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Abstract: Bonding of steels of different hardness through a ductile layer was obtained by explosive
welding using an emulsion explosive. In the bonding zone, two types of waves were found: large
waves and small waves which have not been observed in previous experiments. Empirical relations
for calculating the wave size are proposed that take into account the influence of the strength
and density of the colliding materials on them. Cracking in the bonding zone can be avoided by
reducing the wave size.
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INTRODUCTION

Low detonation velocity emulsion explosives
(EMXs) have high detonability due to the presence of a
highly dispersed matrix (emulsion of a mixture of am-
monium and sodium nitrates with a density of 1.41 ±
0.01 g/cm3 and a droplet size less than 1–2 μm). The
physical sensitizer in EMXs are hollow microballoons
of glass (MS-V microballoons of domestic production
with a true density of 0.22 ± 0.02 g/cm3) or poly-
mer (Expancel microballoons with a density of 0.025 ±
0.003 g/cm3). The detonation properties of EMXs are
well studied [1–5]. Having a density of 0.6–0.9 g/cm3,
they steadily detonate at a velocity 2.5–4 km/s in thin
layers 3–7 mm thick. These parameters are ideal for
applying thin (less than 1 mm in thickness) coatings
to metal surfaces by explosive welding. Such low-
density EMXs are convenient for use in metalworking
because their detonation velocity is almost independent
of the thickness [5]. Compositions with higher density
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(0.9–1.2 g/cm3) have an even lower critical thickness
(up to 1 mm), but are unsuitable for explosive weld-
ing because they have a significant dependence of deto-
nation velocity on thickness and, at high layer thick-
ness, (5–10 mm), a high detonation velocity (up to
5 km/s). Examples of extending the capabilities of ex-
plosive welding by using EMXs to solve some practical
problems are given, e.g., in [6–9].

The purpose of this work was to study the bonding
zone of metals obtained by using EMXs. The ability
of EMXs to steadily detonate in thin layers has made
it possible to obtain new experimental data on wave
formation in an oblique impact of metal plates during
explosive welding.

EXPERIMENTS USING EMXs

A steadily detonating flat charge of mixtures of
79/21 AN/TNT with ammonium nitrate, which are
widely used in explosive welding, has a minimum thick-
ness (critical thickness) of ≈10 mm for a density of
≈0.9 g/cm3. If it is necessary to joint, e.g., a copper
strip 0.5 mm thick to a metal plate using this charge,
the ratio of the mass of the explosive to the mass of
the driver plate should be about two. For this value of
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Fig. 1. Welding a copper plate to steel samples of
different hardness: (1) explosive charge; (2) cop-
per plate; (3) steel samples; (4) aluminum sample;
(5) base.

the mass ratio, the collision angle of the welded plates
calculated by the formulas from [10] is γ ≈ 24◦. At the
same time, experience shows that to achieve bonding
at the interface between, e.g., copper and steel at a ve-
locity of the contact point of 2.6 km/s, it is sufficient
to ensure a minimum collision angle γ = 8◦. For this
reason, plates with a thickness of less than 1 mm are
driven, as a rule, using inert buffer layers. In this case,
the size of the zone of high plastic deformations and the
size of the waves are determined not by the thickness of
the welded plate, but by the thickness and properties of
the whole driver assembly. In this welding method, the
amplitude of waves is often comparable to the thickness
of the driver plate, so that in this situation, it is diffi-
cult to investigate the effect of the collision parameters
on the wave size. However, the use of EMXs makes it
possible to drive thin metal plates with a thickness of
1 mm or less (up to 0.3 mm) without additional buffers.
In this case, the size of the zone of high plastic defor-
mations and the magnitude of the waves formed in the
bonding zone depend only on the thickness of the driver
plate, other things being equal.

In welding of low-ductility metals and alloys, an
excessive increase in the angle and hence the plate col-
lision velocity enhances the deformation process in the
bonding zone and leads to cracking, primarily, at wave
crests [11]. In this situation, it is very important to
control the size of waves because their reduction can
prevent cracking. In addition to the kinematic collision
parameters, it is evident that wave formation should
also be influenced by the strength of the materials; how-
ever in the literature there are no experimental data on
the effect. To study the influence of the strength of the
colliding plates on the wave size, we performed experi-
ments in which three steel samples of different Vickers
hardness (HV = 145, 320, and 460) and an aluminum
sample with hardness HV = 30 were simultaneously clad
with a copper plate 1 mm thick with hardness HV = 60
according to the scheme shown in Fig. 1 [12].

