—*—

AAAAAA I PUNUIBN NI iU .
SECURITY CLASSIFICATION OF THIS PAGE ‘When Date Entersq) l .
~ -- READ INSTRUZTIONS
REPORT DOCUML. A 'ON PAGE BEFORE COMPLETING m
. [ REPORT NUMBER }2. GOVT ACCESSION NO.| 3. RECIPIENT'S CATALOG ~u?lz7 )
No. 35 !
4. TITLE (and Subtitle) 5. TYPE OF REPOAT & PERIGINCIWVER
. Technical Report
Quantum Statistical Properties of 10/01/84 - 09/30/85
an FEL Amplifier €. PERFORMING ORG. REPORT NUMBEF
AUTHOR(S) 8. CONTRACT OR GRANT NUMBER(3)

G. Dattoli, J. Gallardo, A. Renieri and M. Richetta N00014-80-C-0308

PERFORMING ORGANIZATION NAME AND ADDRESS 10. ::gsR&‘:OEAT(ECSINTY‘.NPU.;OBJEES;‘ TAS
University of California 6 .y, ~07-06+
Quantum Institute béégg‘_qéo?‘ou i
Santa Barbara, CA 92106 )

. CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
ONR ’n“‘g il i 1985
1030 E. Green St. .Lr' E i &_3'__‘\ 3. NUMBER OF BAGES

Pasadena, CA 91106

4. MONITORING AGENCY NAME & ADDRESS(i!

— g

on:ml“nq ‘ot ) 1S. SECURITY CL ASS. (of this report)

MAY 1990%k Unclassified/Unlimited

16. DISTRIBUTION STATEMENT (of this Report)

Approved for public release;. distribution.

AD-A221 733

15a. DECLASSIFICATION/ DOWNGRADING
SCHEDULE

>— —
[ { 17. DISTRIBUTION STATEMENT (of the sbatrect eatered in Block 20, i( different (rom Rooon)d / ,
;:)
2
A .
-1
= 8. SUPPLEMENTARY NOTES
PN IEEE Journal of Quantum Electronics Speciai Issue on FELs, 1985
-1
a
K T.;.‘ \~

A,

197 K EY NOROS/Continue on reverae side if necessary and identtfy by block number)

’
e e

~Statistical, Properties, Amplifier , — L~

“x  ABSTRACT ’Continue on reverse side !f necessary and identify bv block number)

~~'We discuss the problem of photon quantum statistics of a single particle Free
Electron Laser (FEL) amplifier in the small-signal cold beam regime to first orde:
in the electron quantum recoil. The initial radiation wave is an arbitrary
coherent state. We show that Glauber coherence is not preserved bv the FEL
interaction if the initial coherent state is not the vacuum even if we neglet
the electron quantum recoil (absence of gain). We evaluate the first two moments

of the final photon distribution and find sub, (super)-poissonian photon statistic:
for negative (positive) resonance parameter.

DD T3, 1473

ﬁ"!f‘ "nelassified/Tn)limised
¥ e -

“t




Quantum Statistical Properties of an FEL Amplifier

G.Dattoli, J.Gallardo, A.Renieri, M.Richetta

Submitted to IEEE

QIFELQ35/84




ENEA student

Nov.2.198¢4

Quantum Statistical Properties of an FEL Amplifier

G. Dattoli* , J. Gallardo
Quantum Institute
University of Califarnia
Santa Barbara, CA 393106
and
A.Renieri, M.Richetta+
Comitato Nazionale Energie Nucleare
Centro di Frascati

C.P. 65, 00044 Frascati, Rame, Italy

P LIS THE AP

ot L

| LER B
Vil ey

U.‘ur.. IR
Justihicstica,

Permanent address ENEA,Frascati, Italy Distributior !

Dt

Al

T N




ABSTRACT.

We discuss the prablem of photon gquantum statistics of a single
particle Free Electron Laser (FEL) amplifier in the small-signal
cold beam regime to first order in the electron quantum recoil.
The initial radiation wave is an arbitrary coherent state. We
show that Glauber coherence is not preserved by the FEL
interaction if the initial coherent state is not the vacuum even
if we neglect the electron quantum recoil (absence of gain). Ae
evaluate the first two moments of the final photon distribution
and find sub (super)-Poissonian photon statistics for negative

(positive) resonance parameter.
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The problem of Glauber coherence(1) in a FEL has 2een
investigated by different groups in several papers.(2-7)

The first analysis was carried out using a group
theoretical approach (2,3) in which the symmetry oroperties of
the quantized non-relativistic FEL Hamiltonian was exploited <o
analyze both the single mode and multi-mode regimes. The main
conclusion of these papers was that coherence was maintained.
Therefore, provided the electron motion could be treated
classically, the FEL interaction "rotates” a Glauber stats into
another one. This result is reminiscent of the 8loch-Nardsieck
Theorem(8) . The validity of the assumption of classical
electron motion were discussed in Ref.(9).

