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The effective density matrix of the radiation field in the free-electron laser is computed under
realistic initial conditions for the electrons and photons. The field is predicted to be a superposi-
tion of a coherent state and a chaotic state. The width of the distribution in the coherent-state
expansion is given by the sum of classical and quantum-mechanical initial fluctuations of the elec-

tron beam.

As the free-electron-laser (FEL) physics matures to the
point where it is possible to reliably model the growth of
the radiation field, it becomes appropriate to seek a more
complete description of this field in terms of its density
matrix. Even though few measurements have been report-
ed to date,! such a description gives an experimentally
verifiable characterization of FEL light. For example, the
measurements of photon statistics or coherence properties
of FEL radiation would probe the density matrix.

While a quantum-mechanical description of the FEL is
not necessary to compute the density matrix of the radia-
tion field, it provides the most natural setting to do that.
Furthermore, several recent proposals®* envision a FEL
operating in the 1-A regime where the purely quantum
effects may be detectable. Finally, the quantum-mech-
anical calculations presented for the FEL may be directly
applicable to processes which are intrinsically nonclassical

(channeling,* for example). |

The calculation presented below for the density matrix
of the radiation field generalizes on several previous at-
tempts.> "' We obtain the full density matrix, rather
than, for example, calculating only the second moment of
the number operator, we take into account realistic initial
conditions for the electron beam, and our model includes
the exponential growth regime of the FEL radiation.

In what follows we consider the single-pass model,
which is the relevant setup at short wavelengths, and we
build on the quantum mechanical description of the FEL
developed in Ref. 11. For the linearized one-dimensional
single-mode problem with a circularly polarized wiggler,
the solution for the annihilation operator of the radiation
field in the Heisenberg picture is given by

a(z) =f1(0)x(0)+ f,(r)y(0) + f3(2)a(0) , (1)

where
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[As the modes decouple in linear theory, the solution given
by Egs. (1) and (2), with a different interpretation of the
parameter 8, is also applicable in the many-mode case.]
In Egs. (2a)-(2c), the indices i,j,k are not the same and
A’s are solutions to the eigenvalue equation
A3 —8A2+2pr+1=0. Without the corrections of O(p),
Egs. (2a)-(2c) have been given in Ref. 5. x(0) and y(0)
are the initial values of non-Hermitian operators for the
electron collective variables
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where 8¢; =¢; — ¢oj, 5p; =p; —Pr, and pg and ¢o; are the
equilibrium expectation values of the electron momentum
(resonant momentum) and the phase relative to the radia-
tion field, respectively; ¢;=(ko+k.)z; —wot — yol, Vo
=wo(1 — y%/v8); m*yk =ph~+ M? and analogously for yo
(po is the expectation value of the average initial electron
momentum); M2 is the effective mass, M2=m?2+e242,
A, is the strength of the wiggler vector potential, and a,,
is the dimensionless quantity a,, =eA,,/m; & is the detun-
ing,
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with @, =(4znoe?/my3d) /> (Ref. 12); 7 is the dimension-
less time, T=2w.p(Yr/y0)%t; ko and k, are the wave
numbers of the radiation and wiggler field, respectively,
wo=ko, ww =k,; N is the total number of electrons, and
V the quantization volume. By the linearization assump-
tion g, satisfies X =0for n==1,+2,.... (We
note that linearization is performed about the equlllbrium
which corresponds to the absence of the radiation field,
monoenergetic electron beam of momentum pg, and a
uniform distribution of electrons in phase satisfying
Z, e " =0, For |n| > 2 the linearization assumption
is the usual approximation '> which holds for a large num-
ber of electrons.) We have set A =c =1, but we will re-
cover the powers of A and c in the final result in order to
manifestly separate classical from quantum-mechanical
effects. x, y, and a evaluated at the same time satlsfy the
following commutation relations: la,a’l=1,
[x,y '1=I[x",y1 =i, and all of the other commutators van-
ish. The commutator between a(z) and a'(z) implies
il 1) fF (2) —fF () f2(2)1+|f3(x)|2=1, which can be
directly verified. It can now be seen that in terms of di-
mensional variables the first factor in equations (2a)-(2c)
ise ' ie., the free-field time evolution of a.

To examine the photon statistics of FEL radiation we
use the formalism of expanding the density matrix in
terms of coherent states,%!3 and .we pass to the Schro-
dinger picture in which the density matrix is a function of
time. We begin by computing the normal ordered charac-
teristic function,'® yn () =(explraT(z)lexp[ —A*a(7)]),
where the angular brackets stand for the expectation
value. It is assumed that initially the density matrix is a
product of the density matrix describing the field and the
one describing the electrons. The initial state of the field
is taken to be a coherent state with amplitude ao. (There
is no essential limitation in this choice for the initial state
of the field, as the ensuing calculations can easily be re-
peated for another, for example, thermal, initial distribu-
tion of photons.) Then

* K _ 4 * a,
ZN(A') =e’~fsao A% Sy oxel’ )
where y° is the electron part of yn. Using the fact that
for any two operators 4 and B which both commute with
[4,B], e“'eB=e"”’B [A B2 and employing the commuta-
tors for x, x¥, y, and y s