The measured detonation velocity was 2.8 km/s,
and the calculated collision angle γ = 12◦. After the

Fig. 2. Macrosections of the copper–steel with hard-
ness HV = 460 (a) and copper–aluminum (b) bond-
ing zones.

Fig. 3. Composite sample obtained by explosive
welding: hardened steel plates (1 and 3) and cop-
per interlayer (2); A, B, C, and D are the areas of
investigation of the bonding zone.

welding, microsections were made from the bimetallic
samples and wave sizes were measured in three regions:
20 mm from the beginning (region 1), in the middle
(region 2), and 10 mm from the end of each sample (3).
The results of the measurements are shown in Table 1.

It is characteristic that the bonding zone at the
copper–steel interface has a distinct wave pattern, but
at the copper–aluminum interface for the same collision
parameters, waves are absent (Fig. 2). The size of the
waves, primarily their amplitude, decrease with increas-
ing hardness of steel samples.

It can be seen from Table 1 that increasing the
hardness by a factor of about three decreased the wave-
length λ by a factor of 1.64 and the wave amplitude
a by a factor of 2.29. With a further increase in the
hardness of the strongest of the welded materials, the
shape of the bonding zone tends to acquire a non-
wavy shape, as shown in [9] for the pair stainless steel
(HV = 150)/a cemented carbide (HV = 1445).

The ability of EMX to detonate in thin layers also
allowed an experimental investigation of explosive weld-
ing of strong low-ductility steels using thin copper lay-
ers. The experiments were conducted in two stages.
In the first stage, a sample of 30 KhGSA steel 25 mm
thick with a hardness HV = 423–435 was clad with a
copper foil 0.3 mm thick with a hardness HV = 60.
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Table 1. Length and amplitude of waves in the bonding zone

Hardness of steel sample HV

Region 1 Region 2 Region 3 Mean value

λ 2a λ 2a λ 2a λ 2a

mm

460 0.302 0.071 0.283 0.071 0.267 0.071 0.280 0.070

320 0.380 0.114 0.401 0.114 0.362 0.114 0.380 0.110

145 0.457 0.157 0.485 0.157 0.442 0.157 0.460 0.160

Here 2a is the distance between the upper and lower wave peaks corresponding to the double amplitude of a sinu-
soidal wave a.

Fig. 4. Bonding zone obtained by driving steel onto
steel–copper bimetal (region A in Fig. 3).

Then, in a region 20-mm long, copper was removed,
after which a 30HGSA steel plate 4 mm thick with a
hardness HV = 311–320 was driven onto this bimetallic
sample. The obtained composite sample schematically
depicted in Fig. 3 was cut into microsections to study
wave formation in different parts of the bonding zone.

Figure 4 shows the microsection of the bonding
zone in region A (see Fig. 3). It can be seen that in
the welding of a copper foil with a steel base, the wave
size was determined by the thickness of the copper foil
of 0.3 mm (the lower copper–steel interface in Fig. 4). In
the subsequent process of driving the steel plate onto the
obtained bimetal, the size of the waves was influenced
by its thickness (steel plate) 4 mm (upper steel–copper
interface in Fig. 4). The waves on the upper boundary
of copper are 2.5–3 times larger in both the amplitude a
and the length λ; it is seen how shear cracks originate
at the wave crests.

In the welding of the same plates, but in a different
sequence, the wave formation pattern is different, as ev-
idenced by the following experiment. First, a steel plate
3 mm thick with a hardness HV = 460 was clad with a
copper foil 0.3 mm thick. Then, the foil was removed
from a region 20 mm long, and the resulting bimetal
was clad on a steel plate 25 mm thick with hardness
HV = 423–435. The velocity of the contact point was

Fig. 5. Bonding zone obtained by driving a steel–
copper bimetal onto a steel substrate: (a) region A
in Fig. 3; (b) region D in Fig. 3.

