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1.~ INTRODUCTION,

In the last few yearstherehasbeen an increasing interest on the study of free electron lasers.
The experiments performed by Madey and coworkers(l) with the Stanford Superconducting Linac sho
wed that it is possible to achieve both amplification of the coherent radiation and laser oscillation(2)
by sending an electron beam through the periodic field of a magnetic undulator,

Tunability over a wide wavelength range (0.1-20 gm), sharp linewidth (44/4 = 10-7-107%) out
put power and efficiency make this type of laser an attractive tool for research in many fields such
asg photochemistry, molecular physics, solid state physics, etc.

Moreover, if by the aid of technical improvements the average output power could be raised
to the kw level and the efficiency to some percent, then many industrial applications and probably
lager isotope separation could benefit from this new kind of laser.

From the theoretical point of view various approaches have been attempted in studying the in-
teraction between electrons and radiation field, viz: quantum and classical theories, single particle
and many particles (Maxwell-Boltzmann) pictures.

While we refer, for more details, to the extensive review articles of C. Pellegrini(3: 4) on this
argument, we just recall here that all theoretical treatments. lead to the experimentally verified small
signal gain formula, while disagreements appear on other aspects of the FEL (large signal, satura-
tion). In particular, since all experimental information comes from Madey's experiments only, the
discussion is still open on which is the best electron accelerator to be used in connection with the
FEL (storage ring, linac, microtron or else). However, the interaction between radiation and the
recirculated e- beam in a storage ring is, from the experimental point of view, an open problem
worth of accurate investigation: we therefore propose to build a free electron laser device (LELA)
by installing a suitable magnetic undulator on a straight section of the storage ring Adone,
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The main goals of the LELA experiment are to collect informations on:

amplification of radiation with the aid of an external "seed" laser (Argon laser A= 5145 A) s

- wavelength and optical gain as functions of electron energy and undulator magnetic field;

- transient behaviour of the laser radiation;

- steady-state interaction between laser radiation and stored electrons (i, e. optical gain vs. elee-
tron energy, maximum extractable optical power, optical spectrum).

2. - FEL AND STORAGE RING PARAMETERS,

1t is proposed to install a transverse undulator on the Adone straight section no, 11. An op-
tical cavity can then be built by adding a mirror at each end of the straight section, or an external
laser beam can be sent along the s.s. axis to interact with the electron beam and the undulator
field (see Fig. 8). A layout of the ring is shown in Fig. 1.

FIG

1 - Layout of the LELA experiment in Adone.

In order to minimize the laser beam losses in the optical cavity {oscillator experiment) and
to avoid head-on collisions petween photons and electrons, it is convenient to operate Adone with
three electron bunches and to adjust the optical cavity length to half the distance between two con-
secutive bunches : a single photon bunch will then travel inside the optical cavity and will meet one
of the electron bunches once per every round trip.
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The spontaneous radiation wavelength, observed on the undulator- axis (= y axis) is given by
(see Appendix A):

A
- 241+ kD) (1)
27"
where A, is the undulator period and y = E/mocz.

Q
For a pure cosine-like vertical magnetic field on axis

Bz = Bocosa 7 N (2)
q
the parameter K is given by
GBO}'
K = —=—3 % 6,6 Bo(KG) A (m) . (3)
V2 2am e 4
By defining the R, M, S. magnetic field on axis by
- V)v
a
- 1 2 1/2
B = / |8, ] dy] / (4)
- 0
one can also write
K = 9,33B (KG) 4o (x0) . (5)

According to eq. (1), the
wavelength can be tuned by va-
rying either the electron ener-
gy -or the undulator magnetic
field or both. In Fig, 2 the wa
velength A is plotted vs. elec~
tron energy E for A,=11.6cm
and three valueg_of t%e parame
ter K (K = 1, V2, 3,412).

