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Quantum theory of a semiconductor klystron
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The interaction between a hot electron beam and electromagnetic waves is analyzed in a semiconductor with
the structure of the klystron device, in which electrons emit or absorb photons at the input port and then make
a spontaneous emission at the output port. As a result of the collective spontaneous emission due to the
interference between the specific many-electron states, the output photons have harmonic frequencies of the
input, and the emission rate is proportional to square of the beam current. Due to the influence of electron
scattering, the output power is much reduced for an input photon energy smaller than the electron energy
broadening determined by the scattering and also for an input-output interval larger than the electron coherence
length.
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[. INTRODUCTION the electron density or current. Quantum-mechanical analy-
ses for the radiation from a modulated electron beam in the

An analysis is shown in this paper for the interaction be-vacuum have been reportéd, where the collective sponta-
tween hot electrons and electromagnéfiv) waves in a neous emission from the electron beam has been shown to
semiconductor nanostructure corresponding to the klystrofave the above properties of the klystron.
device which is a vacuum tube for the amplification of the In this paper, the interaction between electrons and pho-
microwave. The Kklystron consists of input and output portglons in a semlcondt_Jctor kI_ystron structure is systemat]cally
for EM waves and an electron beam traversing them, th@nalyzed for a relatively wide frequency range from micro-
structure of which is the same as that shown later in Fig. vave to far infrared, mcludmg the influence of electron scat-
for the analysis, except that a semiconductor is supposed #§rng. In Sec. Il, the analytical model and the output photon
Fig. 1 instead of the vacuum. The interaction of the electrofate including the electron scattering are given. It is shown
beam with the EM waves in this vacuum tube has been andbat the output photons have the harmonic frequencies of the
lyzed classically, in which the electron beam traversing the iNPut and the emission rate is proportional to the square of
input port is accelerated or decelerated by the input electriéh® beam current. A simple physical interpretation for these
field, and the charge density modulation occurs after thé€sults is also given using the interference between the spe-
travel from the input to output ports. This modulated beangific many-electro_n sFates. The_ influence of the scattering on
radiates an EM wave into the output port. In this process, Ihe output power is dls_cussed in Sec. Ill. The output power is
part of the electron kinetic energy is transferred to the outpufuch reduced for an input photon energy smaller than the
EM wave, resulting in amplification. eleqtron energy proadenlng due to the scattering and also for

The electron beam responds to higher frequency as th@" input-output |r_1terv_al _Iarger than the eI_ectron coh_erence
traverse times at the input and output ports are reduce(l)e_zng_th. The classical limit and _the output with no relation to
Therefore, if the Klystron is fabricated in a semiconductorthe input frequency are also discussed.
nanostructure, a high-frequency response is expected, in
spite of the fact that the electron energy is much lower than [l. ANALYSIS
that in the vacuum Klystron. As the frequency and thus the
photon energy increase, a quantum-mechanical analysis and
discussion of the deviation from the classical results become The electron-photon interaction system discussed in this
important. Also, the influence of various scattering mechafpaper is shown in Fig. 1. A hot electron beam is supposed to
nisms, such as electron-phonon and electron-electron scattdlow in a semiconductor heterostructure with the input and
ings, must be taken into account in high-density electrorPutput ports for EM waves. Each port is constructed, for
beams in a semiconductor nanostructure, in contrast to the
vacuum.

In the classical analysis, the output EM wave has the har-
monic frequency of the input, and the output power is pro-
portional to square of the beam current, in agreement with
the observation. The quantum-mechanical analysis must pro-
duce the same result at least in the low-frequency limit.
Quantum mechanically the electron beam interacts with pho- H, H
tons at the input port and then makes a spontaneous emission
at the output port. However, these properties are quite differ-
ent from those of conventional spontaneous emission which FIG. 1. Electron-photon interaction system in a semiconductor
has no relation to the input frequency and is proportional tcheterostructure discussed in this paper.

