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The transient radioelectric effect in bismuth at helium temperatures is studied in the UHF region. It is 
shown that in pulsed operation at powers Ps; I W the radioelectric effect has the same dependence on 
magnetic field (changes sign) as in continuous operation at low powers (_10-3 W). This radioelectric signal 
has a transient period less than 5 X 10-8 sec and with increasing power behaves nonlinearly (saturates). 
From estimates made of the thermal response time of the crystal it follows that for low powers (~I W) 
the radioelectric effect cannot be determined by the Nemst thermal e.m.f. Fo~ powers above I W, an 
inertial component of the radioelectric effect with a transient period of the order of 10-6 sec appears. This 
signal does not change sign with increasing magnetic field, and its transient period increases monotonically 
with increasing magnetic field. It is evident that this component of the radioelectric effect is due to thermal 
effects in the bismuth lattice. It is emphasized that the carrier energy-relaxation time in bismuth is quite 
measurable. 

Experiments [l,2J on the radioelectric effect (REE) at 
ultrahigh frequencies in bismuth at helium temperatures 
have stimulated a number of articles which discuss the 
mechanisms on which this phenomenon is based. We will 
discuss briefly only those studies closest to experiment 
and having the purpose of explaining specific features of 

[3" the REE. Kaganov and Peshkov J study the Hall mech-
anism of REE due to action of the magnetic field of a 
microwave on the current carriers in bismuth. Several 
authors [2,4 ,5J consider the possibility of heating of the 
carriers or lattice by the UHF field and the appearance 
of a thermal e.m.f. associated with this heating. Obvi
ously, various heating mechanisms should be more iner
tial than the Hall mechanism. Therefore study of the es
tablishment of the REE voltage can provide necessary 
information on the nature of the REE. For this reason 
we undertook the present study of the REE, using a 
pulsed technique. The latter permits increasing the 
microwave power without subjecting the sample to ex
cessive heating. In addition, the pulsed mode of opera
tion is interesting also in connection with observation of 
REE jumps.'(6J 

EXPERIMENT 

In refs. 1 and 2 the REE was studied in the continuous 
mode with a UHF power not exceeding 10-3 W. The pres
ent work was carried out in the range of powers1) 
1-100 W at a frequency of 9 GHz in two different pulsed 
modes of the microwave generator: with rectangular 
pulses of length Tp = 1-10 JJ.sec with a rise time 

~0.05 JJ.sec, and with ringing pulses of duration 
0.05 JJ.sec. To avoid an average heating of the sample, 
the microwave pulse repetition frequency was of the 
order of 10 Hz. All measurements were carried outby 
means of a video amplifier (bandwidth 20 MHz, gain 
~100) connected to the input of a Sl-15 oscillograph. The 
smallest signals investigated had a height of about 
0.5 mY, which corresponded to a microwave generator 
power P ~ 1 W. The sample in the form of a disk of 
diameter 1.B cm and thickness d = 0.1, 0.2 cm served 
as the end wall of a TE101 rectangular copper resonator 
with a loaded Q of ~ 500, matched to a waveguide. The 
dimensions of the resonator were such (1.7 x O.B 
x 4.5 cm) that only a small part of the resonator loss 
was determined by the bismuth. Thus, in a field Ho 
~ 700 Oe about 2% of the power from the microwave 
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generator is absorbed in the Bi crystal, and in a field of 
6,5 kOe-20%, 

The crystals of Bi (C3 II N with a spread of ~ 50) were 
grown from initial material Bi-OOOO in a demountable 
quartz mold. The REE voltage was taken from two pairs 
of contacts made of copper foil of thickness 20 JJ. and 
welded to the unirradiated side of the Bi sample by 
means of a capacitor discharge with an energy ~ 0.1 J. 
One pair of contacts was located along the line I of the 
microwave current (the main contacts); the other pair 
was perpendicular to I (supplementary contacts), The 
direction of I coincided with the C2 axis within lOG. The 
magnetic field Ho was rotated relative to the microwave 
current I in the plane of the Bi. All of the dependences 
were taken for two positions of the magnetic field: for 
Ho 1 I the signal is maximal on the main electrodes and 
zero on the supplementary electrodes, and for Ho II I the 
reverse is true. 