Ze|=e — 7 ImGf2 )<exp[7\,(frxf+f;ylr)
—A*(fix+ o)D) )

(We suppress the arguments of f),3 which are under-

stood to be 7 and of x, y, and a which are evaluated at
|
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7=0.) Written in terms of single electron momentum and
position operators, the argument of the second exponential
in Eq. (5) is

Z[5Zj(§j
J

where & =3 \AfTe TRuR vi=tAfFe
K' are constants given by
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To proceed further we invoke the assumptlon of the ini-
tial statistical independence of the electrons' and write
the initial electron density matrix as a product of density
matrices for single electrons. In addition, we impose the
equality of the density matrices for single electrons.
Hence it is needed to compute (with the index j tem-
porarily suppressed),

7=(exploz (6 —&*)+5p(v=v*)])
=exp(—2i Im¢& Imv){exp(2idp Imv)exp(2i8z Im¢&)) .

The relation with x¢ is

2% =expl— |A|2Im(f, f3)] H 7.

We model the initial electron state as follows: a statistical
mixture over 8p and 8z of wave packets centered in
momentum at §p and in position at 6z. For the electron
wave functions we take the minimum uncertainty wave
packet with the width A in momentum,

1 . —
Wspsz (8p) = ————(ZnAz) m exp(—iépdz)
p—8p)?

The density matrix is

p=[ d(62)d(6p)|5p,62)R (65,57)8p,57] ,
where (8p|8p,62) =y 5:(5p). Using
7% =exp(—2i Im¢& Imv)

xTrlpexp(2i6p Imv)exp(2i6z Imé)] ,

an integration in the momentum representation yields

7% =exp[—2A2(Imv) ?lexp [—:-ZZALZ (Imé&) 2] fd(b‘z‘)d(&ﬁ)R(513,6E)exp(2i821m§)exp(2i6ﬁ Imv) . @)

Next, we write R(3p,8z) =P(8p)Z(8z), i.e., the distri-
butions in 85 and 6z are independent (which can be ex-
pe(;ted to hold for the range of z over which y changes by
27).

To find Z(6Z), we proceed as follows: We want the dis-
tribution for the average of IV random variables 6z;, each
one of which has a distribution D, (62}), centered at O.

I

Further, using the estimate for the random electron distri-
bution in phase from Ref. 11, we write the second moment
of Z(8z) as 1/k4. Then the central limit theorem gives

—(67)%¢ ]
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For P(5p) we proceed in an analogous manner, but with
the center of each D,(5p;), and hence of P(55) at 8po (so
that dpo+pr is the average initial electron momentum).
The width of P(8p) is the thermal spread, denoted by Ap.
Thus,

I exp[_ (65 = 8po)?
V2r(Ap) 2(ap)?

Substituting now the expressions for Z(6z) and P(6p)
into Eq. (7) yields

P(sp)=

75 =exp2idpoImv;exp{—2(Imv;) 2[(Ap) 2+ A1}

1 1
xexp[—Z(Iméj)z[m+k—g”. (8)

Into this equation we insert the definitions of v; and ¢&;.
Then, summing the argument of the exponential over j,
using the linearization assumption X M=1e 2 =0, and
approximating to O(1/y?) §+ K'*N by prko, and § K2N by
1/(kopr), yields

v ) =expOhfFad —A* frap)exp(— |A| Xndw) . (9)

Here, with powers of A included,

(Ap)*? A?
(M =Im(f1f3)+|f2]? +
mw=Im(f f3)+|f>l prhko T prhke
PR, Prhko
+ 2| 28 gy an 7
/1l wke t Tan (10)

We now obtain the effective density operator for the ra-
diation field at time z. As Eq. (9) is the expression for

Trlpe1(0)prag(0)U (1)t @ —2*a©@ 1 ()] |

where U(r) and UT(t) are the usual time-evolution
operators, we trace out the electron variables to get

xa*(o)e —l"a(O)] ) 1)
The remaining trace runs only over the radiation field
(hence the subscript eff for effective). Next, we assume
that praqer(7) has a diagonal representation in terms of
coherent states,!® prager=Jd’ala)P(a){al, where d%a
=d(Rea)d(Ima), and we use

ZN(T) =Tr[p,ad,efr(r)e

P(a) =L2fexp(a7»* —a*AM)yn(A)d .
n

A straightforward calculation then yields

[_ la = f3a0l? ]
expl————~ |-

P(a)= 12)

(n)th

1
{nden

This is an eminently reasonable result. The field produced
by a FEL is a superposition !> of a coherent state of ampli-
J
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tude f3ao, and of a chaotic state (pure noise), with the ex-
pectation value for the number operator given by (n)u.
The intensity of FEL radiation, on the other hand, is
(a'a)(z) =|f3]2|ao| >+ {n)w, as can be easily shown by us-
ing the expression above. We also note that as 7— 0,
f1,f2— 0, and f3— 1, which produces P(a) =8&%(a — ao),
in agreement with the assumption that the radiation field
is initially in a coherent state of amplitude ay.

