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ABSTRACT

A Superconducting undulator has been installed on the
ACO storage ring and operated as a synchrotron radiation
hource, and as a free electron amplificr. We report'measure-
ments of the spontancous cmission spectrum, the gain as a func-
tion of the clectron energy, and the laser induced lengthening

of the electron bunch.
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INTRODUCTTON

The possibility of operating a free electron
laser in a storage ring has attracted a great deal
of intercest in recent yearsl-g. A collaboration has
been established between LURE and Stanford to exam-
ine the initial experimental quéstions posed by the
storage ring laser with the LURE undulator mounted on
the storage ring ACO. The goals of the project have
been to identify the characteristics of the emitted
radiation with and without an external laser field,
and to investigate the effects of the laser on the
stored electron beam. We are at present constructing
an optical klystron type undulatorlo-ll, which will
increase the gain and sheould permit operation of the
system as a laser oscillator. In this paper, we re-
port on the measurements taken with the superconduc-
ting undulatorlz. '

The undulator has 23 periods of 4 co wave-
length, and is capable of producing up to 4.6 kG on
the axis of the electron becam. A cress éection of
the vacuum chamber and the magng;'roles is shown in
figure 1. The storage ring is igjected with the undu-
lator in the up position so that the beam sees .the
large transverse aperture, After injection, the elec-
tron bcam damps down to a small cross section, and
the undulator can be lowered until the beam passes
through the small finger of the vacuum chamber be-
tween the pole faces. The magnetic field can thea be
turned on, producing spontancous radiation which

leaves the vacuum chamber through a sapphire window.
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The undulator is mounted on ACO asshown in
figure 2. ACO is primarily used as a synchrotron
radiation source, and operates without too much dif-
ficulty between the injection energy of 240 MeV and
its maximum energy of 540 MeV. A current if IOb ma ; \
can be stored at these energies. However, in order i
to obtain emission in the visible with the present
undulator, it is necessary to lower the operating
energy to 150 MeV. Considerable difficulty has been

3
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encountered in retaining large currents at the low
energy, as will be explained later. The currents ob-
tained for the gain expariment represent a considera-

ble success.

f /* J

1NIECTION PLANE

Pig. 1 - Cross section of the undulator vacuum cham-
ber showing the disposition of the magnetic
pole faces on ecach side of the beam position
with the undulator lowered.

—— e ——

Fig. 2 - Location of undulator on ACO, and placement
of experimental beam lines.
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The low current bunch dimensions calculated
for ACO at 150 MeV are Op = .2) mm andu&'= .16 mm
in the undulator straight section and the bunch
length is Gy = .87 nsec at V = 4kV and moderate coup-
ling. Due to the low energy and the complex vacuum
chamber geometry, each of these dimensicns depends

13 and the distribu~’

on the multiple Touschek effect
tion of the trapped and partially swept positive

ion distribution. The bunch length is also influ=-
enced by the anomaious bunch 1engtheningM. All dimen-

sions have been observed to expand by factors of

more ﬁh#n 3 for moderate current. Since the effects

of the trapped ions and the bunch lengthening are not
well characterized for the present ACO configuration,
the dimensions must be measured under the conditions
of the experiment.

Total useful experimental time has been limited
by an anomalously low lifetime, and vacuum and cryogen-
ic - difficulties to about 30 hours on the spontaneous
radiation, and a total of about 8 hours on the gain
and the bunch lengthening., In May, after most of the
techrical difficulties had been worked out, the undu-
lator developed an irreparable open circuit during
thefirst bunch lenghthening run. Despite the techni-
cal problems, the present undulator has enabled us
to obtain significant data on the spontaneous emis-
sion, its dependence on the bhesi alignment, the gain
of the storage ring laser, and the laser induced
beamheating. These results will be described in the

following sections.
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ELECTRON TRAJECTORY AND SPONTANEOUS EMISSION

Experimental studies indicate in a first ap-
proximation that most features of the spontaneous
emission agree with theoretical predictions. How-
ever some disagrcements from the theory of an ideal
undulator are observed concerning for example a
strong asymmetry of the coloured rings and a broad-
ening of the spectral distribu;ion. This arises from
the fact that the mean electron trajectory is not a
straight line. A first effect comes from a lateral
displacement of the electron beam from the undula-
tor axis, and can be eliminated if the electrons are
injected on the magnetic axis with a velocity paral-
lel to this axisl6. For the results reported here,
the alignment was good; the deviations from the
ideal theory stem from an impetfeét magnetic field.