A guantized dynamical approach to the FEL problem was
started in Ref.(4); see also Ref.(7). They considered gquantized
electrons and electromagnetic fislds in the framework of the
interaction picture, showing that a FEL amplifier or oscillator
is an interesting device that exhibits genuine quantum sffects
like sub or super~Poissonian photon statistics, and that the
radiation field could be in a so-called squeezed state; also
they conjectured that Glauber coherence is only preserved oy a
zain-less process.

A different dynamical method was propased in Refs.(5,8) in
anich the Schrodinger equation of a single electron interacting
~1th the camoined radiation and wiggler field is solvea to

sirst order in the quantum =lectron recoil. In this way, all
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the quantum effects previously menticned, were recoverec anc
furthermore we proved in a rigaorous manner the conjecture of
preservation of coherence to zeroth-order in the electron
recoil. All these results were obtained starting from the
vacuum state, therefore, we could say that departure from
Poisson photon statistics and the presence of squeezed states
are closely connected with the radiation field vacuum
fluctuations.

In this letter we address the same problem with an
arbitrary Glauber coherent state as an initial state. The

single mode non-relativistic Hamiltonian describing the FEL

process
L - P* ¥ (ol a, i) stu(ala +.
= = + ‘”(ICLL. L+ 3 ) + &)( v T g )'ﬁ-
+ —2ikz g aikz (1)
+ e (aLQ,u e L, e )

The symbols used throughout the paper are summarized in Table
1.; we refer the reader to Refs.(5,10) for a discussion of their
physical meaning.

Assuming an initial state consistent of an electron of
momentum F, and a radiation field in a coherent state with
average number of photon ]ogf and using the conservation laws
a2f total number of photons and total momentum, we can writs the
state describing the evolution of the coupled electron and

~agiation field as

i;%%_+iwt(h:+ﬁa -Lhdz .
l¢<t)> =< “;\_/Q.n_‘__l_ ao’"eg Cg(f)la_zp.&t’n+Q> (2)

—__—A_




where 2 is the number of exchanged pnotons during the
interaction and o =]a°l em . Ae recall that in the FEL
process for each exchanged photon, the s2lectron momentum changes
By 2.‘“(

The coefficient (:Q(t)which is the amplitude probability

for the process satisfy the following differential difference-

equation (Raman-Nath eguation)(5)

\
" Clcx) __._(._\x/o +62)£ CZ(T) +R Vi lx Cgﬂ +Vm+t Cg_‘J

(3)
Cﬂ (o) = Szlo

the prime denotes derivative respect to T = Ct't (og s V)
where L is the length of the undulator and % is the
interaction time.

An exact analytical solution of Eq.(3) is not known;
however, a perturbative solution in terms of the electron recoil

parareter € can be constructed. The zeroth-order sglution has

seen found in Ref.(10) and reads,

¥ 2
C, o =°”‘F$Mf“*"°‘“"| }q,‘)e(am) (4)
€230 1_ 2 Jo "

) 2
snere the orthonarmal functions ¢n are,

0 ~ 3 lal Lt 2
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-m 3E t<he Laguerre associated polynomials. Replacing the
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expression of the coefficient 2(*) into =9. 2 ~e gptain <nhe
zeroth-order state evolution of the FEL system. In Ref. = z2nd 3
it was shown that ll/l(‘r:) >‘___° is a coherent state in the
Slauber sense under the assumption that the initial state is the

vacuume

We introduce creation and annhilation operators of the form

21kz t -2k +

A-a_e A-:e a

] = 1.

T

with [ A, A

The action of them on the state l¢>
2ikz

A v =<ac~c) +a, € ) v (5)

0 €~
where we have used the relation Lﬁ(x)= L, (x) + L, (x).