1. Operation in Short-Pulse Mode at T = 1.45 K 

At low powers (P ~ 1 W) the REE signal voltage com
pletely follows the form of the microwave pulse. Hence 
it follows that the inertia of the REE is less than 
5 x 10-8 sec, The dependence of the REE voltage on mag
netic field is shown in Fig, L The oscillations of the 
REE signal correspond to magnetoplasma waves with a 
velocity v • H~l = 2 X 104 cm/sec -Oe (boH~l = 1.2 X 105 0e-1 

for d = 0.1 cm and boHi? = 0.6 x 105 0e-1 for d = 0.2 cm). 
On increase of the power (P > 10 W) the pattern shown 
in Fig, 1 is distorted. The negative REE values decrease 
sharply in comparison with the positive values, and the 
dependence on power is different for different ~alues. of 
Ho. This, the negative signal for Ho = B.O kOe IS rapIdly 
saturated (curve 3, Fig. 2), while the positive Signal (at 
the minimum, Ho = 5.6 kOe) continues to rise monotonic
ally (curve 1), The signal at the maximum (Ho = 7.5 kOe) 
rises completely linearly (curve 2). 

We note that for powers P > 10 W, after the REE 
pulse reproducing the envelope of the microwave gen
erator, there appears a signal of duration of the order of 
microseconds, 

2. Operation in Long-Pulse Regime at T :: 1.45 K 

Even at low powers (P - 5 W) the REE signal shows 
inertia, From oscillograms of the REE voltage (see for 
example Fig. 5 below) it is evident that the REE voltage 
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pulse consists of two components: inertialess and iner
tial, with a characteristic time of establishment of the 
order 10-6 sec. The inertial component is positive for 
all values of Ho, i.e., it agrees in sign with the inertial
ess component for Ho < 6 kOe. The time of establishment 
(T) of the inertial signal depends on the magnetic field 
Ho. Figure 3 shows a substantial rise of T for the REE 
signal from the main contacts (curve 1) and an insignifi
cant drop in T for the signal from the auxiliary contacts. 
In a sample of twice the thickness, the nature of the de
pendence remains the same, but the times are longer by 
2-2.5 times. 

The dependence of the REE on magnetic field for very 
low powers (P - 1 W) follows in its general features the 
behavior of the REE in the short-pulse regime. However, 
with increaSing power (P > 10 W) the signal from the 
main contacts, oscillating as a result of excitation of 
magnetoplasma waves, already does not become nega
tive. (Here we are discussing the established REE sig-
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nal, which occurs in times of the order of several micro
seconds). Analysis of the oscillograms to separate the 
inertialess component shows that the latter behaves as 
before (in the short-Pllise regime), i.e., it changes sign 
with increase of Ho. The inertial component, which 
varies monotonically, does not undergo sharp oscilla
tions. 

Let us trace how the REE signal changes as a function 
of the UHF power in the different magnetic-field regions. 
In Fig. 4, curve 1 represents the dependence of the sta
tionary REE voltage at t '" T P from the main contacts for 
Ho '" 5.6 kOe. Curve 2 corresponds to the inertialess 
part of the signal obtained as the result of analysis of 
the oscillograms. The difference between curves 1 and 
2 gives the power dependence of the inertialess compon
ent (curve 3). The inertial component obtained in a sim
ilar manner from the auxiliary contacts (curve 6) turns 
out to be smaller, although the stationary signals are 
approximately the same. A completely different pattern 
is observed on the main contacts for Ho > 7 kOe. In 
Fig. 5 (frames 1-3) we have shown REE oscillograms 
for Ho '" 8.05 kOe (the minimum of U) at various levels 
of microwave power. The appearance and development 
of the inertial component, which here (Ho > 7 kOe) is 
always subtracted from the inertialess component, can 
easily be seen. It also follows from the oscillograms 
that the inertialess component decreases with time t 
(with increase of the microwave energy accumulated in 
the sample). This can be judged from the relative de
crease in the vertical rise at the end of the microwave 
pulse, which has already disappeared in frame 3. crhe 
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d'" 0.1 cm, Ho= 5.6 kOe and 
Tp = 6 j.lsec. P = I for a micro-
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line I is the stationary signal for 
I 1 Ho, curve 2 is the inertialess 
component, curve 3 is the iner
tial component. Curves 4, 5, and 
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FIG. I. Dependence of REE voltage on magnetic field in sample with 
d = 0.1 cm. The circles are the Signal for I 1 Ho, and the squares are for 
I II Ho. 