In the superconducting undulator the magnetic
field is not a perfect sinusoid., Edge effects modify
the periodicity and intensity of the field at both
ends of the undulator. Measurements of tke magneéic
field, along the % axis can be characterized by the

expression :
B = Bo H(z) § (m
(sec Fig. 3 for definition of the system of axes).
In a perfect undulator H(z) = sin qz, but ex-

perimentally it deviates from the pure sinusoidal

form with

Shema e Rl
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H(2) = 1452 q = q+3% I Liz)az = 0
0
In order to determine the effets of this deviation

we have calculated the electron trajectory and the emission
spectra using the experimental H(z) functionl7 with the initial
conditions y = 0 and By = 0.The trajectory remains in the xz
plane and the equations of motion are given by :

B (2) = By-(Ka/Y) IZu(2")dz' B = 1- o>

2v? 2 @

x(z) = Boz—(xalv):m(z')az'

where Bo‘is the initial velocity along the x axis, q is the
mean period of the undulator and K = eBo/mczq is given by the

amplitude Bo of equation (1).

e anmemeniP - s m = —-

Fig.3 - Calculated electron trajectory in the xz plane.
The undulator has 23 periods and a length L =
960 mm. The value of the x component of the
trajectory is given by : x(z) =(K/Y) X, (z)
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Thercfore, the motion is defined by the inte-
grals of the field and the initial velocity. In the
most usual case 80 is chosen so that the mean trajec—
tory is parallel to the magnetic field 2 axis de-
fined by x(0) = 0 and x(L) = 0 and Fig.3 shows the
calculated trajectory s(z) for our 23 period undu-
lator. If the undulator was perfect the mean trajec-
tory would be along the 2z axis, but in the actual
case it is a winding path. The inner-most part of
the trajectory is tilted with an angle of YO v
+0.15K, . whereas at each end the trajectory bends
in the other direction with Y0 v -, 35K. Schemati~
cally we would obtain the same result with a series
of three tilted undulators; an observer sees the suc-
cessive periods of the trajectory at different angles.
For example, in the direction of the central section
Y0 = 15K, about 17 periods emit on the same wave
length. A red shifted emission is produced by the
other sections according to the law A= XO/ZY2 x
(1 + K2/2 + YZ 02).The inference of the radiation of
the three sections of the undulator produces a radia-
tion spectrum whose width and shape depend strongly
on the angle of observation. The broadening of the
spectrum reduces the gain by a factor which approa-
ches 50Z. In the mean direction Y6 = (+0.15K-0.35K)/2,
all periods are observed from the same angle. For this
particular direction only, features of the perfect
undulator are obtained.

An exact numerical calculation of the emission
can be performed using the equations of motion (2) and

the classical formulal8 :

i e e
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22 (n
du ety [Ilﬁ % (8 x B) exp(in€ - f.r/c) dt]?
dUw 4n°c (1)
The result is given by :
awv_ _ e @2 y? s(p)
dw ¢ 2 (1+4K*/2)? (4)

where S(p) is the spectrum profile and p the nor-
malised frequency
et o QrKY2)
Wo=p gc 2v2

Fig. 4 shows the calculated spectra obtained

(5

for K = 1.8 and three Y80 directions in the xz plane.

