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FEL PROGRAM AT THE ADONE STORAGE RINGT

R. Barbini® and G, Vignola*®

INFN - Laboratori Nazionali di Frascati
Frascati, Italy

1. INTRODUCTION

In the last few years there has been an increasing on the
study of free electron lasers., The experiments performed
by Madey and coworkers with the Stanford Superconducting
Linac showed that it 1s possible to achieve both amplifica-
tic)n:1 of the coherent radiation and laser oscillation? by send
ing an electron beam through the periodic field of a magnet
ic undulator,

More recently, a successful amplification experiment
has been carried out at the ACO storage r'ing‘a, in the visi-
ble region (4880-5145 f&),, where a maximum peak gain of

5.6x 10"4/pass was measured,

* This activity is performed in the framework of a collabo-
ration among the INFN-LNF Accelerator and Technical
Divisions and the University of Naples.

% On leave from CNEN - Centro di Frascati,.



Tunability over a wide wavelength range (0.1-20 wm),
reasonably sharp linewidth (AA/A = 107 4 10‘4) and the pro
mise of high output power and efficiency make this type of
laser an attractive tool for research in many fields such as
photochemistry, molecular physics, solid state physics, etc.

If by the aid of technical improvements the average out-
put power will reach the predicted kW level with efficiency
of some percent, many industrial applications and probably
lager isotope separation could benefit from this new kind of .
laser,

Various theoretical approaches have been attempted and
many models introduced for explaining the (sca:t*ce)k experi-
mental data and for anticipatingthe FEL interaction features,
also in conneéction with the possible electron accelerator to
be used (linacs, storage rings, etc.). However, we believe
the interaction between radiation and the recirculated ¢-
beam of a storage ring to be still worth of accurate investi
gation, and we therefore designed a feasibility FEL experi
ment (LELA)AE to be mounted in Adone, in order to collect
information on:

- amplificatidn of radiation with the aid of an external Ar-
gon laser (A = 5145 A) ;

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

- transient behaviour of the laser radiation;

- steady-state interaction between laser radiation and stor
ed electrons (i, e. optical gain vs, electron energy, ma -

ximum extractable optical power, optical spectrum, elec



tron bunch lengthening and energy heating, ete.).

An experimental check of the gain for higher harmonics
and for an optical klystron configuration is also planned.

A successful LELA operation will place on a solid expe-
rimental ground the performance of an existing storage ring
in connection with the FEL interaction, and, moreover, will
provide essential information for a possible FEL dedicated

storage ring.

2. THE SPONTANEOUS RADIATION FROM A TRANSVER-

SE UNDULATOR.

The characteristics of radiation emitted by an electron
beam in passing through a magnetic fieldhave awell refined
theoretical treatment and extensive review papers have been
written on this argument5.

Nevertheless care must be taken in using the radiation
formulae developed for simple bending magnets when deal-
ing with multipole magnets such as undulators:in this case
a proper summation must be accomplished of the various
poles contributions to the overall radiation which accounts
for the appearence of a line structure in the radiation spec-
tra,

We just summarize here the principal results in connec-
tion with the FEL physics.

By defining for a plane undulator with period }.q the adi-
mengsional strength parameter K as

Prusty
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K= ~9,3B (KG) }{q(m) (1)
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where Bryg is the RMS vertical magnetic field on axig:
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i l-l— T 2] VP
- q 0 -

the spontaneous radiation energy emitted on the undulator

2

axis by an electron with energy 7= E/mc“ is made up of

harmonics centered around the wavelengths

1 A 2 .
Ay, = = —L_ 1+ g% (h=1,3,5,...). (3)

272

The distribution is well represented by the sinczxz func
tion with x,; = Navh(4 - ).h)//'l, N being the total number of
undulator periods, and has a percent FWHM

A N 1
2,  hN (4)

The first harmonic (h=1) distribution peak value can be ex

pressed as

2
d I .
Y a = 9.6x10 F(K) (

NKy 2 .
——-———-é) (5)

(MeV:* gec/sr) .