FIG. 2. Dependence of REE voltage on microwave power for differ
ent values of Ho in the short-pulse regime (P = I for a microwave power 
of 20 W): curve I) Ho = 5.6 kOe; 2) Ho = 7.5 kOe; 3) Ho = 8.0 kOe; 
Il Ho. 4) Ho = 5.6 kOe, I II Ho. 
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FIG. 3. Dependence of the 
establishment time T for REE 
voltage on magnetic field for 
sample with d = 0.1 cm (P = 70 
W). Curve I) (I 1 Ho) and 2) 
(I II Ho)-for T = 1.45 K. 
Curves 3) (I 1 Ho) and 4) (I II Ho) 
-for T = 4.2 K. 
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6 are the same but for I II Ho. 

28 
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FIG. 5. Oscillograms of REE voltage for different levels of microwave 
power. Frames I (1.3 W), 2 (6W), and 3 (19 W) are for a sample with 
d = 0.1 cm at Ho = 8.05 kOe. Frames 4 (5 W), 5 (20 W), and 6 (80 W) 
are for a sample with d = 0.2 cm at Ho = 9.45 kOe. The abscissa repre
sents time. A large division is 2 j.lsec. The ordinate shows the voltage, 
and a large division is I mV. 
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presence of this rise indicates that the inertial signal is 
added to a negative inertialess signal which is instan
taneously turned off with the termination of the micro
wave pulse.) 

Let us trace how the magnitude of the inertial com
ponent depends on the microwave power. In Fig. 6, curve 
1 characterizes the variation of the stationary signal, 
which changes sign with increase of power. The negative 
peak, which shows distinct saturation (see frames 2 and 
3 in Fig. 5), is shown in curve 2. The difference curve 3 
corresponds to the inertial REE component. 

The oscillograms for the thicker sample are some
what different (Fig. 5, frames 4-6). As already pointed 
out, the time for establishment of the inertial signal is 
greater and, in addition, there is an additional break 
(see frame 5) beginning at t = 0.8 IJ.sec after the micro
wave generator is turned on. 

In conclUSion, we note that the negative peak in its 
riSing portion does not have only an inertialess compon
ent, since its maximum occurs 0.25 IJ.sec after the 
microwave generator is turned on (for the two samples 
with d = 0.1 and 0.2 cm). 

3. Temperature Dependence of REE 

At 4.2 K the dependence of the REE on magnetic field 
in the long-pulse regime is similar to U(Ho) at 1.45 K 
but at a very high power where the negative value is 
much less than the positive values. The establishment 
time of the inertial component is somewhat smaller; the 
dependence T(Ho) appears weaker (curves 3 and 4 in 
Fig. 3). The rise in the value of the REE with cooling in 
the range from 4.2 to 1.45 K is quite significant. Thus, 
the stationary signal for Ho = 1 kOe increases with cool
ing by 7 db, while the negative inertialess signal at Ho 
= 9.8 kOe increases by 10 db. For the same magnetic 
field the stationary signal changes sign on cooling, be
coming negative at T = 1.45 K (the microwave power is 
low enough). For Ho ~ 5.6 kOe the stationary signal is 
practically unchanged, although the signal from the 
auxiliary contacts increases by 10 db. Thus, it can be 
concluded from the above that the inertial part of the 
signal is practically unchanged in magnitude with cooling 
(in the range 4.2-1.45 K), while the inertialess part 
rises by about a factor of ten. 
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FIG. 6. Dependence of REE 
voltage on microwave power for 
11 Ho for a sample with d = 0.1 cm; 
Ho = 8.05 kOe, Tp = 6 j.lsec. P = I 
for a microwave power of 5 W. 
Curve I is the stationary REE value, 
curve 2 is the peak value of the neg
ative inertialess signal, and curve 3 
is the difference in values of curves 

JO I and 2. 