The most important features are summarized below,

1) The classical sin2x/x2 profile is no longer pre-
sent, The shape of the spectrum is strongly dependent

on 8, For Y0 << 0, there are no secondary maximas on
the low-frequency side whereas the maxima on the high
frequency side are greatly enhanced. For Y6 >> 0

an inverse situation is obtained, but the secondary
maxima are not as large. The profile of the main.peak

also exhibits an asymmetry which is 0 dependent.

2) A strong variation of the width of the central
peak is observed. For our undulator the relative
width is maximum (A/dA = 17) in the direction of the
center of the coloured rings of the spontaneous
emission ( Y80 = +0.25) whereas a value of A/dX = 25.5
is obtained for © = 0. This last value is very close

to the theoretical one (A/d)X = 26).

i e -
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S(p)
31108
Po=-0.15 Y@=+0.15
1'0=+0.30
17.2
09 1 p
Fig. 4 - Spectral distribution of the spontauneous

emission as a function of the normalised frequency
p= w/w(T=0) calculated for K = 1.8 and three direc~-
tions of observation in the xz plane. The origin

0 = 0 corresponds to the magnetic field z axis;

¥0 = 0.25 is approximately the angle of the center
of the ring system.

3) The maximum spontaneous intensity, the minimum
spectralwidth, the minimum central wavelength and the
maximum gain are each obtained in different direc-

tions. With K = 1.8 we have :

I max : Y0 = 0,05

dX min : Y0 = 0

A min : Y0 = 0,25 (center of the rings)
G max : YO = 0.05

n

4) For the FEL, the optical gain is related to the
derivative of the spectral distribution. Fig.5 shows
the calculated gain for Y9 = .10 and .30; the direc-
tion YO = .30 is close to the center of the rings,

so that the right hand curve can be compared with

W‘ Al ? g ﬁiﬁ" e sy de -t RN . i il i
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the measurced gain curve presented in the next sec-

tion.

1,104
yY6~0.30

Fig. 5 - Spectral distribution of the gain calcula-
ted from the derivative of the spontaneous emission.

Measurements have been made of the spectral
distribution versus the 8 angle in the xz plane. The
optical apparatus is shown schematically in Fig. 6.°
A 75u pinhole is set in the focal plane of the Hl
mirror, so that all the radiation emitted at a given
angle in the undulator is collected at that point

3 rad. Fig. 7 shows

with a resolution of 60 = 4,10
the spectra obtained for three directions 0' defined
with respect to the center of the spontaneous ring
system. Qualitatively, all effects described above
are observed. Some small differences are observed
betwecen the experimental results and the calculated
ones. Probably this discrepancy is due to the fact
that the H(z) function was measured for weak fields,
while for the emission experiments we used a larger
field close to the maximum obtainable with the undu-

lator. The geometry of the field could be slightly

LY v
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different due to saturation effecrs so that the ac-
tual trajectory was not exactly the same as the one

shown on Fig. 3.

Undulator
ANNAAN

Pholomumgnor
R956S ]| Monochromator
[

Fig. 6 - Optical setun for angular and
spectral distribution studies.

Experimentally the relative width varies from
17.5 to 23 and the theoretical value was not reached
in any direction. This residual brbadening is due to
the emittance of the électron beam. The minimum of
the spectral width is obtained for y8' = - _0.30, a.
direction which is very different of the ring center.
According to the law k_-(l°/272) x (1 + K2/2 + 7262),
the dispersion of the velocity in the bunch now con-
tributes in a linear fashion to the inhomogenequs
broadening so that A/dA = 23 is the largest value
observed.

Taking into account the actual electron trajec~
tory, theoretical and experimental features of the
spontaneous emission are in very good agreement. The

magnitude of these cffects demonstrate the very high

sensitivity of the emission to small deformations of

\
el
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the mean trajectory or equivalently, to small differ-
ences between the actual magnetic field and the si-
nusoidal one. It is interesting to note that such
deviations have also been observed in the infra-red
Stanford experiments using a helical undulator
(see Fig. 2 of Ref. 19). The best Stanford spectra
exhibit broadening stronger than can be explained by
energy spread and emittance effects, and show pronoun-
ced asymmetry of the secondary maxima. Since it is
known that the helical magnet exhibits some deviation
from a straight line, it is likely that magnetic
field errors are responsible for these deviations

in the form of the spectrum.

