, which 
has an operating range of -256 to 256 
mV, an attenuator was installed before it. 
The signal from the digitizer was then fed 
to a computer for data analysis in both 
time and frequency domains. 

Results and Discussion 

During and immediately after weld- 
ing and quenching, a lot of AE burst sig- 
nals were observed. These may have 
been due to microcracking in the weld- 
ment. The AE from microcracking is not 
of major concern in this research. In- 
stead, we are more interested in the prop- 
agation of finite cracks, which can be 
compared with the simulation based on 
earlier analysis (Ref. 14). 

The first specimen (No. 1) cracked 
about two days after welding. A photo- 
graph of the finite crack on the lower side 
of the specimen is shown in Fig. 5. The 
corresponding AE signal was not ob- 
tained because the recorder could only 
record signals over a period of one hour. 
This was the reason for using hydrogen 
charging to accelerate the cracking for 
the other two specimens (Nos. 2 and 3). 

Specimen Nos. 2 and 3 showed good 
reproducibility in the experiments. The 
cracking for these two specimens oc- 
curred about 40 min after hydrogen 
charging in the electrolyte. The photo- 
graph in Fig. 6 depicts the crack on the 
lower surface of specimen No. 2. The 
crack lengths were 64 mm (2.5 in.) and 
64.5 mm (2.54 in.) on the upper and 
lower sides, respectively, for specimen 
No. 2. They were 62 mm (2.4 in.) and 64 
mm for specimen No. 3. 

No AE signals were observed before 
and after the burst from the crack propa- 
gation during hydrogen charging. This is 
quite different from the results of Ohira 
and Pao (Ref. 17), and of Ohira and Kishi 
(Ref. 18), where an A533B and an AI-Zn- 
Mg-Cu alloy were tested, respectively. 
They found that the large-amplitude AE 
was preceded by several small-ampli- 
tude AE signals. They postulated that the 
small-amplitude AE signals were pro- 
duced by the nucleation of voids (micro- 
cracks) around the main crack, presum- 
ably from the decohesion of inclusions of 
MnS in steels, while the large-amplitude 
AE is attributed to the growth of the main 
crack, which was observed when the 
stress intensity factor exceeded the frac- 
ture toughness. Since no such small-am- 
plitude AE signals were observed prior to 
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Fig. 7 - -  A - -  Acoustic emission signal from crack propagation; B - -  frequency response of  cracking signal (the amplitude has been normalized by 
the mean). 

the burst in our observation, there must 
be no "initiation, growth, and coales- 
cence of microvoid," a ductile failure, in 
our test. This is due to the fact that our test 
essentially involved brittle fracture be- 
cause of the nitrogen quenching and hy- 
drogen embrittlement of the specimen. 

The time domain AE signal due to 
cracking and its corresponding spectrum 
a re  s h o w n  in Fig.  7.  Each  s p e c t r u m  in  t h i s  

work was normalized by the mean am- 
plitude. The amplitude in Fig. 7A has 
been adjusted by the attenuator to ac- 
commodate the voltage range of the dig- 
itizer, i.e., between -256 and 256 mV. 
The attenuation was 0.27. The later por- 
tion of the signal in the time domain is 
due to oscillation of the transducer and 
the propagation within the structure due 
to multiple reflections of the stress waves. 
As can be seen in Fig. 7B, the spectrum 
is concentrated in the frequency range 
below 200 kHz. This is consistent with 
the Graham and Alers (Ref. 11) experi- 
mental AES spectrum analysis in tensile 
tests for A533-B pressure vessel steel. 
They found that the AES associated with 
cracking were characterized by having 
frequency components predominantly 

below 200 kHz. 
The signal shown in Fig. 7 includes 

the characteristics of the structure and in- 
strumentation. To get rid of these effects, 
a deconvolution of the signal using the 
calibration signal is necessary. The time 
and frequency domain AE responses due 
to pencil lead breakage are shown in Fig. 
8. The spectrum shown in Fig. 8B was the 
a v e r a g e  o f  t h r e e  c a l i b r a t i o n  s igna ls .  