3.0 km/s, the calculated collision angle γ = 10◦. As
a result, we obtained a three-layer steel–copper–steel
sample similar to the one made in the previous exper-
iment (see Fig. 3). Note that in the two experiments
described, the size of the waves formed in the second
stage of welding differed significantly. Figure 5a shows
the bonding zone in regionA obtained in the experiment
where the bimetallic plate was the driver one. It can be
seen that the waves are smaller here than in Fig. 4. In
addition, in this case, there are no signs of the forma-
tion of shear cracks in steel. Since, previously, such a
wave formation pattern (small waves) during welding
of multilayer composites has not been observed, the ex-
periments were repeated to avoid errors, and the results
of several experiments coincided. Whereas small waves
were observed in region A, in region D, whose micro-
section is shown in Fig. 5b, large waves were formed in
the same experiment.

The wave formation pattern in regions B and C
presented in Fig. 6 shows that in the place where the
copper interlayer is interrupted and the steel–steel in-
terface begins (region C), unlike the data of [13], large
waves appear immediately. Unlike the small waves de-
scribed above, their length λ and the amplitude a fall
within the range of values (or even higher) calculated
according to the classical formulas from [10]:
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Fig. 6. Wave formation in the welding zone of steel
plates through a copper layer (regions B and C in
Fig. 3; the contact point moves from left to right).

λ/δ = (16− 26) sin2(γ/2), (1)

0.14 � a/λ � 0.3, (2)

where δ is the thickness of the driver plate.
Thus, the conducted experiments showed the exis-

tence of two types of waves (large and small) that can
occur in the bonding zone during explosive welding. An
additional experiment to study the welding of two steel
plates was carried out using an aluminum interlayer. In
the first stage, a steel plate 4 mm thick with a hardness
HV = 120 was clad with aluminum 1 mm thick with
a hardness HV = 30. Then, aluminum was removed
by grinding from a region 25 mm long at a distance
70 mm from the end of the bimetal, and the resulting
plate was driven onto a steel substrate 20 mm thick
with a hardness HV = 120. The velocity of the contact
point was 2.72 km/s, and the calculated collision angle
γ = 11.5◦. Examination of the bonding zone showed
no wave formation at the aluminum–steel interface and
the formation of waves with λ = 0.64 mm and 2a =
0.27 mm at the steel–steel interface.

Table 2 shows the data on the wave parameters
obtained in the above experiments: the thickness of
the driver plate δ, the velocity of the contact point vc,
the collision angle γ, the density of the driver ρ1 and
fixed ρ2 plates, the Vickers hardness of the driver plate
(HV1) and fixed plate (HV2), the wavelength λ, and
the wave amplitude a. The alloy with a hardness HV =
1445 (HRA = 89) is a MC 221 (TT10K8-B) cemented
carbide based on tungsten, titanium, and tantalum car-
bides with a cobalt content of 8%. Asterisk at the wave-
length indicates that the wave is small. The question
mark indicates that the wavelength cannot be measured
since the contact boundary in the microsections is flat,
i.e., the amplitude is zero or, at least, less than random
microroughness.

DISCUSSION OF THE RESULTS

The new experimental data on wave formation ob-
tained using EMX requires a certain interpretation.
The wave formation phenomenon in explosive welding
has been the subject of many studies, and there are

more than a dozen concepts explaining it. A detailed
review of the of the literature on this topic is presented
in [14]. However, until now, there is no satisfactory
theory to calculate the wave size taking into account
the mechanical and physical characteristics of colliding
bodies. However, waves appear even in numerical cal-
culations using molecular dynamics methods, although
the thickness of the colliding plates is not more than
1000 Å [15]. In this paper, we do not propose any
new theory of wave formation, but make an attempt
to derive empirical relations for calculating wave sizes
based on general hydrodynamic considerations and ex-
perimental data.

In describing flows in the plate collision zone, we
will be guided by considerations similar to those de-
scribed in [16], where the instability of stationary vis-
cous fluid flow is explained using the Landau model [17].
It is assumed that at high pressures in the vicinity of
the contact point and at high deformation rates, metal
behave like a viscous incompressible fluid. The forma-
tion of waves indicates the nonstationarity of the flow
in the bonding zone of two materials, which is charac-
terized by two dimensionless parameters: the Reynolds
number R = ρul/η and the Strouhal number Sr = uτ/l,
where ρ and η are the density and viscosity of the
medium, respectively, l is the characteristic linear di-
mension, u is the characteristic velocity, and τ is the
characteristic time of the problem under consideration.
According to [17], if perturbations in the form of waves
in a fluid arise spontaneously, rather than under the
influence of an external periodic force, then Sr is a
certain function of R, i.e., Sr = f(R). Assuming that
τ is the period of oscillations T , u is the velocity of
the contact point vc, and the characteristic linear di-
mension is the thickness δj of the cumulative jet pro-
duced by the impact of a driver plate on a thick sub-
strate (δj = δ sin2(γ/2) [18]), we obtain the expression
Sr = vcT/[δ sin