In order to avoid all un-
necessary technical complica-
tions, we choose to operate in
the visible wavelength region
with magnetic fields that can
be achieved with standard mag
net technology. The electron
energy should be the highest
possible in order to achieve
the highest possible peak cur-
rent,

The undulator period sho
uld be designed so as to acco-
modate the maximum number
of periods in the fixed length of
the Adone straight section

(* 2.5 m). On the other hand ' ' E (Mev)
the achievable magnetic field
on axis will depend both on the PIG. 2 - Optical wavelength vs, electron energy.

undulator period and on the gap



height(G’ 7).

velength eq. (1), Taking into account the above con

TABLE I

Undulator period
Number of periods

Undulator length

Homogeneous broadening

RMS magnetic field on axis

Electron energy
Radiation wavelength

Optical cavity length

lq= 11,6 cm
N =20
Ly=2.32m

n 1
(4] w
g =
[
- W
o

Q

610 MeV
(-]

5145 A

17,5 m

i

Finally electron energy,undulator period and magnetic field are connected by the wa-
straints and using the results of magnetic field

calculations 5,8) we end up with the ba-
sic FEL parameters listed in Tab, I

The FEL gain has been demonstra
ted(8, 1) to be inversely proportional to
the sauare of the total spontaneous radia
tion linewidth, which, in turn, is made
up of two contributions, homogeneous and
inhomogeneous broadening, adding qua-
dratically, We require the inhomogeneo
us broadening to contribute a negligible
amount to the gum,

This places upper limits on the e-
beam angular divergence and energy spre
ad. It also requires that the off energy 7
function vanishes in the section where the
undulator is mounted. By increasing the
nurber of independent qdp families from
2 to 4, Adone can be made into a six-pe-

racterized by the following magnetic sequence:

0
—2": QDl:

riod machine with 7 vanishing in alterna
tive straights. The standard cell is cha-

0

QF1, B, QD2, QF2, 0, Q¥2, QD2, B, QF1, QDI, 5

and the resulting optical functions are shown in Figg. 3 and 4.
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FIG, 4 - Vertical betatron function f.fz for one half meachine, with undulator on and off (in
both cases wy, =5.15 and 1w, = 3. 15).

The main machine parameters and the quadrupcle strengths G/Bp are listed in Table II and III,
respectively. It is also assumed that the new 51.4 MHz RF cavity, at present under construction,
will be ingtalled and operating.

3. - SMALL SIGNAL GAIN AND BUNCH LENGTHENING.

The FEL srall signal gain per pass in the homogeneous broadening regime and for a mono-
chromatic e beam reads! (see also Appendix C):

2 I 3
g --savaa? 322 K B N gy (6)
© (1+x2)%% 1o Zp
where
1, =22 = 17,000 A /= working energy (in unit of myc?)
A I‘O ’ ’ )O o g gy 0 )
A

Ip = peak current/bunch , Yg © resonance energy = E% (1 +K2)]1/2 R

Y. -7 .
x = 4@N 2R , f(x) = - —1’-—{cosx -1 +lx sin x}

'R x° 2



TABLE I

Electron energy E = 610 MeV
Momentum compaction a, = 1.36x 10-2
Fractional energy spread O = 2.3x10-4
Invariant £H > =038m
Radial emittance (off coupling) Ay = 0.25 mmxmrad
Energy loss in bending magnets U, =2.45 keV/turn
Energy loss in undulator U, = 109 eV/pass
Radial betatron tune ¥y = 5.15
Vertical betatron tune v, = 3.15
Radial natural chromaticity C, = -1.06
Vertical natural chromaticity C,=-1.61
Damping partition numbers Jg=2; Jg = Jz =1
Damping times T = 174,/.1ri meec
Revolution frequency :fo = 2,856 MHz
RF frequency fry = 51.4 MH
Harmonic number h = 18
Number of bunches n, = 3
1 RF cavity: RF peak voltage VRy = 300 kV
RF acceptance erp = 3.58%
2 RF cavities: RF peak voltage Vgp = 600 kV
RF acceptance tpp = 5.06%
TABLE III
Element %, =5.15, v =3.15 [ w,=5.15, #,=3.15
G/Be (m-2) G/Bg (m-2)
undulator*) 0 - 0. 0240
QD1 - 0.8542 - 0, 8426
QF 1 1.2761 1,2706
QD2 -1,1692 -1,1692
QF 2 1,1325 1.13256

(x) for the undulator's transfer matrix see Appendix A,




The function f(x) is plotted in Fig. 5 and is proportional to the derivative of the spontaneous

L. . sin x/2 |2 . : - .
emission lineshape (—X-—Z—“- }“ (homogeneously broadened). By assuming its maximum value

2 - L
(= -0.0675 for x = 2,6056) and taking for the E. M. beam cross section the value ZL Viv.

