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T INTRODUCTION —.—j
- o3
- This is the final report for Contract N00014-81- ;é
= C-2355. 15 covers approximately 40 man-days of research per- i%z
- formed by ferkeley Scholars, Inc. from April, 1981 through ;fﬂ

April, 1982;J'The research involved the theoretical analysis ‘~§

;; of charged particle beam and other plasma systems. ;:j
The major emphasis of the research was on modeling ;’;

the free-electron-laser (FEL) oscillator. The approach was to ;ti

i; utilize a first order description for the evolution of rela- .-:

tivistic electron beam pulses in a cavity with an applied

wiggler magnetic field to develop a model for the modal elec-

tromagnetic energy in a FEL oscillator. In the following

T

TECHNICAL DISCUSSION we present the defalls of our research.




e Mo S Mt Jeus Mk R S St S Sl A ACINCI OO A it A I A 0 3 e e S an Jeie JivaLd o BraC RIS e e A _.‘_.‘_.".T’
L

o %

d

]

n TECHNICAL DISCUSSION ;"i

-4

) During the performance period, Berkeley Scholars, :

2 Inc. was funded for approximately 40 man-days to examine Si

- several areas of charged-particle beam research and other ,E

plasma systems. These included relativistic charged-particle ?

4; beam propagation and the free-electron-laser. The free-elec- L@

tron-laser is of great interest due to its potentially high %g

efficiency (~20%), high power operation (few MW), and continu- i

. o ous frequency tunability. The major emphasis of our research -3
{.

was on modeling the free-electron-laser (FEL) oscillator.
Discussion and details of our research follows:

The FEL Oscillator

Figure 1 is a pictorial description of a free-

? ;ﬁ electron-laser at t = 0. No is the average density of the

. incoming electron beam pulses of width Lb and separation Lc’
The cavity mirrors are at z = 0 and z = L with the wiggler
. > magnetic field applied between z = L, and z = Lo + L,. For

- a relativistic electron the equation of motion is

aég (myy) = -e (§ + %—g)

where

__________________
......
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i n Introducing the vector potential A and the scalar [ '
U potential ¢ such that s
- =
- )
.3

a = ’
and assuming for the canonical model of the FEL ;
—d
A=A l(z,tle, + Ay(z,t)_e_y .
® = o(z,t) 3
yields
myv, = icé where V, = vee, t VyCy

and in the tenuous beam limit where ¢ is negligible

. Y4 2
v = - _e._ —z. .2_ + i. _A—_. .
z mcy c? at 9z ) 2

Linearizing to first order with

S
. 4‘
.
.
¢
e d
R |
.'_‘.“
.‘-_:4:
3

A=A +2
z =2 + vot + z1

Bw » V:::
1—\0 = "k; (gxcos sz + gys:.n sz) H(z—Lo)H(L°+Lw-z) '.-:::
where B, and kw are the amplitude and wavevector of the wiggler L
field and H is a heaviside function yields
' 2/ V '
: .. e o 3 3) .
7 z = - —_— + s—JA A . et
b 1 (mcyo) (cz 9t T 9t)=0" =, (1) -
= o
. g
o -
3 L




Expanding }_\_1 in terms of the vacuum modes of the
cavity

-iw_t

= n .
Z _a_n(t)e sin knz (2)

and substituting equation (2) into equation (1) yields for

<z<
Lo z Lo + Lw

-1 . .
~ -i(k_+k )z -ip_t
- E Q{ +k +._. W )( +1-e_ ) sa ne n w O n

n=-—co

where u_ = (k +k,)v -lo | and Ién/un|<<l. Since z and ﬁl

vanish if the electron in question has not entered the wiggler

t
z (t) = / AT (t-1)Z (1) H(2+V T-L ) H (L +L -2 =V T)
[

and it follows that

L -z
for t < °_9o. , (t) =0,
v 1
o
L -2 L°+L
for v <t< v :
o o

Lo

1(k +k Yz +ipy_t
Z (k+k— )(e -1e) n-w o n

.
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B i(k_+k )z L
1w Z: __° - . n w o -
ry k_w' (mcy°> Q‘n-"kw c r>(§-x 19) an® 9
L -z L]

o “o »

2 -1 (k +k )Z .:;
) E k +k +—w (e +1e> ]
n=-—m \‘::‘:,-:
L -2 f::?
- '-iu ° © su'-i
Lo-zo n v, [ &
- —1]_] - v + 1 e ? (3) ‘
| o
| L +L -2 L +L -2
' and for t > 2 ¥ 0 . 5 (¢) = z(o_vl__o) .
Vo ! 1 Vo

The above calculations are for an individual electron

, RTINS | PR

- within the beam pulse. Therefore the beam density is defined by

= E]? Z 8(z-2, (t))
J

where o denotes the cross-sectional area of the electron beam.