A. Structure and Hamiltonian

D+d, /2

input photons output photons
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example, by a pair of parallel thin layers of metal or heavilythe input photon system is equal to the voluig¢;.di,,
doped semiconductor. The reflection of electron waves at thgnde,, is the unit vector indicating the polarization direction.
heterointerfaces is neglected in the analysis. The input EM Hereafter the TEM(transeverse electric and magngtic
wave traverses the electron beam, resulting in the absorptiafode is supposed for the input, in whiah, is in the z

and stimulated emission. The output is generated up angirection andr,(r) is uniform in thez direction. Further, the
downwards into the output port by spontaneous emissiovavelength is assumed much longer than the cross-sectional

from the electron beam. _ size of the electron beam. By these assumptifngs)=1
The Hamiltonian of the system is in Eq. (4), andH.., in Eq. (3) is calculated as
H=He+Hij,+Hout Heint Heoouts ()
whereH,, H;,, andH,, are the Hamiltonians of the elec- Hein= k%( Min(Kz,kz)CeCic (2 ain), ®)
tron beam and input and output photons, respectively, given ”
by where the summation fok| is eliminated becauskj =k
due to the above assumption, and
He= 2 gkcick'*_ Hscattering (2a)
K M. (k, k) e(+/) [ hdp 1
in(Kz,82) =7 5027V, 28wW€E
Hin=%opala, (2b) inWin€in
’ din
Hou™= ﬁwoulagutaouta (20 M1 (kz— kz)?) ! ©)

where the subscrifitin th? electron system deno.tgs the wave herev,=%k,/m is the electron velocity in the direction,
vector of an electron, which consists of compositions paralle ndM(x) = smx/x
(k) and perpendmulark(z) to the heterointerface, ané;
=h2KZ2m+h2kfl2m= &,+ & with electron effective mass
m. Only one parabollc energy band is considered here. Vari-
ous electron scatterings, such as electron-phonon and He.out= E Mout(kz,k;)clck,(aguﬁr Aout) - )
electron-electron scatterings, are expresset Riering The Kk,
effect of the scatterings is considered as a change of the
self-energy in the analysis shown below. Although only one
mode is considered for simplicity in both the input and out-“out” in Eq. (6) and multiplying the factore™
put photon systems in Eq$2b) and (2¢), results for the whereD is the interval between the centers of the input and
multimode case are obtained by integrating those for th@uput ports, as shown in Fig. 1.
single mode.

Hein andHe oy in Eg. (1) denote the interaction of the B. Output photon rate
electron beam with the input and output photons, respec-
tively. He, is given by

He.out IS Obtained similarly as

Moulkz,k;) is given by changing the subscript “in” with
i(k,—k,)D

The rate of output photon number is given by

dn/2 —je dNout
He—inzz Clerf j ¢k(r)[V Ain(r) dar Iﬁ E MoudKz, z)Tr[PCka’(aout Aout) -
KK/ kjkzk,
®
+AR(r) - V] (r)dzdS () _ _ _
_ i o p is the density operator of the whole system given by
whered;, is the gap of the input port as shown in Fig. 1,
i (r)=e"¥/LSis the electron envelope function with the Ut — ) (920 ® o U (oo t 9
lengthL along thez axis and the cross-sectional afgaand p=U(L=2)(pe®Pin® pou) U(—=2.1), ©
Ai,(r) is the vector potential given by where
/ fi U(t,to)=exd H(t—to)/i%] (10)
(N=\— TalF* F . 10 0 '
Am(r) Zewinwinfindin [a|nF|n(r)+a|nF|n(r)]e|nv
@ Pin=Nin)(Nig], (11)
where ¢ is the dielectric constaniV;, is the width of the o
input port perpendicular to the propagation directions of the Pou=10Youf Ol out» (12