(see eq. (26)), together with the parameters listed in Table I, the gain g, can be written

- -4 v -3 1(mA)
g, 6.7x10"% Ip (A) 3x10 oy(cm) (7)

where I,(A) is the peak current/bunch (113 zci/2 35 Oy fy), i(mA; 1s the rean current/bunch and
oy is the R. M. 8, bunch length, |
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\ o+ f(x
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FIG. 5 - The gain function.

For the radiation build-up to take place, the optical gain per pass must exceed the cavity
losses. Diffraction losses are negligible (see below) while mirror absorption and transmissivity
cén reasonably be kept below a total of 4%e. We require, by consequence, that the gain be rais-
ed to the level of percent, which can be accomplished with mean currents of some tens mA/bunch
and ¢, of the order of cm (see (7)) : at our working energy (610 MeV) the anomalous bunch length
ening phenomenon must therefore be properly taken in account,

Both according to the anomalous lenghtening model of Chao—Gareyte(g) and to the experimen
tal results obtained in Adone(lo), O’y can be written as

3/2.68 ;1/2.68 (8)

ury(c:m) = 1.84 R(m) '(mA /keV)

where R = 16,72 m is the mean radius of the machine and § is given by

o iaC :

§ = —5 (9)
v E
s

with

v = /o

s s’ o

.Qs = angular frequency of the energy osciilations,

Cv)o = angular frequency of revolution



By defining
m = vfa,

and with a, = 1.36x 10-2 (see Table II) equation (8) becomes

_ 1/2.68
¢ (cm) = 16.26 [Ml——]
y m” B (MeV) _|

By inserting eq. (10) into (7) we have:

_ ‘ -4 2/2.68 ,1,688/2.68 \1/2.68
go = 1,83x10 " m 1(rnA) S (MeV)

We just recall here that the parameter m can be wri‘tten(ll) as

1/2
o [’heVB—F—‘] /
2rac B

while the RF acceptance for energy oscillation is ‘(VRF >> Uo/ c)

Y m

jogi V)

£
RF

(10)

(11)

(12)

(13)

In Fig. 6 we plot the R, M, S, bunch length ¢, vs. bunch current both with and without ano
malous lengthening, and for the two cases Vgpp = ELO}(,) KV and Vpp = 600 KV. Accordingly, Fig,

7a and Tb show the corresponding gain curves.

Oy (cm)

(o] 50 100 150

FIG. 6 - Natural and anoma

lous bunch length o, for
VRF - 300 KV and Vg = 600
KV,
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We conclude that the anomalous lengthening significantly affects the gain. Accurdte measu-
rements at the energy and currents considered, with the new RF system, will have to be perfor-
med, Our present thinking is that the Chao-Gareyte type extrapolation gives an uppe¥limit to the
anomalous lenthening and, consequently, a lower limit to the gain.

4, - ELECTRON BEAM LIFETIMES,

E.beam lifetimes are evaluated by taking into account the single and multiple Touschek el-
fect, the vacuum chamber aperture and the REF acceptance.

4. 1. - Touschek effect,

By using a computer code developed by Wang'lls) we obtained, for i = 50 mA/bunch, the
Touschek lifetimes T (including multiple Coulomb gcattering) and the beam cross section en-
largement ratios § listed in Table IV (see also ref. (13)).

TABLE IV

e

\
VRF = 300 KV ‘ VRF = 600 KV 5
rT(hours) ¢ 'r,r(hours) ¢

Without
anomalous 22.9 2.05 48,2 2.24
lengthening
With ‘
anomalous 449 1.08 1058 1..10
lengthening

4.2. - Vacuum chamber aperture,

We recall{ll) that the total radial spread can be written as

o2 = 62 + g2 s (14)
X xg x&

where
o2 - 62 CuY —J-s- B S (15)
xB P mag J X 1 422 :

is the betatron contribution (12 is the coupling coefficient for betatron oscillations) and dis is
the energy spread contribution.