’
POV IVIITY

,E ,..A' o 5
. TN

ry PRSP
gt

The average density in the absence of the high frequency field

’
"
B

- is then

=l<z 8(z - zy5 = Vot)>
J

where <...> denotes the ensemble average. Consequently, the

: 1 equation for the first order vector potential is
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) aé‘-ilﬁ:-ﬂ;j ﬁE[N_ -|V (4)
|- 2zt ot aer ¢ h T e Mol Mo |
F— Substituting equation (2) into equation (4) i
Eﬂ . .:A'-
1 © R e
‘ -iw_t i
. 1 . o m . 47e .
¥ — - = e -
[: = bt (lemé-m _a_m)e sin kmz o [N No] Vio ]
= C .1
. [ . ‘-.3
where |w a [>>] a n | and solving i
. L
1w -iw_t
n * n _ 4me . _
L = a e = = fdz sink z [N No] Vig - (5)
. o

. $ a2 3
. TR (),
mcyokwL 4 kw mey
L°+Lw-vot o v
[ dz N_(z_,0) E Q{n"'kw-?:— wn) (ex-le)-g :
Lo-Vot =1 8-
(k -k ) -iu ( -L°_z°)
ik -k )z +i(u -u )t . L +2 n v (6)
e ™ MO nmtc ol l-[iu (t-———o °)+ l]e ° L
2 n v
M (o] P
with !-1
21resz (_e_x+i§_y) Lotly
P—n = Y ok Lo / dz E G(z—zoj-vot) - ONO
onw -
L, J
e-:. (kn+kw) z+iw t (7)
6

Linearizing and inserting equation (3) into equation (5)




: and b__ = g; for n21 .

Equations (6) and (7) suggest writing

-iumt
| a, = (g + 1gy)ame
.
E: -iunt
- b = (e, + 1gy)8ne . (8)

Forming the scalar product of equation (6) with (g_x - ‘ig_y)

- yields
3 .
F LB On = Bn t Mun%s
,. - or in matrix notation
a = B8 + Mo (9)
where
B ) . I.°+Lw-v°t
. - o3 w e
an + lum‘smn 7i (mCYokw) — dz No(z,O)
Yo L —vot

.(10)

-ip (-Lo—z> :
L - n v
° )+1]e °
vo

v W i(k -k )z
ony 1 n m .
(knc+kwc P ) —;' e !1- [llln( -
_ Un

The objects of physical interest are the <|aj|z>

which measure the energy per line.

L L 2 2

1 2 2y _ ' f 1l 3A 9A _L

81r/ az(E® + B%) = ,w/ dz [(E at) + (52) ]- FZ |an|’
(o]

(o] n>o
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g a Defining the matrix N
: C = <ad> ii';.'

where ~ denotes the Hermitian conjugate we can then formally

solve equation (9) for C.

. ) t
- a(t) =deP(t,T)B(T) b
(o]

ey TR
.
C . .
A J
-

- =1 .
; where P(t,T) = Q (t)Q(T1), Q = -OM, 0(0) = I, and I is the
o identity matrix. Note that >

=

P(t,T) = M(t)P(t,T) and P(t,t) = I .

t t - -~
/dtf dt'P(t,T)<B(T) B(T') B(t,t')
o] o]

Therefore

P

-
54

il

c(t)

and

C(t) = MC + CM + D

where

t t
D =fdr<e(t)§(r)>§(t.t) + /dTP(t.T)<B(T)§(t)> . (11)
(o] (o]

Clearly

TRACE C = (ensemble average electromagnetic energy)

=

and

(TRACE C) = TRACE (M+M)C + TRACE D . (12)

L LT
A L ot
EACY P sl et e L

Consequently the Hermitian par. of M determines the total gain.
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e
-in From equations (7) and (8)
s ownw“(—ﬂl) <B, () BR(T)>
S 21re B
y W

L +L Vo t

i(km-kn)zo
dz N (z ,0)e H[Lw-vo(t—'r)]
L —v T

(13) )
dz N (z ,0)e H[Lw—vo('t-t) . .
t<T L V t . l_‘i
For t>T equation (13) involves at most one pulse and requires 1‘
that the pulse be in the wiggler in order to emit. From ‘31
equations (11) and (13) when (k -k }L <1 0
Zﬂesz 2 ~i(k -k ) (JL +2Lb)
Drn® § : 2c ow w \my_K wL) NLye H{v t-Ly-3Le) N
jz21 o
H(L+L _+jL -V t) (14) .
where
T >
NLb = dz No(z,O) .
JLC b
and D is a positive definite matrix. Therefore from equations .__
(10), (12), and (14) the evolution of the ensemble average of ;:.:j:
the electromagnetic energy may be calculated. o
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