2 
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DISCUSSION OF RESULTS 

1. Kha'lkin and Yakubovskit (2] showed that for I 1 Ho 
the REE voltage behaves as a function of the magnitude 
of Ho as follows. Oscillating as the result of excitation 
of magnetoplasma waves in fields greater than 6 kOe, 
the value of U becomes negative, and the average value 
of the voltage passes through zero linearly. In the pres
ent work a similar behavior is observed for the iner
tialess component at powers up to tens of watts. This 
characteristic behavior of the REE has not received a 
sufficiently convincing explanation up to the present 
time. Below we will show that the Hall mechanism, in 
the simplest two-band isotropiC model [3] of Bi, gener
ally does not produce a change in sign of the REE volt
age. Further, in spite of the fact that excess heating of 
the unirradiated surface of the sample in comparison 
with the irradiated surface, which is possible in suffi
ciently strong magnetic fields Ho, in principle gives a 
change in sign [4] of the REE, consideration of the real 
experimental conditions does not permit us to accept 
this explanation unconditionally. 

In terms of ref. 3, the expression for the REE elec
tric field in an open-circuited sample has the form 

It =_ eEo' 
% (e-1)c[4:nn(m,+m,) l'" 

[ e+1 chz-1 41'8 shz 1-cus<P) 
X 2-,--+----+WT---

£-1 z £-1 z <P 

[ <P (Z 1'8+1)]-' x sin'-+sh' -+In-_-- , 
2 2 1'8-1 

(1 ) 

where E == E' »E", q; = 2k'd, z = 2"d = q;/2WT. The re
maining designations are the same as in reL 3. Under 
the experimental conditions of reL 2, WT = 35, 
q; = 1350H~1, ..fE = q;/2kod = 1.1cp (Ho is measured in kOe). 

It is evident from Eq. (1) that Ex cannot change sign 
with increase of Ho (i.e., with decrease of Z).2) Another 
situation exists with the mechanism described in ref. 4. 
Here the constant electric field in an open-circuited 
sample is proportional to the difference in temperatures 
on the irradiated and non-irradiated sides of the sample: 

It.=~[T(O)-T(d) ], 
d 

(2) 

where a is the thermoelectric constant and T is the 
temperafJre of the lattice or the carriers. According to 
theory [7] and experiment [8] we have for the thermoelec
tric e.m.f. of the Bi lattice a xy = -aHo, a > O. Solving 
the stationary problem of heat conduction and taking into 
account the propagation of magnetoplasma waves, follow
ing ref. 4, we will write the expression for Ex in the 
form 

_ 2Eo'a •• de [ e+1 (Sh z ch z-1 ) 
E.=- (2x,,+hd)(£-1)T e-1 -z--2-z-'-

+ 21';- (ChZ+1 _ 2 Sh,Z) + sin<p _ 4sin2(~/2) ] 
e-1 z Z <P '" 1 

[ <p (Z 1';-+1)]-' x sin'-+sh' -+In-_-- , 
2 2 1'e-1 

(3) 

where f yy is the thermal conductivity of Bi and H is the 
thermal conduction of the sample boundary. As in the 
derivation of Eq. (1), we have made the approximation 
E' » E", and E" has been taken into account only in the 
arguments of the exponentials. 

Equation (3) differs from the corresponding formula 
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in the work of Kogan [4J in the presence of a resonance 
denominator, which it is important to take into account in 
discussing the average value Ex(Ho). 

We will investigate the dependence of Ex on a mag
netic field Ho ~ cP -1. It is easy to show by direct evalua
tion of the numerator of Eq. (3) that in the interval 
o < Ho < 35 kOe (co > z > 0.6) the REE signal does not 
change sign. Then it is easy to see that in the interval 
0.1 < z < 6 (21T < cP < 141T) Eq. (3) can be simplified (the 
error in the first square bracket does not exceed 2%): 

(according to the experimental data of Khalkin and 
Yakubovskil (2J kodz/cp = 0.64 x 10-2). 

(4) 

The condition for change of sign of Ex has the form 

z'/12+4.3·10-3";;",-', z";;0.55, (5) 

from which it follows that only for Ho ~ 35 kOe is a 
change of sign of Ex possible. Furthermore, the maxi
mum values of Ex (resonance in a plane-parallel plate 
for cp = 21TN, where N are integers) are always of the 
same sign, while the minimum values for cp = 21T(N - 1/4) 
in the region of oscillations of Ex (cp ~ 41T) are always 
less in absolute value than the maximum values (the 
minimum of the microwave field in the plate occurs for 
!p.. = (N + 1/2)21T). Hence it follows that the average value 
Ex in the region of oscillations (cp ~ 41T) does not change 
sign. 3 ) 

2. In the present work we have established that for 
powers of the order of 10 W an inertial component 
(T:S 10-6 sec) appears in the REE, which does not change 
sign with increase of the magnetic field. An inertial 
signal of this type obviously cannot be explained by a 
single electron mechanism without participation of the 
lattice. We can assume that this part of the REE is the 
Nernst thermoelectric e.m.f. (2), which is determined 
by the unequal heating of the ends of the sample. We will 
estimate the time of establishment of this type of REE 
signal. 