Though nothing can be said on the transient laser behaviour, we can reagonably take thit if
a steady state is to be reached, then the R.M.S, electron energy spread should attain the equili-
brium value

24 1

__)'_Y_ = 71—\]— , (16)
so that

o, M5 ¥ "IN @amn

which would be the major contribution to the total spread (14), occurring wherever nFEO,
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In this case the beam lifetime ig(12)

2
v = g e(d/Uxae)
x

P
ax xe )2

(—5= (18)

where d i# the minimumn halfwidth of the vacuum chamber in Adone, With d=7 em, 7,= 174 msec
aid 7 =2 m, we get:

3 & 56 gec ., (19)
qx

4.3, - RF acceptance,

With similar arguments we can write the beam lifetime for energy oscillations ,by assuming
a gaussian energy spread distribution function, as

AY 2

v = LorE T ary 2 (20)
e s *REF
With 7 = 87 msec we have
qu =~ 38 sec (1 RF cavity), (21)
qu ~ 19 hours (2 RF cavities) . (22)

We observe that lifetimes under 4.2 and 4.3 are calculated by assuming gaussian e~ beam di
stributions. Actually, in a steady state laser operation, electrons should have (?) an harmonic
oscillator energy distribution whose tails are more sharply cut than those of gaussian distributions.
This should possibly lead to an increase of lifetimes,

5, - OPTICAL PARAMETERS,

- According to eq. (6) the FEL gain is inversely proportional to the optical mode cross section
2; in_the interaction region, provided the electron beam is fully contained within the laser beam

The laser beam cross section EL is given by

¥y .1 L /2 2ﬂ'wi Lw/2 1+ LY 2 dy
L L Zily)dy = = 2 (23)
w LW dy Ly W,
-L, /2 0

where Ly, is the lenght of the interaction region and w, is the beam waist for a TEM,, gaussian
mode,

The optimum beam waist can be found by minimizing the mode cross section

_a

dwg L

which implies S
1 / LA 25)
W= = .
o 23

-0, (24)
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By substituting eq, (23) into eq, (23) we have:
LA
- w ‘
3y = —= (26)
L V3

[
For A=5145 A (our experiment) the optimum beam waist becomes W % 0, 35.1hm.

5.1, - The amplification experiment,

A possible layout of the amplification experiment is sketched in Fig. 8a.

‘o"'“w
e -

Lavaanr 1 Lo

W J\' Undulator -—-//\a Lg Detecior
AT oo X ‘

1 e =
d -

—3
o
[+

Ty daq dq Tdg ' dg

a)

— M,
L 1 B

d 1 d2
b)

FIG. 8 - a) Schematic layout of the amplification experitfient. b) Schematic
layout of the oscillation experiment.

Here Lj are spherical lenses with focal lengths F; and W; are quartz windows, The "geed" la-
ser to be used will be the Spectra-Physics SP 164-09 model operatitig in single line mode &t
5145 71. In order to have wg = 0.35 mm at the undulator mid -point 14) distances and focal lengths
can be choosen as follows:

d1 = 2.0 m Fl = - 2,5m
dz = 2,69 m F‘2 =2.5m
d3 = 0,40 m F3 = 0,8m
d4 = 68,0 m

d5 = 0,91 m

5, 2, - The oscillator experiment,

The optical cavity parameters must also be choosen so as tg produce a waist wg= 0. 35 mm
at the center of the interaction region for a wavelength 4= 5154 A,

In Fig. 8b M, are concave mirrors with curvature radii R;. The FEL undulator can be in-
serted either in the Adone straight section no. 11 (as shown in Fig, 1) or in the diametric&lly op-
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posite section (no. 5). In this last case it is not possible to have d; = d, because of existing ob-
gtructions orn the floor (Synchrotron light channel PULS).