The pencil lead breakage can give a 
well-defined point unloading step-func- 
tion force (Ref. 19) with a 1 ps rise time 
and 4-5 N load release for 2H pencil 
lead of 0.5 mm diameter (Ref. 20). Since 
the rise time can be reduced by increas- 
ing the hardness (or brittleness) and de- 
creasing the diameter of the pencil lead 
(Ref. 21), it should be less than 1 laS for 
the pencil lead used in this experiment 
(3H, and 0.3 mm in diameter). Conse- 
quently, the source function of the pencil 
lead breakage can be approximated by a 
step function given by Sp(t) = FH(t), 
where F is the force magnitude, and H(t) 
the Heaviside unit step function of time. 
Alternatively, it can be expressed as S (co) 

P 
= F/(io)) in the frequency domain, where 
O) is the circular frequency and i = q2i. If 

the AE spectrum due to pencil lead 
breakage, as shown in Fig. 8, is repre- 
sented by Ep(o)), the transfer function 
G(o)) of the entire system (including the 
specimen, waveguide and instrumenta- 
tion) can be obtained by deconvolution 
in the frequency domain, giving G(o)) = 
Ep(o))/Sp(o)) = io)Ep(o))/F. Now Go) is the AE 
frequency response due to a vertical im- 
pulse force acting at the location of the 
AE source. It carries the information on 
characteristics of the instrumentation 
and propagation within the structure due 
to multiple reflections and mode conver- 
sions. The spectrum of G(o)) is illustrated 
in Fig. 9. 

Once the transfer function of the sys- 
tem is available, we can remove the ef- 
fects of structure and instrumentation 
from the measured cracking signals, 
Ec(o)), by deconvolution in the frequency 
domain. The result, is Ec(o))/G(o)), shown 
in Fig. 10, where the amplitude has been 
normalized by the mean. As can be seen 
in the spectrum, most of the high-ampli- 
tude components are clustered at fre- 
quencies below 200 kHz, while the high- 
frequency components are relatively 
small. This is in agreement with the state 
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ment of Spanner, et al. (Ref. 16), that the 
single most common frequency range for 
acoustic emission testing is 100 to 300 
kHz. 

To compare the experimental spec- 
trum with theoretical prediction, we sub- 
stitute experimental parameters into the 
theoretical results obtained in the previ- 
ous work (Ref. 14), where the vertical dis- 
placement at the epicenter of a weldment 
subjected to a nonuniform residual stress 
was derived as: 

vlt -x2 l 

Uv(X2,t)= D [" Cd ) 

3a3CCt- X2 I 

al t -  _-~--~ [ 
L a  / 4c 2 

(1) 
where x 2 is the distance between the 
source and sensor, C d is the longitudinal 
stress wave speed, a and v are instanta- 
neous crack length and speed, respec- 
tively, c is the half width of the longitudi- 
nal residual stress tension zone, and D is 
a dimensionless constant which remains 
fixed for a given set of experimental con- 
ditions. 

The instantaneous crack length, a, in 
Equation 1 can be simulated using the 
crack-tip equation of motion (Ref. 22): 

1-1~dac R d t  I 1  I ~ d a l n  1 

[ -L ¥j j= 
Col dt 

ttao/C)  f3 -o 
K,~ f ( a / c )  y nba 

(2) 
where 

a / c  

,/a,c)= ; [ 'd  
0 

exp - d~ 
/ c)2 _ ¢2 

(3) 

and ~ = ~1/c. Here, C R is the Rayleigh 
wave speed, v c is the l imi t ing crack 
speed, KiD and KIM are the fracture tough- 
ness for crack init iat ion and arrest, re- 
spectively, n is the shape factor of the dy- 
namic fracture toughness vs. crack speed 
curve, and qb is the bluntness parameter 
of the crack tip. The experimental para- 
meters are: initial crack half length a o = 
2.5 mm, x 2 = 492 mm, KiD = 61 MPa 
m 1/2, K~M = 52 MPa m 1/2, C d = 6201 m/s, 
C R = 3217 m/s, V c = 1250 m/s, and n = 
1.75 for AISI 4340 steel (Ref. 22). Two 
more parameters, lib and c, need to be 
evaluated before performing the simula- 
tion. The bluntness parameter qb of the 
precrack can be determined from the 
root radius of the slot, which is 0.15 mm 
(0.006 in.). According to the blunt notch 
testing results of 4340 steel given by 
Datta (Ref. 23), the apparent fracture 
toughness KiD' for a notch with a root ra- 
dius 0.15 mm is about 2.74 times larger 
than the init iation fracture toughness KiD 
for a sharp precrack. Since l ib  = 
(KiD'/KiD) 2 (Ref. 22), the bluntness para- 
meter is about (2.74) 2 or 7.5. From the 
experimental data for a plate with similar 
width (120 mm) and heat input (3894 
cal/cm or 16.3 kJ/cm) obtained by Tat- 
sukawa and Oda (Ref. 24), the half width 
of the tension zone 
was found to be be- 
tween 20 and 25 mm 30- 
for different residual 
stress measuring _ 25- ." 
methods. Hence, we 
used c = 22.5 mm in 8 20 