The coherent part of the field is due to the amplification
of the initial coherent signal. The sources of the noisy
part can be identified term by term in Eq. (10): (i) non-
commutativity of dp; and &z, (quantum effect); (ii)
thermal spread of initial electron momentum distribution
(classical effect); (iii) width of electron wave packet in
momentum (quantum effect); (iv) random distributions of
electrons in phase-shot noise (classical effect); and (v)
width of electron wave packet in position (quantum
effect). [The classical sources of noise carry a factor of
1/h due to the definition of £, Eqs. (2a) and (2b) and of
the electron collective variables, Eqgs. (3a) and (3b).] For
most FEL'’s of current experimental interest the classical
sources of fluctuations can be expected to be dominant
over the other terms.!! The product of the third and the
fifth terms of Eq. (10), on the other hand, gives the lower
limit of quantum fluctuations discussed in Ref. 11, in
agreement with our choice of the minimum uncertainty
wave packet.

In the results presented so far we have not specified the
value of A. While we do not invoke physical arguments to
do that, we notice which value minimizes {n)y, (minimum
of quantum effects in (n)y). As |f1(2)|2=p?|f2()|?
for p<1, the minimum of Eq. (10) is reached at
A=(%prhkop) 2. For typical experimental values for
FEL parameters, for this value of A, AKAp. For exam-
ple, prc =100 MeV, A, =1 cm, p=1x10 ~2 a,=3.0,
Ap/pr =0.05% gives A/Ap==0.01, which is probably too
small to be detected [both A and Ap enter squared in Eq.
(10)]. This ratio can be, however, significantly altered for
more unusual FEL designs. For the 1-A FEL we take?
prc=1.6 GeV, A,,=0.1 cm, p=1.3%x10 "3, a,,=1.0, and
Ap/pr =0.1%. This yields A/Ap==0.1, with experimental-
ly measurable consequences, such as the start-up time
from noise.

Equation (12) can be used to predict the coherence
properties of radiation produced by FEL’s. Regarding
spatial coherence, the field is only first-order coherent (as
we treat a single-mode problem). Defining the degree of
nth-order coherence'” as

F("‘")(Z|, . ,Zzn)

g™ (zy, .. zan) = o 77 s
jEIIF“‘l)(Zj,Zj)]

where TP (z,, ..
function

.,Z2,) is the nth order correlation

rm(zy, ... z2.) =Trlp@) AT, 2)). . . AT (,2) ATz 41). . AT (22001,

and (+) and (—) denote positive and negative frequency parts of the vector potential A, gives'6 for FEL radiation

n\L, (= | faol 2/nw))

lg(n,n)( ...
“ A+ [fsa0 Hna))"

. ,ZZn)l=
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Here L,(x) is the Laguerre polynomial. It is now clear
that in the limit |f3aol > (nw), |g ™| =1, which is fully
coherent, whereas in the limit |f3a0l? < (nw), |g ™ |=n!,
which is thermal. Temporal coherence is a more delicate
question since P(a) is explicitly a function of time. For
two arbitrary points in time the field does not possess
first-order coherence, |g (" (z1,1,)|#1 [the step leading
to Eq. (11) does not go throughl. A calculation of this
quantity is given in Ref. 17. For 11 —1,<K1/
(2pww|1mx|), however, i.e., for time separations which
are much smaller than the characteristic evolution time of
the density marix, the radiation field is first-order
coherent. As in the case of spatial coherence, in this limit,
Eq. (12) predicts that none of the higher-order correlation
functions will factor out, i.e., the FEL radiation possesses
only first-order temporal coherence. Finally, we mention
that Eq. (12) confirms the finding of Ref. 14 that for
reasonable initial conditions for the electron beam, FEL’s
cannot produce radiation in a squeezed state. In such a
state ynv(A) =expOu —A*u*+|1|%g) for some p and
some real positive g.'® Consequently, P(a) is not defined.

We remark on the results announced by other authors.
In Refs. 7 and 8 perturbation theory in p; — po is applied
to first order. (The limitation of this method is that it
generates secularities in time, and hence is valid only for

very short times; in particular exponential growth is not
captured.) {n|p|n) is computed for the initial electron
beam where all electrons are in momentum eigenstates,
and where the radiation field is initially the vacuum. For
the coherent initial state of the field the photon number
variance, (n?) —{n)?, is computed. Thermal distribution
is found for (n|p|n), and a nonpreservation of the initial
coherent state. This is in agreement with Eq. (12); our re-
sult, however, describes, in addition, the amplification of
the spontaneous emission, as well as other higher-order
effects that also have a thermal distribution. Reference 9
also claims a thermal distribution of photons during FEL
start-up. There the radiation field equation is solved as-
suming a given motion of the electrons. The result of Ref.
5, on the other hand, is the limiting case of our result
when Ap =0, the shot noise is neglected, and A is taken to
be (+ hkopr)'? Finally, Ref. 10 studies the start-up of
an oscillator by applying fourth-order perturbation theory
in e24,/(pd+M?)2(x/Vay)'? (again secular in 1).
Thermal statistics is found for {n|p|n).
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