.

Fo=0

»e

8000

Fig. 7 - Expverimental svectra measured for
K=1,5and E = 150 MeV. Here, -the
origin 8' = 0 corresponds to the
ring center.

GAIN MEASUREMENT

We have obtained measurements of the gain as a
functxon of energy at two wavelengths in the visible,
5145A, and 4880A, and for several different magnetic
fields. As the gain is very low, the average gain

being on the order of 10-6, a double demodulation
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technique with a noise level equivalent to a mean
gain of 10 -8 has been employed (20). As shown in
Fig. 8, a CW argon laser is focussed to a waist at
the center of the undulator, and the laser beam is
adjusted to travel coaxially with the electron

beam. The laser is amplified at the frequency of

the electron beam, 27.2 MHz, and the signal is ob-
tained by a detector resonant at this frequency, after

which it is demodulated, The laser is chopped at low
frequency to permit subtraction of the spontaneous
emission signal, and the gain is extracted in a sec-
ond lock-in slaved to the chopper. The collimation

and the passage of the beam through the monochroma-

tor reduce the spontaneous power incident on the

detector.

Calibration is performed with the synchrotron
radiation emitted in the fringing field of one of
the main dipole magnets ateach end of the undulator
straight section. This beam is choppe& to produce a
beam with the same time structure as the gain, and
a signal V;F is observed through the detection sys-
tem. .At the same time, the total power incident on
the diode is monitored at a port on the detectcr
which bypasses the resonant filter; this signal,
which can be observed on a low frequency lock-in,
is measured as V:F. Under the conditions of the
experiment, a small signal VRF is measured, which
corresponds to a total amplified power in the LF
port of (anlv;F)V:;. The signal actually measured
in the LF port is dominated by the chopped laser

pover V, p. The average gain G produced in the inter-

e T «‘.};.ﬂ?_; Zhy\»‘@;‘*a “
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action is then the ratio between the total amplified power

and the total incident power

)
€= VRr ViF
(6)
VORF ViF
AN
ARGON LASER
MODE MATCHING
_ CHOPPER TELESCOPE

STCRAERIG Iff— 100+

AND
) COLLIMATNG I
UNDULATOR RIS Llfxtxmm}fmaz
3 % i

100 1
2042 S00Hz |HZ] LF
BAND PASS LOCK-IN ~/ T
FILTER ANPLIFIER —

Fig. 8 - Schematic diagram of the gain experiment,
showing beam transport and signal processing
systems,

——

[S N A Y

S b et .

v
]
t
.
3
L4
.
3
i
¥
¥




— SN

5.

The anticipated gain can be calculated for a linear

undulator from the fourth component of the Lorentz force

equation.

av . _e__2 E-: ~&. EX cos (kz-wt) cos qz (7)
dt me mc ) | '

along the lines of Colson's original calculation for a heli-
cal undulatorZI. The equation is recast using 2z(t) as inde-
pendent variable, the resonant terms are identified using a
Bessel function expansion, and the equation is integrated in
perturbation expansion to second order. The gain is obtained

by integrating the energy loss over the electron distribution

- in transverse positions, angles, energy, and optical phase,

and by dividing by the energy density in the optical field.

1 2

Glineat - Ghelical'f [{2:1(5) - Jn+l(£)]
2 =z v :
Qa + —2;)(1 + —5)

lcuh luav

(8)

where

x .
16n2nK?N? t cos x - 35 sin x

= pr )2 ¢ )
Ghelical o"o Y’ <* .(9)

;
5
*

for a perfect undulator H(z) = ginq4z and small inhomogeneous
broadening.