The function F(K) arises from the flat simmetry of the
undulator. A a matter of fact, in a plane undulator the elec
tron velocity oscillates also along the longitudinal coordina
te (with a period Xq/Z). Insertion of the exact longitudinal

velocity (inplace of its average value) inthe Liénard Wiechert



radiation f ormula6

results in a slight decrease of the ener-
gy emitted per unit solid angle and bandwidth, which turns

out to depend only upon the undulator strength parameter K,
Thig feature has been numerically checked by our radiation
code SINCLUCE7, which provided for F(K) the curve shown

in Fig, 1.
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Fig. 1. The function F(K). The solid curve is computed by
SINCLUCE. Dots corresponds to eq, (8) for some K
values,

The same effect will be reflected on the gain expression, as

first pointed out in Ref, 8, where the analytic expression of

F(K) has been worked out, in terms of the Besgsel functions

Jo, le
2
F(K) = LJ0<§) J1<§>][ (6)
with

§=_I§_?ﬁ_

1+ K2



According to the terminology of Ref, 9, the peak intensity
envelope for the various harmonics is described by the func
tion

1 .2 1
N,(8,,0) = 3 Kz/g(*z*‘g—") ("

2 A
Sh h

& being the normalized wavelength

A’h 3\[51 2
Shz..}:_:_TEK(lﬂt-K) (8)

and KZ/B the modified Bessel function of order 2/3,

Ag shown in Fig, 2, higher harmonics can have a peak
intensity either higher or lower than the first, depending on
ly on the K value: the pivot point occurs at gy, = 1.25, cor-

responding to K 0,75,
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Fig. 2. Envelope of the radiation peak intensity vs, normal
ized wavelength, The curve can be used for obtain~
ing the higher harmonics peak intensity relative to
the first one,



3. THE FEL GAIN

Provided the e-beam bunch is fully contained within the
transverse photon bunch dimensions (averaged mode section
= (2,7 ), the FEL small signal gain per pass in the homo
geneous broadening regime and for a monochromatic e-

beam readslo :

2
g = -32 \,'5“213/2.}'1/2 K"
° T (14232
(9)
I 3
p N
e f(x3)" F(K)
Iy L3¢2
where
= .9_..0— = !
IA T 17000 A,
Iy = peak current/bunch,
v, -7
Xy = 4N — R s
I 'R
Yo = Working energy (in unit of mcz) s
| I 1/2
YR = resonance energy = l:—; (1 +-K2)] :

1 1 .
f(xy) =3 |CosXy - 1+ 3 Xy s1nx£| .

xy
The function f(xy) is plotied in Fig. 3 and is proportion
al to the derivative with respect to Xy (i.e. electron ener-
gy) of the on axis spontaneous emission lineshape

(sin c2 x7/2) homogeneously broadened.
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Fig. 3. The gain profile.

This relationship between spontaneous radiation and gain
is a general result}! which we consider to be applicable to
our experimental configuration (i.e, e-beam quality and un

dulator symmetry) and which will againbe used (see below),

4, THE UNDULATOR

Simplicity and flexibility have been the basic criteria in
choosing the LELA -experiment parameters, Unnecessary
technical complications are avoided by operating inthe visi
ble wavelength region and by adopting standard electromag
net technology. The electron energy should be the highest
possible in order to store the maximum peak current in the
ring, The undulator period has been designed so as to acco
modate the maximum number of periods in the fixed length
(2.5 m) of the Adone straight section, Finally, electron en
ergy, undulator period and magnetic field must satisfy the |
wavelength éduation (3). | |

According to the above considerations the basic LELA



parameters have been chosenas follows: energy E ¢ 600 MeV,
radiation wavelength A 25000 A, K ¥ 3.4,
The undulator is shown in Figs, 4,5, and its characteris

tics are listed in Table I,

Fig. 5. Lower half of the undulator, showing pole
pieces, coils and electrical-hydraulic con
nections, o



Table 1 - Undulator characteristics.