electron beam and input EM wavé,, is the length of the

input photon system along the propagation direction of thep, is the density operator of electron system withély;,
input EM wave, by which the photon number and the modeandH_:, Nj, in Eq. (11) is the input photon number, and
density of the system are defingsee Eqgs.(29) and (30) the initial output photon number is assumed to be zero in Eq.
below], the spatial distributiorF;,(r) is normalized so that (12). Expandingp in Eq. (9) up to first order inH._o;, the

the integral of the absolute square over the whole region ofate of output photon number is obtained as
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.
o , dN 2
WA 2, ® o) = — Nind(@in— 0oy
AN dt %2
2 OJout
X2 2 Mi(ks k) Moufky k})
Vv Kl Kk,
Av‘v‘v - 2
: ky , 00, * __Go
: X | [Gulo=wpn)oGlw)] 5,
(a) (14
k, ® whereG,(w) is the matrix of the Keldysh-Green functidns
given by
Gi(®)” ™ Gylw) ™"
G(w)= . . (15
¥. o-0 Gi(w) Gi(w)
’ " (b) and
FIG. 2. Diagrams in which the output has a harmonic frequency 1 0
of the input. The left and right parts are linked only by the input 0z= 0 -1l (16)

photon propagatorga) General andb) the lowest-order terms.
The integrand in Eq(14) comes from a bubble in Fig.(B),
where Gy (w— wi,) and G (w) interact via the matrix ele-

dNow| 1. S Muyke, kL) mentsM,, and M,,,. The superscript “—" in Eq. (14)
dt 72 KiR2| k! KoK, ouf Mz Pz denotes the * —" element of the product of the matrices in
e the square brackets. The elements in @) are written as
KMok i) [ TiEoecl, )64 L 1y
: ’ ’ - ' ' Gk(w) ﬁw—c‘:k—iFk+ﬁw—5k+iFk’ (176)
X(t)el(0)c(0)]e ot dt!,  (13) fi fi
2 -+ _
Cdle) = e ity ho—griT, 7P
where Cl(t):Ue-in(_w’t)clule-in(t:_oc) WiFh L.Je-in(tr_to)- G( )+—__ 1_fk + 1_fk (17(:)
=exfd(HetHint Hein) (t—to)/i%], andcy(t) is given simi- K T =&l ho—EFily’
larly.
Equation(13) can be calculated by the perturbation ex- Gu(w)" "= 1-fy fi (179
. =

pansion ofcll(t’)cki(t’)clz(O)cké(O) with respect tdH ., - Cheo—&—iTy ho—&+il}’

In some of the expansion diagrams, the part includipgnd  wheref, is the electron existing probability & which is

k; is linked to that includingk, andk; only by the input determined by the emitter of the electron beam, Bpds the
photon propagators, as shown in Figa)2In these diagrams, imaginary part of the self-energy due to various scatterings
the output has a harmonic frequency of the input in spite ofxpressed b areringin EQ. (1). The real part of the self-
the spontaneous emission. Especially, the output with thenergy is considered to be includeddphereafter. The self-
same frequency as that of the input corresponds to the outp@nergy is approximated to be independentof

signal of the device. This type of output is discussed in the Substituting Egs(15)—(17) into Eq. (14), the rate of out-
next subsection, and a physical explanation is given in Sed®ut photon number is calculated e the Appendix

Il D. In the diagrams other than those expressed by K, 2 dN

the output has no relation to the input frequency. This corre- < ou

t 27T
= — Njpo(win— 0oy

sponds to the noise in the device and is discussed in Sec. dt h?
I c. , ,

% 2 E Mi’;(k21kZ)MOUI(kZ!kZ)