Without yet dwelling on the question of how the energy 
of the electron system (the microwave field acts directly 
on the electrons) transfers to the lattice, we will evalu
ate the characteristic time of establishment of a tem
perature gradient in a lattice on which is acting a dis
tributed heat source instantaneously turned on and then 
constant in magnitude. Let the system be one dimensional 
(y) and let heat be exchanged only at the boundaries. 
For this purpose it is necessary to solve the nonstation
ary equation of heat conduction with a right-hand side 
dependent on y, with boundary conditions of the third 
type and with a zero initial condition. Introducing in the 
usual way the substitution T(y, t) = T(y) + T(y, t), we will 
reduce the problem formulated to two simpler problems. 
The solution T(y) of the equation of heat conduction with 
a right-hand side dependent on y is found direct~ by in
tegration (see for example ref. 4); the solution T(y, t) of 
the homogeneous equation of heat conduction with the 
initial condition T(y, 0) = -T(y) is given in the book by 
Cars law and Jaeger. f9J As a result we will have an ex
pression for T(y, t) in the form of a rapidly converging 
series. Limiting ourselves to the first prinCipal terms, 
we find that the time characterizing establishment of 
the average temperature of the sample is determined by 
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T~l = 2HK/d, and the establishment of the difference in 
temperatures at the ends by T? = 1T~/d2 (here we have 
used the fact that the heat conduction of the Bi boundary 
is low: Hd« 1), where Hand K are the thermal conduc
tivity of Bi and of the boundary. 

On the basis of data on the thermal conductivity of 
Bi, (lOJ the Bi boundary, [l1J and liquid helium, we will 
estimate the time characterizing the lattice temperature 
of Bi (C3 II VT): 

T=2 K, "",:;0 JJ-sec, ,,""0.2 IJ.sec, 

The value obtained for the time T1 is very close to 
the time of establishment of the inertial component, 
which was shown in Fig. 3. However, this fact is not 
worth reevaluating, since in thin samples of Bi 

(6) 

(d « 1 cm) for sufficiently high thermal conductivity 
the effective mean free path of phonons is lph ~ d, and 
therefore the time of establishment of the lattice tem
perature is of the order T~ = dis = 10-6 sec > T1 (for 
d = 0.1 cm). It is not excluded that the increase in T by 
only 2-2.5 times in a sample with d = 0.2 cm can be 
explained in just this way. 

It is interesting to note that the oscillatory nature of 
the falloff of the REE inertial component occurring after 
termination of the action of the microwave pulse (Fig. 5) 
may be due to invalidity of the equation for heat conduc
tion in description of the kinetics of heat in the bismuth 
lattice under the conditions of the experiment described. 

3. Finally we will consider the mechanism of energy 
transfer from the charge carriers to the lattice. As we 
will show below, this mechanism turns out to be also 
rather inertial, and it alone is sufficient to explain the 
nature of the inertial component observed in the present 
work. 

From the balance equations for the lattice and elec
tron temperatures (see for example ref. 5) it follows that 
the time of transfer of the energy of the hot carriers to 
the lattice is determined by 

(7) 

where TE is the energy-relaxation time of the carriers, 
C is the heat capacity of the lattice in units of k, and no 
is the carrier concentration. 

Green (12J obtained an expression for TE in the case 
of degenerate carriers: 

''''='. n'k'T(T+T.) (8) 
16ms'E, 

(k is the Boltzmann constant; m, T e' and EF are the 
mass, temperature, and Fermi energy of the carriers; 
T is the lattice temperature; and T p is the momentum 
relaxation time of the electrons). Using the expression") 
for T p taken from ref. 13, for carriers with mass O.2mo 
(mo is the mass of the free electron) we obtain for 
T = 1.5 K 

( T -T) ,.""'0.25·10-' 1+-'- sec, 
. 2T 

(9) 

which agrees with the time of establishment of the iner
tial component in a low magnetic field (Fig. 3). We re
call that in bismuth the anisotropy of carrier mass is 
such that 1.3mo > m > 0.006mo. 