10

Undulater period ...uivveneienannianns
Number of:poles.....vvvun.oun Vaeevaans
Total length (with clamps) ....ovvevean
Gap height .. ..o v,
Pole length «.ovvvviieninnn, N
Pole height.v..vvvvineinns. e
Pole wid@h mtbe s ie et eaaneeretesnsanes

s Core weight Looeieeniiviein i

Copper weight  .oviviviiiivenian,
Design cUrrent .T.l..e.cesvenssonens
Current @ensity  voveeeeeininnenaaens
Total power dissipation (& 3150 A

Peak vertical field on axis® - ... .. Ve

11.6 cm
39 full poles + 2 half poles
2.412m
4.0 cm
2.9¢cm
6.5 cm
34.8 cm
1800 Kg
287 XG
3150 A
30 A/mm?
550. KW
4,95 KG

The vertidal field on the median plane a’s computed by

the MAGNET codelz, and measured on & double wavelength

full scale prototype13 is plotted in FJLgs 6, '7 for an inner

pole and for the end pole plus the cllamplng plate respec-

tively,

Fig. 6. Verti

cal field on axis vs, th<= longl’cudlnal co.y

ordinate, under an inner poL Solid curve

is computed by MAGNET,

Dots are meas-

ured values, Dotted curve is a "cos-like"
normalized to the maximum field.
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K

(emd
2 5 g
Fig. 7. Vertical field on axis vs, the longitudinal co
ordinate, under an end pole plus clamping

plate. Solid curve is computed by MAGNET,
Dots are measured values,

Finally, on Fig. 8 the strength K as defined in eq. (1) and

measured on the undulator prototype is shown,

4 //..
3 e
K ’//
. S
/
1 . 3 4
I KAD

Fig. 8. The undulator strength K versus current in
the coils,

By extrapolatingthis measurement to the final'undulator, we
can safely assume that a value of K=4 will be easily exceeded.

The undulator is to be installed in the Adone straight sec
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tion no. 11 as shown in Fig. 9, where the experiment layout
is schematically sketched. We remark that a vanishingfield
integral along the longitudinal coordinate must be achieved,
insofar as the undulator is to be mounted in a storage ring.
This goal will be reached statically by machining the end
poles to the correct length and by clamping the field width

additional plates.

5. STORAGE RING OPTICS

We require the e-beam transverse dimension to be a mi
nimum at the FEL interaction region.
By r‘ecalling14 that the total radial spread can be written

as

o = GXB+O' (10)

we can cancel out the synchrotron contribution Oye by im-
posing the off energy 7 function to be vanishing at the loca-
tion where the undulator will be mountec'l4.

By increasing the number of independent quadrupole fa-
milies from 2 to 4, Adone can be made into a six-period
machine with % vanishing in alternate straights. The result
ing optical functions are plotted in Figs, 10 and 11 for the
radial and vertical plane, respectively,

From the ‘s‘tandpoin"c of machine optics, the undulator acts

ag a vertical focussing quaLdrup01e4" 15

» 8o that vertical be-
tatron function §, must be slightly changed, in order to pre
serve matchiﬁng when the undulator is switched on, This is

shown in Fig, 11, The Adone parameters resulting from the



13

*eaJe Teluawirlgadxe yIHT 9yl Jo mokeT ‘g ‘814

LOJvow\*mT/ /

AN
RS EFRENRN

Locwﬂ
% Doﬂmnmo

, ,/ d
VA 3NoaY / / N




14

12
Cmd

Fig. 10. Radial betatron function B, and off-energy
fundtion M for half machine.

15 10 20 3w 42 (m) 58
(m) undulator on~» undulator
“oft ﬂ‘
: \
124 ‘ |
. |
| |
. !
undulator |
S DU L B S I e N Y S e I

Fig. 11. Vertical betatron function B,, with undula-
tor on and off (in both cases v, = 5.15 and
v, = 3.15), for half machine,

new optics are listed in Table II,

6. ELECTRON BUNCH LENGTHENING

As clearly shown in eq, (9), the FEL gain is seen to de-
pend upon the electron peak current, or, equivalently, upon

the RMS bunch length Oy.
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Table II - Parameters of the new Adone optics.

Electron energy .......... Ceeceraeeaes E =610 MeV

Momentum compaction  ..o.v.veivseaonan 0.=1.36x 1072

Fractional energy spread .............. 0 =2.3x 1074

INVATTANt vnne s einionanonsennnnsesn <H>=0:38m

Radial emittance (off coupling) . ..vouunn. Ay =0.25 mm x mrad|
Energy loss in bending magnets ........ Ug = 2.35 keV/turn
Energy-loss in undulator .............. U,, = 109 eV/pass

Radial and vertical betatron tunes ...... ‘Vx=' 5.15; v, = 3.15
Radial and vertical natural chromaticities| Cy=-1.06 C, =-1.61
Damping partition numbers and times ... | Jg=2, Ix=lz=1 773=174/ ]y msec
Revolution frequency ............ ..., fo =2.856 MHz

RF frequency ........... e e e frE =51.4 MHz

Harmonic number .................... h=18

Number of bunches ....... ..... ..... np =3

RF peak voltage and acceptance ........ VRE=300kV; eprp = 3.58%

The anomaious bunch lengthening for the new Adone struc
ture and RF cavity has been calculated following the pheno-

menological model of Chao mGareytem

which proved to ex-
plain the old experimental data measured in Adone with the
normal structure and the 8,56 MHz RF system“.