K| kK. Ek—Ek,—ﬁwm-HFk—HFk,
C. Output with the same frequency as input z
’ ' 2
The lowest-order term in which the output has the same N Min(Kz, k) Mgu(Kz K7) ¢ 19

frequency as the input is second ordeHpg;, shown in Fig. E— & thop—iT—ily, “

2(b). Assuming the input photon numbé,>1, i.e., ne-
glecting the spontaneous emission at the input port, the rate this equation, the combinations lof andk,, with the same
of output photon number obtained from the second-ordesigns are dominant and considered in the calculation below,
perturbation is because the matrix element in E§) is small for the com-
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binations with different signs. The summations are transnecessary. Although the above analysis can be extended to
formed to integrals for the energi€s, &, and& and are  higher-order perturbation, only the second-order perturbation
calculated by means of the contour integrals in the compleis considered here, because the output characteristics in the

plane(see the Appendjx The result fork, andk,>0 is small-input-signal case are discussed below.

In the above analysis, the spontaneous emission rate is

d Ny 1 o ©» mS calculate_d at the output port as_sg_ming the initial photon

< T >= —szﬁ(wm—wou[) j dSHf dc‘?z—z number is zero. If photons exist initially at the output port,
2mh 0 0 wh stimulated emission also takes place. The rate of output pho-
X F(E+ENM(E, hwp—il) ton number in this case is also calculated in the same manner
as above. However, for an output with the same frequency as
2 the input discussed above, the rates of the absorption and

—M* (&, —hwp+il)]| (199 stimulated emission at the output port are the same, indepen-
dent of the electron energy distribution. Therefore, the stimu-

wherel' =T+ T, with T, approximated to be independent lated emission selective to the same frequency as the input

of k, f(&) is the energy distribution for the electrons with does not appear. Conventional stimulated emission occurs

k,>0, and9 is given using Eq(6) as with no relation to the input frequency.

M(E 5)_( )ZM (,(E,) K (E,—E)) D. Collective spontaneous emission
“ ho (&) TR The output photon rate obtained in the previous subsec-

tion has only the same frequency as the input and is propor-
X - : . >
Moulke(£2) kel £, E)) tional to square of the current, as shown in E2p). This is
e? \/ di, \/ dout quite different from conventional spontaneous emission, in
=37 YY) which the frequency is independent of input and the photon
26 N opWintin V7 @ouWoul ou emission rate is proportional to the carrier density or current.

dip A simple explanation is given for this difference by the col-
XM [kz(gz)_kz(gz_g)]7) lective spontaneous emission here.
For simplicity, a state&,;,&,) of an electron beam, in
dout which the levels&; and £, have one electron each, is con-
XM [kz(gz)_kz(gz_g)]T) sidered. By the interaction at the input port, this state emits

‘ and absorbs photons. For the purpose of seeing the phenom-
X e~ k(&) ~kaol &= NP (200 enon, it is enough to consider only the stimulated emission.
The state after one-photon emission may be written as
The summation fok, and k;<0 is similarly calculated
and is obtained to be zelsee the Appendixindicating the Col&1,E) +ColE1—hwin,E) +Cq|Er,E— ).
natural fact that the output signal is emitted by the electron (23
beam which traversed the input port at first.

The current of the electron beam is written as The states for input and output photons are not written. This

state then changes at the output port by the spontaneous
m emission. For example, the second term of E2B) may
ar

1 e (= °° S
— - = change to
lo k;m(” ev k=57 fo d¢ fo de, 1+ 8).
(21 CoCilé&1— T win, &) + C1C1| &1~ hwin—hwoy, E2)
If the distributionf(&,+ &), which depends on the structure
of the electron emitter, is much narrower than other factors in

the integral for&, in Eq. (19), the rate of output photon
number is approximated using EQ1) as

+C1C1|&—hwin,Ea— ooy (24)

If wou# win, all terms generated from ER3) express
different states with each other. Howeverif = w;,, the

dN |2 third term of Eq. (24) is equal to the termC;C,|&;
< °“t> =2 Nin_o S win— wou) | M(Ey hrwin—iT) —hwoy,E2— hwi,) Which is generated from the third term of
dt e? Eqg. (23), and these two terms are superimposed in phase.