O 3  

our simulation. ~ It 
Using the para- ~ 15 

meters obtained ~ " 
above and solving ~ 10.- 

o Equation 2 numeri- z 
cally, the instanta- 5- 
neous crack length 
and speed were ob- 0 
tained. These were 
then substituted into 
Equation 1 to obtain 

the vertical surface displacement in the 
time domain at the epicenter as shown in 
Fig. 11A. The vertical velocity and accel- 
eration are illustrated in Fig. 11B and C 
for comparison. The initial waveforms for 
vertical displacement, velocity, and ac- 
celeration are depicted in Fig. 12. Figure 
13 gives the experimental initial motion 
within a period of 3.8 ps. Here, 3.8 ps is 
the time it takes for the P wave to arrive 
from secondary reflection. Comparing 
Figs. 11 and 12, the waveform of experi- 
mental result appears to be closer to that 
of the theoretical vertical displacement. 
The theoretical curve in Fig. 12A appears 
to be a superposition of a step function 
and a ramp function. The step function, 
however, can barely be observed in the 
experimental result given by Fig. 13. This 
is due to the fact that the AE sensor em- 
ployed is a resonant transducer, which 
cannot respond wel l  to high-frequency 
signals, as evident in Fig. 7B. As a result, 
the initial AE response is still largely in- 
fluenced by the instrumentation. 

The normalized theoretical spectra of 
the vertical displacement, velocity, and 
acceleration shown in Fig. 11 are de- 
picted in Fig. 14. These can be compared 
with the experimental result in Fig. 10. 
We found that the experimental spec- 

I : Theoretical 
2: Experimental 

"1 

• ~ - 7 - : - ~ T ~ .  
50 100 150 200 250 300 

Frequency (kHz) 

Fig. 15 - -  Comparison of theoretical and experimental spectra. 
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trum is closer to the theoretical spectrum 
of vertical displacement for this particu- 
lar transducer. This is consistent with the 
observation in the time domain and the 
conclusion drawn earlier from the sensi- 
t ivity charts in Fig. 3. Figure 14 shows the 
comparison of the spectrum from the ex- 
perimental AE signals and that from the 
theoretical predict ion of surface dis- 
placement. The envelopes for both spec- 
tra decrease wi th  an increase in fre- 
quency. The fluctuations on each curve 
diminish at high frequencies. Reasonable 
consistency is observed. Note that the 
simulation only took into account the 
first motion of the P wave (Ref. 14), whi le 
the experimental result was for the sur- 
face motion from both P and S waves. 
This difference was responsible for the 
minor discrepancy between the experi- 
mental data and theoretical prediction. 
Furthermore, in the study of the relation- 
ship between AE and vibration charac- 
teristics of cast iron, Honjoh, et al. (Ref. 
13), observed a reduction in the resonant 
frequency and increase in attenuation 
constant of the structure with crack ex- 
tension. This indicates that the system 
transfer function util ized for deconvolu- 
t ion should vary wi th  instantaneous 
crack length. However, because of the 
diff iculty of calibrating the system during 
crack growth, we only calibrated the sys- 
tem before the propagation of the initial 
crack. This approximated transfer func- 
tion might also contribute to the discrep- 
ancy in the frequencies corresponding to 
peaks in the magnitude in the experi- 
mental and simulated spectra. However, 
the overall results show reasonable con- 
sistency. 

Conclusions 

The AE signal generated by the prop- 
agation of a f ini te crack subject to 
nonuniform residual stress was recorded 
and analyzed in both time and frequency 
domains. The contamination of structure 
and instrumentation characteristics has 
been removed by deconvolution in the 
frequency domain, and its spectrum was 
compared wi th theoretical simulation. 
The experimental result was found to be 
closer to the surface displacement in 

both time and frequency domains. In the 
frequency domain, most of the high am- 
plitude components are found to be clus- 
tered at frequencies be low 200 kHz, 
wh i le  the high-frequency components 
are relatively small in amplitude. The en- 
velopes for both experimental and theo- 
retical spectra decrease with an increase 
in frequency, and the fluctuations in each 
curve diminish at high frequencies. 
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