The actual RMS bunch length can then be written as

1/2.68

o_y(cm) v 3,46 i (mA) (11)

where i is the mean electron current per bunch
V2mo_ f
(i=1, —L2).
p C

We just recall that the Chao-Gareyte model gives a bunch
length independent from energy. Eq, (11) isplottedinFig, 12
along with the natural (radiation) bunch length, vs. current.

Correspondingly, the maximum small signal gain per pass,
as calculated for the LELA parameters, is plotted in Fig.13

for the two cases of natural Uy and anomalous lengthened

bunch.



16

lﬂﬂ‘ T T LMD MR S N CO1 e | T T UMM SN Ml S A

T TV

a8 1333

\

anomalous length e
——

12 £ e

rakural length ot 6182 MaV]|

oo

3.3 grgeed

1 i 1 eded b " i i PR N
1 12 (mAd 108
Fig. 12, Natural and anomalous bunch length Oy for
-VRE © 300 KV,
or T T T TTTT] L T TTT,
[ Géin/pass ’
RS

J/
/

without anomalous/ |

lengthening / /

fary

e

/ 4

v g
/ with anomalous
/ lengthening 4

3 AmA/buneh)
e I NN
1 10 180

Fig. 13. Optical gain/pass vs. mean current/bunch,

We conclude that the anomalous lengthening significantly

affects the gain. Accurate measurements at the energy and
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currents considered, with the new RF system, will have to
be performed. Our present thinking is that the Chao-Garey
te type extrapolation gives an upper limit to the anomalous
lengthening and, consequently, a lower limit to the gain,

Further measurements on the beam are in prog‘ressl‘g.,

7. THE EXPERIMENTAL PROGRAM

The planned experimental activity will consist essential
ly in the measurement of first and‘ third harmonic gain by
using an external Argon Laser (CR 10), the constructionand
operation of an optical cavity (oscillator) and exploitation of

the undulator in an optical klystron configuration,

7.1, First harmonic measurements

According to eq. (6) the FEL gain is inversely proportion
al to the optical mode cross section <EL> in the interac-
tion region, provided the electron beam is fully contained
within the laser beam (3, <€ 3y).

The laser beam cross section £ EL> is given by

Lo/ 2
(3> =+ 3, (y)dy =

L
"~ I“w/2

2w / Ly/2

T/ Ll ‘ (‘M'z"z] v
w 0 W,

where Ly, is the length of the interaction region and w, is

the beam waist for a TEM,, gaussian mode, The optimum
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beam waist can be found by minimizing the mode cross sec
tion
d

dwo

{3 >=0, ‘ (13)

which implies
/ L_2

w =2 . (14)
© 2 V3

By substituting eq. (14) into eq. (12) we have:

Lw )4

<EL> = — (15)

J3

o
For A = 5145!A (our experiment) the optimum beam waist

becomes w, ¥ 0.35 mm.,

In Figs. 14a and 14b we show the e-beam and laser beam
profiles élongj the interaction region in the radial and verti-
cal plane, respectively,

The e-beam dimensions are plotted for two values of the
betatron oscillation coupling factor 2% =0.4 (circular e-
beam) and xz % 0.01, which corresponds to the minimum
coupling experimentally obtained in Adone and gives an ap-
proximately flat beam,

The same laser beam waist will be produced both in the
amplification and in the oscillator experiment, In the form
er case the external laser beam will be focussed by means
of a lens transport system, while in the latter two mirrors

will be added, at either end of the interaction region, toform

an optical cavity 17.5 m long. Due to the existence of radia
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Fig., 14, Electron beam and laser beam profiles, along
the interaction region. a) Radial plane; b) Ve_]:
tical plane,

tion shielding walls, the mirrors will be placed asymmetri

cally with respect to the undulator mid-point and their cur-

vature radii will be Ry ¥ 6.1 m and Ry * 11.5 m, respect-

ively, The gain measurement will be done by extracting the

modulation at 2.85 MHz superimposed on the incoming la-
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ser beam intensity by a lock-in technique very similar to
that used in Madey's experimentsl’ 2,38,

Some work is also in progress for analysing the capabil
ity (and usefulness) of different techniques such as boxcar

integration or fast Fourier transform methods.