. 12 The probability of the emission of one photon each at the
— M (Eo, —hon+iD)%, (22) input and output ports by these terms iKC2C,|? if woy

where&, is the average kinetic energy of the electron beam# wj,, while 4/C;C,|? if w,u=wj,. By extending this dis-

in the z direction. The output photon rate is thus proportionalcussion to the many-electron system, the output photon rate

to square of the current. has a peak ab,= w;, proportional to square of the carrier
The higher-order perturbation must be analyzed for thelensity or current. The origin of this phenomenon is the

discussion of theN;, dependence, as well as on the outputsame as that of the superradiance from molecifles.

with a harmonic frequency of the input. For th#éh harmonic The above discussion can be applied similarly to the case

frequency, the Ath order perturbation calculation is at least of absorption instead of the stimulated emission at the input
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port. The two terms in Eq(22) in the previous subsection out
correspond to the stimulated emission and absorption cases. D(woy) = ﬁ\/; (29
The difference of the signs of these two terms implies that
the states generated by the emission and absorption at thésing these equations and the relation
input port are superimposed in antiphase.
N _&n@

n ﬁwin

P.
E. Case of coherent input state n (30
In the analysis of output photon rate in Secs. Il B andpetween the input photon numbik, and the input power

Il C, the photon number state is supposed for the input phop,, | the output power is obtained from E@2) as
ton system as in Eql). In this subsection, the coherent

state d. d.. 12
M m 0 .
_ Pou \[;W—\Ew—t — Pl M(E frwn—iT)
pn=la)(al, (29 A
with —M* (&, —hwi,+iT)|2 (3D
- Nin of? The following approximation can be madefii given by
= e 972IN,), 26) EQs.(20) and(6):
| ) NEOW INin) (26)  Egs.(20) and (6)
2
is discussed for the initial state instead of Eifl). The rate K,(Ep) = Ky Eg— E) = — — ——, (32)
of output photon number is calculated similarly to Sec. Il C, hvy  4fiveéy

M . : 5 B _
7, T U ety MMM 1 e ST ), 065
N £Q. (£5), negiecting tors ime varying wi (20) are approximated with this equation up to first order in
quency v;,. Since|a|* approximately corresponds to the £, while the factore k(&) k&~ 91 is approximated up to

photon number of the coherent state in E26), fchi_s result  second order to keep E@31) finite. The output power is
means that the rate of output photon number is independef ., approximated as

of whether the input state is the number state or the coherent

state. w dig M oyt 2,2
The expectation values af,, anda/ , are nonzero in the Pou= VoW Vaw. € loPinz —M
coherent input case, in contrast to the number state. The out- " out n
put electric field, which is proportional ta; ,—a, has (hwi,—iT)dj, (A win—I1T)doyt
therefore a finite expectation value. For the coherent input X( 2hvg ) ( 2fvg )
state with the expectation value of the input electric field,
R E;,e '“n'], the expectation value of the output electric [ (hwi,—il)’D I'D\|?
field is calculated in the first-order perturbationHiy;, and AL vy b (33

is obtained to be R& e '“n'] with _ o _ _ _
This equation is used in Sec. Il B for a discussion of the

Eou=[ (& hwin+il) —IM* (&g, — hwin—iT)] influence of scattering.
| 1 The factorsyu/edi, /Wi, and /e dgy/ Woy: In EQ. (33)
X2 P————— im0~ wou) |[En,  (27) are the characteristic impedances of the transmission lines at
€| i~ woyt the input and output ports. These factors are resulted because

where the term with the principal value denoted Bymay the-propagatlng EM waves are assumed. If stanqllng waves
excited by resonant cavities are assumedandAw in Eq.

vanish if the output electric field is integrated over the output
angular frequency weighted with the output mode density.(zg) are regaTdEd as the resonance angular frequency and the
Equation(27) shows that the output electric field has a finite resonance width of the output cavity, and the above charac-

value with the same frequency as the input, if the input stat£eristic |mp_e_dances are replaced by tho_se of th? Input and
is the coherent state. output cavities to the electron beam. This result is obtained

by using the vector potential and mode density of the stand-
ing waves in a cavity connected to outsitimstead of Eqs.
(4) and(29). Since the characteristic impedances of resonant
A. Output power cavities are generally larger than those of the transmission
lines, large output power can be obtained.