2(γ/2)]. It can be shown that the per-
turbations arising in the stationary flow moving with
velocity vc satisfy the relation vcT = λ, which implies
that the perturbations are carried by the flow. Then,
the wavelength is given by the formula

λ/δ = f(R) sin2(γ/2). (3)

Since the thickness of the cumulative jet is taken as
the characteristic dimension, this the formula is simi-
lar to the known relation (1) with the difference that
the numerical coefficient before the sine is replaced by
a function of the Reynolds number. As an analog of
the Reynolds number we will use the following expres-
sion [10, 19] adopted in explosive welding:

R =
(ρ1 + ρ2)v

2
c

2(HV1 +HV2)
. (4)
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Table 2. Collision parameters and wave sizes

Welded materials δ, mm vc, km/s γ, deg ρ1, g/cm3 ρ2, g/cm3 HV1 HV2 λ, mm a, mm

Cu/Al 1 2.8 12 8.9 2.7 60 30 ? 0

Cu/steel (145) 1 2.8 12 8.9 7.8 60 145 0.46 0.08

Cu/steel (320) 1 2.8 12 8.9 7.8 60 320 0.38 0.055

Cu/steel (460) 1 2.8 12 8.9 7.8 60 460 0.28 0.035

Steel (150)/cemented carbide (1445) 1 2.8 12 7.8 13.7 150 1445 ? 0

Steel (460)/steel (429) 3 3.0 10 7.8 7.8 460 429 0.56 0.1

Steel (120)/steel (120) 4 2.72 11.5 7.8 7.8 120 120 0.644∗ 0.135

Cu/steel (429) 3.3 3.0 10 8.9 7.8 60 429 0.24∗ 0.05

Al/steel (120) 5 2.72 11.5 2.7 7.8 30 120 ? 0

For welded materials, Vickers hardness is given in parentheses.

Generally speaking, it is wrong to call the ratio
of the dynamic pressure to the strength of the mate-
rial the Reynolds number; it is more correct to call
it the Euler number, as is done in [20]. When the
first researchers of explosive welding, such as Cross-
land, Cowan, and Holtzman [19, 21] called the param-
eter (4) the Reynolds number, their logic was based on
the fact that in hydrodynamics, the static strength of
the medium is zero and the Reynolds number (Re) co-
incides with the Euler number (Eu). This can easily be
shown as follows. Let ρ be the density of the medium,
η the viscosity, ε̇ the strain rate, v the characteristic ve-
locity, and l the characteristic dimension of the problem.
Then, Re = ρlv/η = ρlvε̇/(ηε̇). Further, since ε̇ = v/l,
we have Re = ρv2/σ = Eu, where σ = ηε̇ are the shear
stresses due to viscosity. Considering this, we can as-
sume that for spontaneous perturbations in a fluid, the
Strouhal number is a function of the Euler number. In
this paper, we keep the historically established notation
(the letter R) of the parameter calculated by formula (4)
which is in fact the Euler number.

By processing the data in Table 2, we obtained lin-
ear dependences f(R) for large and small waves (Fig. 7).
The following formulas for calculating the wavelength
are derived:

λ/δ = (0.76R+ 18.5) sin2(γ/2) (5)

for large waves and

λ/δ = (0.73R− 1.70) sin2(γ/2) (6)

for small waves.
As for the wave amplitude, in addition to the Euler

number, experiments indicate that it is strongly influ-
enced by the ratio of the densities of the metals being
welded. If the difference in density between the materi-
als is large, regardless of their strength, welding occurs

Fig. 7. Linear functions f(R) for large (1) and
small (2) waves: the points denoted as rhombuses
and squares refer to the experimental data.

without waves, i.e., the amplitude tends to zero. This
fact can be qualitatively explained as follows. Because
wave formation is associated with the interpenetration
of materials, it follows that decreasing the density of one
of them reduces its dynamic pressure associated with
the velocity perturbation in a direction perpendicular to
the bonding boundary. Accordingly, the possibility of
its introduction into the more dense material decreases.