The rate of energy transfer from the carriers to the 
lattice evaluated here contains also the dependence of 
T[ on magnetic field (Fig. 3). For I II Ho and large Ho a 
strong normal skin effect occurs for the microwave 
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field, while the impedance for this polarization does not 
depend on the magnetic field. For I 1 Ho in large fields, 
weakly damped magnetoplasma waves exist and the 
monotonic part of the energy flow into the metal in
creases with increasing H()o In spite of this great differ
ence in the distribution of the microwave field in the 
thickness of the metal, the heating of the electrons will 
be rather uniform in the two cases. This is due to the 
fact that the mean free path lE = vFhpTE of an electron 
with energy loss is of the order of the thickness of the 
sample and the relation between the temperature of the 
hot electrons and the heating microwave field is not local 
(the anomalous energy skin effect). Thus, for I 1 Ho the 
electron temperature Te and therefore also T1 increase 
with increasing Ho. 

4. As already pointed out, the dependence of the in
ertialess signal (T < 5 X 10-a sec) on magnetic field has 
the same nature (Fig. 1) as the effect in ref. 2 (continu
ous operation, powers P ~ 10-3 W). Then, proceeding 
from the ratio of the inertial and inertialess components 
of the REE determined5) from Fig. 4, we can conclude 
that at low powers P < 10 W) over the entire range of 
variation of the magnetic field (10 Oe < Ho < 10 kOe) a 
dominant role is played by the inertialess signal (T < 5 
X lO-a sec), and apparently it was studied in ref. 2. 

The estimates made in paragraphs 2 and 3 of this 
section show that the inertialess signal cannot be due to 
the crystal lattice. Probably it is produced by the 
thermoelectric e.m.f. existing as the result of nonuniform 
heating of the carriers. In this case the observed satur
ation of the inertialess component of the REE (Fig. 2) 
can be naturally associated with the extraordinary in
crease of the electron temperature. In fact, the iner
tialess component depends very strongly on the tempera
ture (see paragraph 3 of the experimental description 
and also ref. 2), and an elementary adiabatic estimate 
shows that for P ~ 100 W the electron system (at 2 K) is 
heated in 0.05 Ilsec to several degrees. 

CONCLUSION 

Using a pulsed technique for study of the REE, we 
have been able to distinguish two components: an iner
tialess component which is dominant at low microwave 
powers (P ~ 1 W) and an inertial component arising at 
powers of the order of 10 W where the inertialess com
ponent undergoes saturation. The latter fact indicates 
that the inertialess signal is evidently associated with 
hot carriers whose temperature appreciably exceeds the 
lattice temperature. 

At 1. 5 K the inertial component has an establishment 
time T ~ 10-6 sec, which indicates the lattice origin of 
this signal. The study of the inertial component was car-
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ried out for the condition T < Tp « To, which assured the 
absence of an extraordinary heating of the bismuth lat
tice. 

IYrhe amplitude H of the magnetic field of the UHF wave in the metal 
in this case assumes values 0.6-6 Oe. 

2)Because of an algebraic error, Eqs. (27), (34), and (37) of ref. 3 
should not be considered. In addition, we do not assume that z <II; I 
and JE ~ I as in the conditions ofref. 2 for Ho;;;' 6 kOe and z';;; 3.2. 
The author is grateful to M. I. Kaganov for discussion of this part of 
the present section. 

3)Kogan [4] also raises the question of the change of sign of the average 
value of the first square bracket in Eq. (3). An estimate shows that 
this occurs for z - 0.22, Le., for Ho - 87 kOe. However, the average 
value of this quantity does not correspond to the average value Ex as 
a result of the necessity for taking into account the resonance denomi
nator. 

4)Here we use Tp due to phonons, since collisions with impurities (which 
determine the residual resistance) are elastic. 

S)It follows from Fig. 4 that the inertialess signal on the auxiliary con
tacts is greater than the inertial signal (curve 5 is higher than curve 6). 
In the main contacts the inertialess signal (curve 2) exceeds the inertial 
signal (curve 3) for powers P < 10 W. 
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