In the scattering free casé €0),

wc+Awl2 dNOut
Pout:f dt f @ ouD(@ou) dwoyt, (28) p ~\/E%\/Edout 0212p. M2 windin M2 oindout
e PN e W, Ve W 0™ | 20g 200

1\? _[wyD hwin)
ﬁwin) S|n2( v 25, )" (34)

IIl. OUTPUT CHARACTERISTICS

The power emitted at the output port is given by

wherew; and Aw are the central frequency and the band-
width of the used detector, aft w,,) is the mode density %
given by
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In the classical limith w;,/E;— 0, the third line of Eq(34) 1.0
reduces to ;,D/vo)?(1/45,)?. The output power in this
limit coincides with that of the classical analysis of the kly-
stron vacuum tube for the small-signal case. Thus, the third
line of Eq. (34) indicates the difference from the classical
analysis.(In the classical theory,the device operation is
usually analyzed in the large signal case, resulting in the
factorJi[(me/vo)(eEmdm/Zé’o)]/(e E;,din)? with the first-
order Bessel function;, which approaches to the above
factor in the small signal limit¢ E;,d;,/26,—0).) The above - O D/0=2
coincidence in the classical limit implies that the klystron 0 .

0.4

Opdy, 120,=0.5
L o d,, 120,=0.5

Normalized Power Gain

<
o

. ) L. . 103 10+ 103 102 101
vacuum tube in the microwave range is in the situatign N . .
ormalized Energy Broadening I'/&,
>ﬁ0)in>r.
The factorsw;di /v and windoy/ve included in Eq(34) FIG. 3. Power gain normalized by the case with the energy

are the electron transit times at the input and output portgroadening” =0 and# w;,/E,—0 (classical limi}, as a function of
normalized by the period divided by72 of the input fre- T'/&, where&, is the electron kinetic energy in thedirection.
guency. In order to obtain high powers, these factors must be o . o
reduced, while the factomw;;D/v, must not be reduced. ~ AS shown in Fig. 3, the power gain decreases with in-
These conditions are the same as those in the classical resui§asing energy broadening. Compared to the case lwith
in the vacuum, except the size and electron energy are much0 andfiw;,/&—0 (classical limiy, the gain is much re-
smaller in a semiconductor. As an example, the power gaifluced atiwi,<I'. I' is determined by various scattering
Pout/ Pin=21 in EQ.(34) (I'=0) at windin/200= windoul2v0 mechanisms and is related to the phase breakind‘fimgaas
=0.5, 0;,D/vo=2, Vuled/Wiy,= Viuledoy/Wo=100Q  [=#Al/74 or to the coherence lendth¢, as T'=hvo/€,. _
(diy /Wiy =do/ Wou=1 and the relative dielectric constant Fron21 the theoretical calculation of the hot electron scattering
=35, fiop=4 meV (f=1 THz)<&=0.1eV (=8 raté?and the estimation of the coherence lentth,is typi-
%10 cm/sec with the effective mass=0.05m,), andl, cally between about 1 meV and a few tens meV in compound