As a result of a search of various dependences
of a/λ on the parameters ρ1, ρ2, R in order to bet-
ter fit the experimental data, we chose the relation
a/λ = (ρmin/ρmax)

ng(R). Minimum and maximum den-
sity values are chosen from the two densities ρ1 and ρ2.
It is required to determine the function g(R) and the
number n. Processing of data on the wave amplitudes
allowed us to choose n = 2.6 and the function g(R) in
the linear form g(R) = 0.0029R + 0.1495 (Fig. 8).
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Fig. 8. Linear function g(R) constructed from the
experimental data (points denoted by rhombuses and
square).

Thus, the following formula for calculating the
wave amplitude was obtained

a/λ = (ρmin/ρmax)
2.6(0.0029R+ 0.1495). (7)

The reliability of the approximations for the chosen
functions f(R) and g(R) is 92 and 93%, respectively. In
Fig. 8, the square marks the point corresponding to the
waves in the copper–steel bonding zone obtained in the
experiment in which a steel plate clad with a 0.3 mm
thick copper layer was driven onto steel (second row
from the bottom in Table 2). The reason for which this
point falls out of the general dependence for a/λ is still
unclear, but it can be related to the probable tendency
of transition from small waves into large ones.

It must be said that the possible existence of two
types of waves was noted already in [10], but have not
been observed in previous experiments.

CONCLUSIONS

1. Emulsion explosives with hollow microballoons
can be used to obtain new experimental information on
the flows arising from oblique collision of metal plates.

2. The existence of two types of waves—small and
large—was found in welds with intermediate layers.

3. Empirical formulas for calculating the wave size
were derived that take into account the effect of the
strength and density of colliding materials.

4. Emulsion explosives with hollow microballoons
can be used for bonding low-ductility materials by ex-
plosive welding through a thin layer of ductile metal. In
this case, crack formation can be avoided by controlled
reduction of the wave size in the weld zone. For this,
a driver plate is first clad with a thin interlayer and is
then welded to a fixed plate of low-ductility metal.

This work was supported by the Russian Founda-
tion for Basic Research (Grant No. No. 15-03-00883).

REFERENCES

1. V. V. Sil’vestrov, A. V. Plastinin, and A. S. Yunoshev,

“Loading of an Emulsion by High-Velocity Plate Im-

pact,” Fiz. Goreniya Vzryva 52 (3), 114–118 (2016)

[Combust., Expl., Shock Waves 52 (3), 358–362 (2016)].
2. N. P. Satonkina, E. R. Pruuel, A. P. Ershov,

V. V. Sil’vestrov, D. I. Karpov, and A. V. Plas-

tinin, “Evolution of Electrical Conductivity of Emul-

sion Explosives during Their Detonation Conversion,”

Fiz. Goreniya Vzryva 51 (3), 91–97 (2015) [Combust.,

Expl., Shock Waves 51 (3), 366–372 (2015)].
3. A. S. Yunoshev, A. V. Plastinin, and V. V. Sil’vestrov,

“Investigation of the Influence of the Density of the

Emulsion Explosive to the Width of the Reaction Zone,”

Fiz. Goreniya Vzryva 48 (3), 79–88 (2012) [Combust.,

Expl., Shock Waves 48 (3), 319–327 (2012)].
4. V. V. Sil’vestrov, S. A. Bordzilovskii, S. M. Karakhanov,

and A. V. Plastinin, “Temperature of the Detonation

Front of an Emulsion Explosive,” Fiz. Goreniya Vzryva

51 (1), 135–142 (2015) [Combust., Expl., Shock Waves

51 (1), 116–123 (2015)].
5. V. V. Sil’vestrov and A. V. Plastinin, “Investigation

of Low Detonation Velocity Mulsion Explosives,” Fiz.

Goreniya Vzryva 49 (5), 124–133 (2009) [Combust.,

Expl., Shock Waves 49 (5), 618–626 (2009)].
6. V. V. Sil’vestrov, A. V. Plastinin, and S. I. Rafe-

ichik, “Application of Emulsion Explosives for Explosive

Welding,” Avtomat. Svarka, No. 11, 69–73 (2009).
7. B. S. Zlobin, V. V. Sil’vestrov, A. A. Shtertser, and

A. V. Plastinin, “Formation of Joints in the Explosive

Welding of AO20-1 Alloy with Steel,” Izv. VGTU, Ser.