In Table V we show the optical cavity parameters calculated for the two possible insertions,
W;: are the beam sizes on the mirrors and the corresponding Fresnel numbers A= a2/dA

are
caleulated assuming the mirror size a is equal to the largest w,.
TABLE V
d1+d2 d1+d2
dl(m) dz(m) wo(rnm) wl(mm) w2(.mm) Rl(m) Rz(m) N (1 - R, 1 - Rz )
8.75 | 8,75 0. 35 4,14 4,14 8. 81 8. 81 2.2 0.973
8 9.5 0. 35 3.76 4, 46 8.07 9.56 2.2 0.971

In Figg. 92 and 9b we show the e- beam and laser beam profiles along the interaction region
in the radial and vertical plane respectively.

~ The e- beam dimensions are plotted for two values of the betatron oscillation coupling factor
,‘a:z 40,42 (circular e-beam) and 22 20,01, which corresponds to the minimum coupling experi-
mentally obtained in Adone and gives an approximate flat beam,

Once the measured gain values will be available, it will be possible to work out the detailed

project of the optical cavity and, in particular, to decide whether to build it completely "in vacuo"
or not.
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APPENDIX A - Fields and orbits in the FEL undulator.

a) Basic equations
Extensive runs of the CERN program MAGNET showed(%: 6 that the magnetic field in the
gap/(g = 4 cm) of the undulator (see Fig. 10)

T e I_JJ =)

;’_\ e’

-

/%Cr?ﬁ fﬂf—‘ﬂ

Aq

‘4

FI(: , 10 - Schematics of the F'EL undulator,

can be described by the following equations :

By=0, By = -Bgsinh kz sin ky , B, = B, cosh kz cos ky , (A1)
with
a9
k = R s A =11.6 cm, B = 4459 G . (A2)
Aq q o
The equations of gloiion of the electron within this magnetic field(!®) read (in C.G.S. -Gauss
units and with K = __°.£é_
2mm e
K,¢ -
oo=_£___o _ =__O__ _g_[ ]
mecy (yB, sz) 7§t Loosh kz sin ky
oo __e___ [ B - Xk KC) ° h K .
yo - -;noc_ XB, ® - XC—y— X COSh Xz COS Xy, (A3)
2 K,
Y s —2— %B_ = - ke — % sinh kz sin ky .
mocy y b

Since, with our beam transverse dimensions we always have kz <<1, we can replace the hyperbo
lici functions by their first order series developments:

sinh kz & kz, cosh kz &2 1.
We then get:
K,C K, K
X = --—75’3— —— (sin ky) , ¥ = - ke ——)—?—- X cos ky , Z=-ke -—;—- x kzsinky . (A4)

Integration of X yields
t

K.c K,¢
% -% =2 j 9 sin(ky) = 2= sin (ky) . (A5)
Y o dt Y

o
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Setting >°<o= 0 in (A5) we get from (A4) :

K, 1

¥ = .(—--5,-—-)2 ke? sin ky cos ky , (£6)
K, ‘

% = '(—7_)2 k2c? 2 sin? ky . (A)

With the transformation

d . d dy

Al
dat  dy dt , (A8)

eq, (A6) can readily be integrated to yield

K
3)’2_}32: _CZ( o)zsinzky. (59)
o Y
By averaging the sin2 ky term over one period of the undulator
e, 1
— sin"kydy = = . (AL0)
Aq A 2

we obtain from (A9) the RMS velocity along y (c units)

L) K
2 02, 2 = 1 2 1..2
= = N P N T N
<> Solc)’ 5 (=) =1 .,2 (1+5K5), (A11)
whence
- 1..2 ‘
Br 21 . o1+ 2x2), (A12)
92 270 ‘
We can set, to all orders of approximation
= f*ct. (A13)

b} Wavelength equation

The expression for resonance wavelength can be found by imposing that the slippage between
E.M, wave and electron in travelling one undulator period 7 be equal to one optical wavelength.
Since the slippage cdt is given by:

1
cAt = ).q(—E; -1), (A14)
we get from (A12):
1 Aq 1.2 ‘
cdv = A= A (—f-1)= —k(1+zK,). (A15)
q Bx 2),‘3 20
Eq. (A15) agrees with eq. (1) since
. L ‘
K = 7 K, - (A16)