In these equations n is the harmonic number of the on-
axis radiation (n is odd), & = nK2/(4 + ZKZ), v, is the beam
waist of the optical mode and Oy and U, are the root mean
square horizontal and vertical electron beam dimensions. The

2

peak electron density is p, r, = e2/mc ,» and the detuning pa-
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rameter is x = 4ynNd8y /Yy where §y is the normalized energy
deviation from the resondnce energy. The filling factor has
been calculated assuming coaxial Seams and a Gaussian trans-—
verse electron distribution.

In an undulator with an imperfect magnetic field, the
x dependence of the gain must be modified. By virtue of
Madey's theoremzz, this factor can be replaced by the deriva-
tive of the measured spontaneous power spectrum. Since the
spontaneous measurement has no absolute calibration, this
technique provides only the shape of the gain curve. To find
the amplitude, we have calculated the reduction in the gain
produced by the measured magnetic field distribution as dis-
cussed in the previous section. If we identify the unknowm
angle of observation in the calculation by requiring that
the width of the spontaneous curve agree with the measured
value, the calculation then predicts a reduction in the gain
by a factor .39 from the level (8). The gffects of the
energy spread and beam emittance in the experiment are small
compared to these trajectory effects, and have therefore
been neglected. In the general case, the filling factor must
also include the misalignment of the mean axes of the two
beams, and the mean transverse motion of the electron beam
(Fig. 3) which has an amplitude of approximately wo/3 in our

experiment.

A plot of the gain measured as a function of energy
is provided as figure 9. A spontaneous emission curve obtaii-
ed under the same conditions after the previous injection
is presented underneath for comparision. The small apparent
energy shift is not significant due to the hysteresis present

in the bending magnets of ACO which arc cycled between injee-

E S
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tions. The extent of the energy sweep was limited both by the
lifetime (8 min.) and by a beam instability which became
bothersome on the low energy side of the data.

The spontaneous emission curve agrees well with the
results of the calculations made from the low field undulator
measurements and described in the previous section. Since
the alignment technique used the highest frequency portion of
the spontaneous emission beam as a reference axis, the approx-
imate angle of observation is known. At this angle. (8' = 0),
the heights of the gain and absorption peaks are about equal,
but depend strongly on the observation angle, and the curve
is broadened by a factor of about 1.4.

Experimentaly, the baseline of the gain curve is un-
determined. However, its position can be estimated from the
fact that the gain is related to the derivative of the spon~
taneous emission curvezz. As shown in the figure, the absorp-

- tion peak drops monotonically to zero on the low energy side,
and a secondary absorption peak is evident on the high energy
side. Although this behaviour is qualitatively correct, there
remains some Uncertainty on the position of the baseline,
and therefore on the value of the gain.

The peak gain measured during the run shown in fig-
ure ¢ was 3 x 10—4 per pass. Other measurements yield gains
both smaller and somewhat larger than this value. The shofrt
beam lifetime did not permit the execution of the final align~
ment of the laser on the electron beam. The preliminary align-
ment technique produces parallel beams with an unknown
transverse displacement of the order of the electron beam
dimension. The values of the gain wcasured therefore include
a fluctuating filling factor, and represent lower bounds
for the gain of a well centered beam. Due to the good

agrecment of the theorctical and the measured results,
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the alignment is believed to be good for the results shown.
The predominant uncertainties in a calculation of the

thcoretical gain for the case of figure 9 come from the fac-

tors which enter into the current density. Due to the absence

of good diagnostics for the bunch dimensions and the stored

current in ACO, these quantities are known with an accuracy

of at best 257 with an added uncertainty in the bunch dimen-

sions due to the imperfect data on the machine optics.