—10 mA. At these parameter values, the gaps of the inpugemiconductors, and thujw;, must be approximately
and output ports ard;,=d.,~120 nm. Larger gain will be 9reater than this range, corresponding to a frequehcy
obtained in the resonant cavity structures, as mentione@réater than sub-THz to a few tens THz. The high-frequency
above. The degradation of the power gain due to the electrofP€ration is not much influenced by the scattering, although
scattering is discussed in the next subsection. In the amplifin€ requirement that the normalized transit times at the input
cation obtained here, a part of the electron kinetic energy ifd output ports must be small enough becomes severe.
the z direction is transferred to the output photon energy. In addition to the limit in% wj,, the input-output interval
In Eq. (34), P, increases with increasing. This result D is also restricted due to the influence of the scattering
: AR : . ' ~I'D/hvg § - :
arises from the different signs of the first and second terms dfrough the factoe™'®"*o in Eq. (33). This factor disturbs
Eq. (22 or (31) discussed in the last part of Sec. Il D. As the constructive interference discussed in Sec. IID.

shown in Eq.(20), these two terms are equal to each otherd D/fivo<1, i.e., D< the coherence length, is required to
except the phase factar k(&) k&~ 91D The difference  SuPPress the influence of the scattering. Howeenust not

of the phase factor increases with resulting in the increase € too small to obtain a phase shift between the two terms in
of the output power. Thus, the mechanism generating th&d- (31) as discussed in the last part of the previous subsec-

output includes two kinds of the interferences. One is thdion. To relax this restriction, insertion of a filtering potential
origin of the collective spontaneous emission discussed igtructure just after the input pdriwhich eliminates the low-

Sec. Il D, and the other is the destructive one discussed her@Nergy electrons generated by the stimulated emission at the
The combination of these interference approaches the velo#IPut port, may be an effective method, although a precise
ity modulation and bunching of electrdni the classical design of the potential profile is necessary.
limit.
C. Signal-to-noise ratio
B. Influence of scattering In the perturbation expansion mentioned in Sec. Il B, dia-

. ) grams other than those expressed by Fig. 2 give the output
Figure 3 shows the power g.amf’“‘/P‘” calculated .W'th whose frequency has no relation with the input. These are the
oise output of the device. The lowest-order term of these

& tput of the d The lowest-order t f th

to scatteringI'/&y. The calculation results in Fig. 3 are nor- diagrams is zeroth order i, obtained as
e-in

malized by Eq.(34) (I'=0) with the classical limit
hwinEg— 0. An example of the absolute value of the power <dN0ut>

gain withI"=0 and the classical limit is given in the previ-
ous subsection. To extract the influence of scattering, the
normalized transit times mentioned in the previous subsec-

tion are fixed asw;,din/2v 9= windouf2vo=0.5 andw;,D/vg % I . (35)
=2. (Ek—gkr)zﬁ-l“z

2
=2 2 [Maudke k) Pfi(1= o)

noise kjkzk,
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Calculating similarly to Secs. Il B and Ill A and, further, as- put power is also small for a small interval, because of the
suming f,, <1, i.e., low current density, the noise output destructive interference between the two states emitting and

power is approximated as absorbing input photons. A potential filter located just after
the input port, which eliminates low-energy states generated
1 \/; dout = o[ Edout by the stimulated emission at the input port, may be effective
Proise™ —— gw—e|kof_ M (%) to reduce the input-output interval, although a precise design
a4m out - 0 of the potential profile is necessary.
r
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In the final formula,I" is assumed much smaller than the
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energy broadening of the factdn®, which is a good ap- Dr. N. Machida for fruitful discussions. This work was sup-

proximation in the energy range discussed in Fig. 3. Sinc - : .
Eq. (36) is enough for the estimation of the noise power and?é?jrli?e%;, i‘ic'i\g'r?t'i?féyggngﬂﬁ_ﬁgon’ Sclence, Sports and

the signal-to-noise ratio, higher-order perturbation terms in-
cluding P;, are not discussed.