7.2. Third harmonic measurement

Fig. 15a shows the spontaneous radiation spectrum (at
zero degrees) folded with the e-beam angular and energy di -
stributions ; Fig. 15b shows the gain profile as obtained by
differentiating the spontaneous spectrum with respect to the
electron energyll.

By raising the undulator strength value to K =4 and low-
ering the electron energy at E =410 MeV, the external Ar-
gon laser may be made to interact with the spontaneous ra-
diation third harmonic,

While the spontaneous radiation maximum is seen to de-
crease (Fig. 16a) the corresponding gain value increases
by a factor & 2.7 (Fig. 16b), which is mainly due to the

spontaneous radiation line narrowing.

7.3. The optical klystron

In order to achieve an "optical klystron" configuration,
the magnetic periodicity of the undulator must be changed
so as to create a magnetic drift space in the middle of the
structure., Two conditions must be fulfilled since the undu-

lator is to be inserted in a storage ring:
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i) The field integral over the longitudinal coordinate must
vanish: this ensures that no net deflection is acquired by
an electron in traversing the structure,

ii) The second field integral (i, e, the integral over the radi
al electron velocity) must vanish as well, if no net dis-
placement is to be suffered by the electron.

The shortest drift space fulfilling items i) and ii) is shown

in Fig. 17a, and is obtained by reversing the polarity of the

AMUALALN [IAAARALAE
> FTUTI LUV
b) . § /\V;e:j\vf\vnvn\//\\/ /\\/AVAVAVA\/A\/\V/\ . /L
S TTTTwW .
a2 N /\ ]

Fig. 17. Dynamics of the electron within an optical kly-
stron modified undulator for E =610 MeV and
K=3,41, a) Vertical field on axis; b) Trans-
verse electron velocity (¢ units) ; ¢) Longitudi
nal electron velocity ; d) Transverse displacs?
ment,
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two pole pairs adjacent to the central pole, which simply
implies to reverse the current flow in the corresponding
coils,

The resulting drift space is 3 periods long and is sand-
wiched between two equal sections containing 16 inner poles
plus one end pole each,

This sections are known in the literature as the "bunch-
er" and the "radiator", respectively.

The actual vertical field distribution along the drift spa-
ce after polarity inversion has been computed by the MAG-

NET code and is shown in expanded view in Fig, 18,

5 | KG> )
] " .-'/.\‘-. :A

ey tem i hm i 4

Bl

| : \

C -5 \J \\—/ wy

Fig. 18, Enla:bged view of the modified magnetic field
as computed by MAGNET, Dotted curve: nor
mal configuration. Solid curve: magnetic
drift space,
The electron radial and longitudinal velocity 'and the ra-
dial displacement are shown in Fig, 17b, ¢,d respectively.

Due to the radial bump in the electron trajectory within the

magnetic drift space, a time delay arises between radiation
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Fig. 19. a) Optical klystron spontaneous radiation spec
trum at ¢=0, A= 5145 A, vs. electron energy.
b) Energy derivative of the spontaneous spec-
trum,
Dotted curves: unfolded, Solid curves: folded
up with e-beam energy and angular distributions.
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wavetrains emitted in the buncher and in the radiator, which
produces an interference-like effect!?d in the wavelength di-
stribution of the overall radiation. The same happens to the
distribution vs. electron energy (at a fixed wavelength), as
shown in Fig. 19a, which was obtained by inserting the mo-
dified magnetic field pattern in the SINCLUCE radiation co

de,

By comparison between Fig, 19b (dotted curve) and Fig.
15b, we notice a gain enhancement of a factor ~ 3 ag obtain
able by the optical klystron configuration. However, if the
e-beam energy and angular distributions are taken into ac-
count (Fig, 19b - solid curve) the result looks less favour-
able, since no apparent gain enhancement seems to be reach

ed through the O. K. modification.
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