Svar. Vzryv. Svoist. Svar. Soed. 5 (14), 51–56 (2012).
8. B. S. Zlobin, V. V. Sil’vestrov, A. A. Shtertser, and

A. V. Plastinin, “Improvement of the Technology of

Manufacturing Steel–Aluminum Bearing Liners,” Izv.

VGTU, Ser. Svar. Vzryv. Svoist. Svar. Soed. 5 (14), 57–

63 (2012).
9. B. Zlobin, V. Sil’vestrov, A. Shtertser, A. Plastinin,

V. Kiselev, “Enhancement of Explosive Welding Pos-

sibilities by the use of Emulsion Explosive,” Arch. Met-

allurg Mater. 59 (4), 1587–1592 (2014).
10. A. A. Deribas, Physics of Hardening and Explosive

Welding (Nauka, Novosibirsk, 1980) [in Russian].
11. I. D. Zakharenko and B. S. Zlobin, “Effect of the Hard-

ness of Welded Materials on the Position of the Lower

Limit of Explosive Welding,” Fiz. Goreniya Vzryva 19

(5), 170–174 (1983) [Combust., Expl., Shock Waves 19

(5), 689–692 (1983)].
12. B. Zlobin, A. Shtertser, V. Kiselev, and A. Plastinin,

“Bonding and Formation at the Explosive Welding of

Low-Plastic Materials,” in 13 Int. Symp. on Explo-

sive Production of New Materials: Science, Technology,

Business, and Innovations (Coimbra, Portugal, 2016),

pp. 219–221.



Use of Emulsion Explosives in Experimental Studies of Flows 237

13. A. N. Mikhailov and A. N. Dremin, “The Times of De-

velopment of Wave Formation in Explosive Welding,”

in Proc. of Second Congress on Material Treatment by

Explosion (Inst. of Hydrodynamics, Sib. Branch, USSR

Acad. of Sci., 1982), pp. 67–69.
14. I. V. Yakovlev and V. V. Pai, Explosive Welding of Met-

als (Izd. Sib. Otd. Ross. Akad. Nauk, Novosibirsk, 2013)

[in Russian].
15. S. P. Kiselev and V. I. Mali, “Numerical and Experimen-

tal Modeling of Jet Formation during a High-Velocity

Oblique Impact of Metal Plates,” Fiz. Goreniya Vzryva

48 (2), 100–112 (2012) [Combust., Expl., Shock Waves

48 (2), 214–225 (2012)].
16. V. V. Pai, Ya. L. Luk’yanov, G. E. Kuz’min, and

I. V. Yakovlev, “Wave Formation in a High-Velocity

Symmetric Impact of Metal Plates,” Fiz. Goreniya

Vzryva 42 (5), 132–137 (2006) [Combust., Expl., Shock

Waves 42 (5), 611–616 (2006)].

17. L. D. Landau and E. M. Lifshits, Course of Theoretical

Physics, Vol. 6: Fluid Mechanics (Nauka, Moscow, 1986;

Pergamon Press, Oxford-Elmsford, New York, 1987).
18. A. A. Berdichenko, B.S. Zlobin, L. B. Pervukhin, and

A. A. Shtertser, “Possible Ignition of Particles Ejected

into the Gap in Explosive Welding of Titanium,” Fiz.

Goreniya Vzryva 39 (2), 128–136 (2003) [Combust.,

Expl., Shock Waves 39 (2), 232–239 (2003].
19. B. Crossland, Explosive Welding of Metals and Its Ap-

plication (Clarendon Press, Oxford, 1982).
20. S. P. Kiselev, “Numerical Simulation of Wave Forma-

tion in an Oblique Impact of Plates by the Method of

Molecular Dynamics,” Prikl. Mekh. Tekh. Fiz. 53 (6),

121–133 (2012) [J. Appl. Mech. Tech. Phys. 53 (6), 907–

917 (2012)].
21. G. R. Cowan, A. H. Holtzman, “Flow Configuration in

Colliding Plates,” J. Appl. Phys. 34, 928–939 (1963).


	Abstract
	INTRODUCTION
	EXPERIMENTS USING EMXs
	DISCUSSION OF THE RESULTS
	CONCLUSIONS
	REFERENCES


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