The signal-to-noise ratio defined /N=Py,/Pise iS APPENDIX A: CALCULATION OF THE OUTPUT
obtained from Eqgs(33) and (36) as PHOTON RATE
d el-P. d The calculation process to obtain Ef9) from Eq.(14) is
S/Nz47r\/Ei 0Tin \p2( Lin °Ut) described in this appendix. Using E¢$5)—(17) and a con-
eWp Ao 2v¢ tour integral as in Ref. 14, the integral in Ed4) is calcu-
. . lated as
1 ((hwin_lr)din)M((ﬁwin_lr)dout)
h(y)in Zﬁvo ZﬁUO . dw
e (ﬁwin_iF)ZD FD) 2 2 j_m[Gk’(w_win)o-ZGk(w)] E
sin 4ﬁv050 ex hUO ' ( 7) f f
k— T
As an exampleS/N=3x 107 (P,,/Af) for the same pa- P (A1)
rameter values as in Sec. Il AP, in watts, andAf =& ~hontiT T
=Aw/27 in hertz. Substituting Eq(A1) into Eq.(14), separating into two terms

The influence of the scattering @iN is just the same as including f, andf,, , and exchanging the subscriftandk’
that on the power gain shown in Fig. 3, as seen by normaly, the second term, Eq18) is obtained.
izing S/N with the case ofF=.0 and th_e cllas.sic.al limit In the summation in Eq(18), the combinations ok, and
fwiy/E9—0. Therefore, the device operation is limited to any \yith the same signs are dominant as mentioned in the text.

input photoln energy larger than Fhe energy br'oadening due %he summation fok, andk’>0 is transformed to the inte-
the scattering and also to an input-output interval smalle rals for energies azs z

than the electron coherence lenghth, with respect to both th
power gain and signal-to-noise ratio.

L\2(= d& (= dé&
IV. CONCLUSION szk; :<E) fo ﬁ”z(gz)jo fiv,(€;)
The interaction between a hot electron beam and electro- L\27= d&, (& dé
magnetic waves was analyzed quantum mechanically in a :(E) fo o A&y jwﬁvz(é’z—g)

semiconductor klystron structure. As a result of the collective

spontaneous emission due to the interference between the L\2 = de .
i .

specific many-electron states, the output photons have har- 2(_) j I f dé, (A2)

monic frequencies of the input, and the emission rate is pro- 27) Jo hzvg(ﬁz) —

portional to square of the beam current. These characteristics

are totally different from conventional spontaneous emissionwhere£=¢,— &, . In the final formula of this equatiorM,

The output power coincides with the result in the classicaBnd M, in the integrals are assumed small enough€ at

analysis in the low frequency limit. Due to the influence of =&,=&, compared to their maxima, whefg is the average

scattering, the output power is much reduced for an inpuelectron energy in the direction determined by the distribu-

photon energy smaller than the electron energy broadeninion f,. This condition is written as #12m)(2#ld;, or

determined by the scattering and for an input-output intervatly,)><&, and is satisfied for the example of the parameter

larger than the electron coherence length. However, the outalues given in Sec. Il A.

1153083-7
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Applying Eq.(A2) to Eq.(18), the first term in the abso- of the complex plane. The second term in the absolute square
lute square of Eq(18) is calculated as of Eq. (18) is calculated similarly with a contour integral in
the upper half of the complex plane. Using these results, Eq.
f v _MED jg M2 (19) is obtained.
—w&—hwpp+il cZ—fiwp+il’ The summation fork, and k,<0 in Eq. (18) is trans-
. : formed to the contour integrals with the same manner as
= 2mM(E han=1D), (A3) Jpove. However, due to the%acueﬁ‘[kz(gz)‘kz(ffg)]D in Eq.
where C denotes the clockwise route consisting of the real(20), the integral for the first term in EJA3) must be cal-
axis from — o to +o and semicircle with an infinite radius culated in the upper half plane because of the condition
in the lower half of the complex plane corresponding to|9M(&,,z)|—0 as|z|—0 for k, and k,<0, and thus, the
k,(£,—2)>0. The first equality of the above equation is integral becomes zero. The second term is calculated in the
satisfied becaus@n(&,,z)|—0 as|z|—0 in the lower half  lower half plane and also becomes zero.
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