The calculated value of G carries a smaller

error bar because of the absence of the bunch length. The

theoretical value of G = 4.1 t ;'; x 1078
n-6

measured value of (6.5 + 1.6) x 10 “within the uncertainties,

is the same as the

A similar experiment has been performed at Novosi-
birsk23 using an optical klystron installed on the storage
ring VEPP-3. Although absolute measurements of the gain have
not been cartied out, the dependence of the gain on the ener-
gy and its order of magnitude at 6328 X have been shown to
agree with the theory. Onme interesting technique used in
this experiment is polarization modulation of the laser. This
technique eliminates the feed-through of the spontaneous
emission in the gain measurement caused by impedance wodula-

tion of the diode detectorzo.

Future experiments at Orsay will be performed with the
undulator /optical klystron now under construction. In particu-
lar, ve plan to investigate the dependence of the gain on
the filling factor by varying the alignment of the laser. The
development of improved diagnostics on the electron beam will

also allow a more precise comparision of the gain with the

theory.
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Fig. 9 - Gain and spontaneous emission spectra measu-
red for the ACO superconducting undulator,
with A = 4880 A® and K = 1.5, The estimated
bunch dimcnsions and average current are
O = -26 mm; Oy +15 mm; .29 nsec, and
I =12 wma per bunch, all of w%xch are known
to an accuracy of approximately 25Z, The ave-
rage and peak gains at 149 MeV are G = -4
(6.5 + 1.6) x 1076 and & = (3.3 + 1.2) x 10
vhere € has the larger relative error due to
the uncertainty of the bunch length.
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BENCH LENGTHENING MEASURFMENT

The first order cffect of the free electron laser in-
teraction is an energy modulation inducéd on the electron
beam with period equal to the optical wavelength. This effect
is very important in storage ring lasers where the additional
energy spread can accumulate on the electron 5eam from pass
to pass. The resultant increase in the Bunch length contrib-
utes to the saturation of the gain; for low gain systems such
as ACO, it can be the dominant effect.

The root mean square energy modulation induced per
pass in the laser can be calculated By integrating (7) to
first order.

In the stochastic phase approximation, an electron's
optical phase is uncorrelated from pass to.pass, and the mean
square energy spread per pass of the beam is calculated by
averaging over the initial phase and the electron distribution

as before.

sin x/2

2
Ir )2 202 =77
&2 o BE[ ®-3,®)
me 7 7 / 4o? 4o?
@;g'* 1)0;3-* 1)

(10)
For the imperfect undulator used on ACO the spectral
dependence of the laser induced heating follows from the re-
sult first demonstrated by Madey that the mean squared ener-

- . 22
gy spread i8 proportional to the spontaneous power spectrum
The modification to (i0) which stem from the field
imperfections are calculated from the measured magnetic field

distribution as was done for the gain in the previous sectiun,




. 2),
1f the laser does not modify the damping times of the

electron beam 3-7, it follows from the stochastic phase approx-

imation that the equilibrium energy spread of the stored j

beam in the prescnce of the laser heating is:.
g2 %2 . 52 an .
) =Cp +ﬁ.~—'(y) :
v o o

for low current, where (Oe/E)o is the natural low current

energy spread,za T is the energy damping time, and To is the

revolution period (for ACO, To = 73.4 nsec). The bunch length
is related to the energy spread through: .

2 o (12)

@ E

where a is the momentum compaction factor, and  is the angu-

lar synchrotron frequencyza. For large currents, additional

terms appear in equation (11) and (12) due to such factors as
the multiple Touschek effect|3, and anomalous bunch lengthe
ening . The analysis of the effect of the laser at higher
currents is complicated by the fact that these additional
terms depend on the current density, and therefore indirectly
on the laser heating. '

Aa experiment has been assembled on ACO to measure the
bunch lengthening induced by the laser on the electron beam
In this section, we describe the experiment and the prelimi-
nary measurements taken before the demise of the superconduc-
ting undulator.

Synchrotron light is emitted by a storage ring in a
series of pulses separated on the average by T/m where m is
the mumber of bunches stored. In the frequency domain, this
produces a comb spectrum multiplied By the transform of the
charge density as a function of time in a single bunch.
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In this experiment, two bunches were stored so that the
fundamental frequency was 27.2 MHz, with a small signal
present at harmonics of half this frequency due to differ-
ences in the two hunches. Any given harwmonic will have
an amplitude which is directly related to the Jength of the
bunches. A measurcment of the change of this amplitude yields
the change in the bunch length, while a measurement of the
envelope function yields the bunch length itself.