From £q.(5) we cannot conclude that ‘z,// >  is a coherent
state; it is clear that this comes fram the presence of an
average number of photons hx |2 in the initial state.
The average number of phaotaons in the state ltﬂ >
VP RTA WY = <M+l = a1l (6)
Next, we wish to campute the gain of this device to first order
in the electron recoil and investigate the photon statistics of
the final state of the radiation field.
The solution of our basic differential-difference equation

{(R.N.) nas heen derived in Ref.{10) and reads,

[wm> -—ex\: /d"t \M’“i +LTQ)("\ ...;)L +;P LT(

c @ 2mtkc)

(7)
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The coefficients Aghand \ 2 4 3re lengthly expressions; in the
t !

small signal regime, i.e. first order in QR they are given oy,
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the argument of the Laguerre polynamials l_,e'(-) is '\am,. From the

above expression for the state vectorl¢l> we can evaluate the

average value of photons in the final state,

% 2

@ —lal  an e ~lal 0 2 2
m! e lﬂiz (m+Q)[A2“+D2nJ (8)
(n+£)! ' '

Jsing recurrence relations for the Laguerre polynomials and
after simple out tediocus manipulations we can write the

cgefficients Afn and ng to first order in the recoil ¢
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- 2 , 2 2 L .-
\ Apn = (L0) 4zl (L T8 e

L= X
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The photon distribution function for the raciation “ieglc is

ziven Dy — la]

W(MIQIGJ = CZ_ Iaolzn E(e‘t)
m!

where

) 2
: — la=l 2
/P e ¢ —_— ’”-/ ZQ
" ( | ) N (m+2)! ¢ !a(“l Qz'm’
which satisfy
ZZ WQn,e‘f) _ l )'
mz20 {¢z-m

to show this we make use of the generating function(11)

- (k—l)lml2 ) )
SRR = e L (et a=n)

n m
€:~”—

and the =xplicit definition of the Laguerre polynomials.

Along tne sanre lines the average value of shotons in the
final state for an arbitrary initial coherent state, reads

lz

4 M+Q>(#o=la°lz+'a‘2_ea__<l +2|a°‘2> (9)

la

dWe
z . 0 . .

The h:] cerm in the right-hand-side of the above sguation
corresponds £o spontaneous enission; the second term (gain)

20nsists a3t The sum of two contributions: stimulated juantum

sacuum “iela fluctuations and a classical stimulated one, anich




1s —roportional %o the average numpoer 2f 2hotons in tne InCus
LASEr w~ave.

Similarly, tne second moment of the distrisution \A/bx{f)is

ziven 2y 2 — ?
22 Yo <(m+Q) >€7‘O— < (M-&—Q) >€=o—-

_z2edlal ) 2l P la (34 v lal®) - 2al 4+ LI
2

o | f

A radiation state in ~nicn the fluctuation of the numper of
2

:erotons(AN >is larger (smaller) than <he average value cf
2notons <hJ},corresDonGs to a photon distribution super (suc)-
Paoissonian (12). The sub=-Poissonian cehavior of the shoton
distribution is an effect which reveals the gquantum oroperties
of the radiation field and cannot be explained if ~e use 3

classical description of it. Hence, we svaluate the normalizeg

second factorial moment

< A(YHQ)?.)‘#O— < M+Q>€#°=— 263{?/‘2{ la°\2(2‘0|2+l) +ldl2'. (11)

This expression reduces tg the known result of Refs. (4,3)
for an initial vacuum state,i.e.

I

€ ho Y74

In ~ig. 1 we plot £9.(11) as a function of the resonance
Jarameter \JL for several values of the initial mean numper >f
ahotons kaz. =or an initial vacuum state and for an aroitrary
initial conerent state the final stimulated radiation field s
sucer—--zissonian for positive rescnance 3arameter‘¥0é Y o {above
~sscnance), sub-”aisscnian faor \UL<~O ana “22issonian at

~esonance \OL:O . This effect coula oe
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TABLE 1.

speed of light
electron mass
Planck constant
electron longituginal linear
momentum and coordinate
annihilation and creation operators
of laser (L) and undulator (U)
photons

laser and undulator wavevectors in
the moving frame

laser frequency
number of photons, laser (L) and
undulator (U)
Interaction time
classical electron radius
interaction volume
coupling constant

VU% resonance parameter
electron recoil parameter

L/c QvVm




FIGURE CAPTIONS.

1
Fig.1. Deviation from a Poisson distribution. { ( Bty <n+2>‘(/6
vS. resonance paraneter\l/,‘.-‘or two different values of tne
2 2 L
initial number of photons a)laol =0; b) IGO) = 10 .7The coupling

constant nas been set £,=0.25 (small signal regime)
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