It is easy to show that if the electron enters the undulator with an angle OefO with respect to y
axis, then eq. (A15) must be replaced by eq. (B2) of Appendix B.
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¢) Trangfer matrices

Eq. (A7), with pogitions (A8) and (Al10) can now be written as (B”t ~1):
4z . g2, (A17)
4 eq

= = =T (A18)

The equation of motion (A17) innplies:(ll) the following vertical transfer matrix for the undulator:

, 1 .
‘ cos (Kequ) "iz-e—; sin 1[Kequ)
Mv = (A19)
- Keq sin (Kequ) cos (Kequ)

where L.  is the undulator length. We notice that the undulator acts as a focussing Q-pole in the
verntical plane.

By a gimilar procedure one can demonstrate that, on the horizontal plane the undulator acts
as a straight section, i.e. its matrix is:

1 L,
M, = : (A20)

0 1

The same matrizes have been obtained by Bassetti et a1.<16) with a calculation based on a rectan-
gular model for the wiggler magnetic field,

APPENDIX B - Homogeneous and inhomogeneous broadening,

The homogeneous line broadening arises from the finite interaction time of the electron in
the! N-periods undulator, and is given by :

Al 1

(-Zi--)o = N =2.5% . (B1)

The inhomogeneous broadening is due to the finite dimensions, angular and energy spread of the

e~ beam, The central wavelength of the radiation emitted by an electron travelling at an angle 0 e
with respect to the undulator axis is given by:

A= =3 (14K + (107 . (B2)

By differentiating this formula and folding with e~ beam gaussian distributions, we find the various
contributions to the inhomogeneous spread:

. o

(Bhyl-2 T2, (B3)

(._Al..a'_ i = 72 02 (B4)
2 o, T2 o,
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(BS)

The vertical field off the undulator midplane can be fairly well approximated (see also Appendix |A)

by :

. 25
Bz(y, z) = By cos(T

where
2

f(z) = 1+ az

According to our calculations!5

o & 1.4x 10-3 mm

Eq. (B5) then becomes:

an i 2k

A B, 1+k?

With the ring optics displayed in Figg. 3,4, 9 we have («Up =

6) .

-2

2
oo, .

(B6)

(B7)

(B9)

2.3x 10"4) at the interaction region

mid-point
2% = 0.01 22 = 0.42
ag
o - = 1.36x10"% 1.14x 104
X ﬂx
[11
% =2 5.6 x10-6 4.7 x10° (B10)
: Z ﬂz
o - o% + g2 1.36x107% 1.23x1074
il 9¢ x gz
therefore
LY -4
A4 b~y 6510
( 2 )y X
4r i, -3 A\ ) . -3 r
(2 )Qe v 2.1x10 (S5 ) gty = 2-16%107°. (B11)
44 i -4
(‘T )B ~ 1,6x10

We clearly see that the condition for homogeneous broadening is fulfilled,

Fig. 11a shows the results of a numerical calculation(19) of the homogeneous spectrum on
axis (15t harmonic) together with the spectrum obtained by folding in the gaussian e-beam radial,
angular and energy distributions,

We see that the two spectra have practically the same fractional linewidth which again con~
firms the inhomogeneous effects to be negligible,

For the sake of completeness we also show (Fig. 11b) the total spectrum integrated over a

circular counter subtending a solid angle 4649 = 0.2x 1073x 27 rad?,

useful in the course of the alignment procedures,

This last information will be
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APPENDIX C

We apply eq. (6) derived in reference (4) on the basis of Colson's theory(a) to the Madey's
data (oscillator experiment) reported in ref, (17) :

A =3.41 pum, A 3.23 cm , Ke = 0,42,

q

N = 161, i 0.66 A, E = 43.5 MeV,

p
Laser waist w, = 1.71 mm (as calculated from mirrors' curvature radii Ry = R, = 7.5 m and ca
vity length d = 12,7 m).

With the above parameters eq. (6) yields, for the homogeneously broadened small signal gain
g, = 12,74 )

by taking for EL expression (23). This value is to be compared with the quoted experimental va
lue goyp 15 %.
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