If we model the bunch as a Gaussian with stan-
dard deviation 0 , the amplitude of the frequency spectrum of
the synchrotron light at the harmonic frequency w is propor-

tional to:.

20?2 (13)
F(wv P(w)e

vhere P{(w) 1is the transform of the time response of the meds-

urement system to the passage of a single electron in the ring.

A change in 0 is related to a change in the harmonic ampli-

tude through:

F. (W) (14)
Aoz = -~ -—2— in ’l?l—w‘-—'
w f( )' .
. 2 _ 2 2
where we have defined Ag” = f_o .

The response time of the measuring system drops out emtirely.
P (w). does, however, need to bc measured in order to extract
the bunch. length ¢ from the measured F(w).
The change in the square of the bunch length, Acz,
is related directly to the heating so long as equations (11)
and (12) remain valid:
2 2 (15)

4°A(ﬁY-)

q2 10'['
The fractional change in the bunch-length (§0/0;) can be

calculated once Ui is known.
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_, 2, 2. _
Go/oi- Ao /°i +1 -1 (16)

A schiematic of the experimental apparatus is provided
as figure 10. The synchrotron light is detected by an RTC
TVHC40 vacuum photodiode with a response time measured with
a 7 pecosecond dye laser to be (980 + 10) psec FWHM. A spec-
trum analyser provides the informatién.for the bunch length
measurement in the scanning mode: changes in O are measured

at fixed frequency and bandwidth.

DV.M
MV,
RF
G——10— SPECTRUM f Lock-in
SYNCHROTRON | ]I | ANALYSER .
\ N '\\
RADIATION " Recorder
.

Fig. 10 - Simplifind schematic of bunch lengthening experi-
ment.

The choice of the harmonic at which the measurement
of the bunch lengthening is to be made is extremely important.
The relarive amplitude change increases as the square of the
frequency for a given change in the bunch length, but at the
same time the signal drops into the noise,

Since the clectron beam radiates noise directly into

a large number of harmonics, and a portion of this radiation

@ g

:
:
3
i
&
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is coupled into the measurement system, the operating point
must be selected with the aid of a mcasurement of the harmonic
pickup. Low frequency noisc is produced by the cohcrent oscil-
lations between the stored bunches and within each bunch. The
inter~bunch oscillations (phasc oscil.itions) produce sidebands
on each harmonic. The measurement is made inscnsitive to these
oscillations by choosing the detection bandwidth sufficiently
large (100 kHz in the experiment). Oscillations of the charge
density within the bunch, however, produce fluctuations in the
envelope of the spectrum, and act as a noise source dependent
on the RF.voltage, the current density and the energy.

The experiment has been designed to operate with a syn-
chronous detector in order to increase the sensitivity. The
laser can be chopped at a speed limited by the damping time of
the energy oscillations in the ring (T = 240 msec at 156 McV);
the change in the bunch iength is extracted from the noise in
a lock-in. The instrumeatal limitation on the sensitivity to
AF/F has been measured at IO“8 in this configuration. In any
experiment, the limiting sensitivity is likely to be set by the
noise sources internal to the electron beam.

Figure 11 shows the measurements of the bunch length=
ening observed on ACO at 156 MeV with a field of 4.6 kG in the
superconducting undulator, and the argon laser operating at
5145 A®. The relative change in the harmonic amplitude at
Uz = 21(654 MHz) is shown as a function of the laser power
at the electron beam.

Using equation (}6) and the measured value o=
270 *+ 30 psec thie relative change in the bunch length can be
obtained from AF/F by multiplying by .9 + .2. The maximum bunch
lengthening observed was (3.7*1-0) %Z at the laser intensity

I =(220 + 80)w/cm2. The dependence oh the intensity is linear
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.

as expected from equation (11) for small changes in the
energy spread.

‘The vertical polarization vector of the laser light
at the entrance to the vacuum chamber is modified by its
passage through the sapphire window. Due to a machinist's
error, this window was placed with its birefringent axis
at 17.5° to the vertical so that the vertical polarization
component of the transmitted beam was reduced in intensity
by an unknown factor whose magnitude lies between 0.67 and
1.0. Since only the vertical component of the polarization
interacts with the beam, the bunch lengthening is reduced
by this factor. (Note that the polarization rotation was
present only for the set of runs during which the bunch

lengthening measurements were performed).

An independent reduction of the bunch lengthening
effect is produced by residual alignment errors.The initial
alignment proceedure produces parallel beams with a trans-

verse separation on the order of the beam dimension. Under

favorable conditions, the alignment can be optimized on

either the magnitude of the gain, or the bunch lengthening.

ST RN

During this run, however, the gain was too small to be seen
due to the low current, and a storage ring malfunction inter-
vened before the noise on the bunch lengthening signal could

be reduced sufficiently for the bunch lengthening itself to

o G B A At A -

: be used for this purpose, The measured value of the bunch

lengthening is therefore a lower bound on that which would

be produced with vertical polarization and aligned beams.
The theoretical value for the bunch lengthening

expected for a well aligned system can be obtained from

equations (10) and (11). Using the best available values for

b T

the bunch dimensions, and including the cffects of the real
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magnetic ficld and the polarization rotation, the fractional
increase in the bunch length is calculated to be 13Z-20%.

A misalignment of 0.6-0.7 mm would be needed to explain the

difference between the observed and theoretical values.

Fig., 11 - Relative change in the harmonic amplitude
measured as a function of laser power. To
obtain 80/0 vs, laser intensity multiply the
vertical axis by (.9 +.,2) and the horizontal
axis by (130 + 50) cm=~2- The bunch length was
measured to be® =(270 + 30) psec, the harmonic
frequency was W, = - 21 (654 MHz), the laser
beam waist was W_ = 6mm, and the transverse
electron beam dimensions werc )
o, = .2+ 2 py and 9,4+ 0.3+ .3

-.0.5 - .08.™
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Since the alignment tolerance was +.5mm, it is apparent that
the mecasurement is consistent with the theory. Our measure-
ments prove the existence of the laser induced bunch lengh-
ening effect, and verify that the size of the effect is in

rough agreement with the theory.

The present work has been severely handicapped by a
number of problems encountered with the superéonducting undu-
lator and ACO. While the initial sensitivity to the head-tail
effect25 at low energy was substantially improved after we
installed a set of manually controlled sextupoles to annul
the chromaticity of the ring, severe current loss was sus-
tained during the descent in energy and the lowering of the
of the undulator. These losses appear to be unavoidable
for low energy operation, as they stem from trapped ion
instabilities and harmonic radio~frequency beam excitation
due to the form of the vacuum chamber in the undulator,
respectively. The lattereffect may also be responsible for
the anomalously low lifetime ( T=8-30 min) observed with
the undulator down. The gain measurement, in particular,
being sensitive to the current density, was extremely 3
difficult to obtain.

The new optical klystron has been designed to elimin-

ate the worst of these problems. The radiofrequency excita-

tions, the current losses in lowering the energy and the un-
dulator, and the low lifetime should be much improved by the
larger, fixed vacuum chamber and the new magnet wavelength
which will permit operation in the visible at the injection
energy. The technical problems associated with a bakeable
superconducting system are eliminated through the choice of

permanent magnets. In addipion, the anomalous spectral

dependence due to the twisted nature of the orbits in the
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present undulator will be eliminated. Once the electron
beam current and dimensions are characterized at the oper-
ating cnergy, progress is expected to be much more rapid
with the new system and the higher gain should allow exam—

ination of the laser properties in the threshold region.
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