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Abstract 

A method capable of producing femto-second pulses of syn- 
chrotron radiation is proposed. I t  is based on the interac- 
tion of femto-second light pulses with electrons in a stor- 
age ring. The application of the method to the generation 
of ultra-short x-ray pulses at the Advance Light Source of 
Lawrence Berkeley National Laboratory has been consid- 
ered. The same method can also be used for extraction 
of electrons &om a storage ring in ultra-short series of mi- 
crobunches spaced by the periodicity of light wavelength. 

I. DESCRIPTION OF THE METHOD 
In this paper we consider a method for the generation of 

femto-second pukes of synchrotron radiation by electrons 
in a storage ring. For such a short duration of the radia- 
tion pulses we must use synchrotron radiation of electrons 
only from a thin slice of the bunch. HOW to separate the 
radiation of these electrons from the radiation of all other 
electrons? A method that we will discuss here consists in 
a positioning of electrons from a thin slice of the electron 
bunch aside from the beam core and isolating their syn- 
chrotron radiation by means of collimation of synchrotron 
radiation from beam core electrons. 

How to induce transverse off-set of electrons only in a 
thin slice of a bunch and do not affect other electrons? 
We found that existing lasers allow us to do this. Indeed, 
femtusecond laser pulses can be used for modulation of 
electron's energies within a thin slice of the bunch. Due to 
the high electric field possibIe in the ultra-short light pulse, 
the amplitude of this energy modulation can be several 
times larger than the r.m.s. beam energy spread. Then, 
this energy modulation can be transformed into the mod- 
ulation of electron's transverse coordinates with an ampli- 
tude, which will .also be much larger than the r.m.s. trans- 
verse size of a beam. Finally, by a collimation of the syn- 
chrotron radiation of electrons in the beam core we will get 
pulses of synchrotron radiation only from the off-set elec- 
trons with approximately the same duration as a duration 
of the light pulses. 

The process for the generation of femtosecond pulses of 
synchrotron radiation is schematically shown in the Fig- 
ure 1. Electrons circulate in a storage ring and interact 
with the light in an undulator where they oscillate within 
the envelope of the light beam. This interaction produces 
the modulation of electron's energies The energy of the 
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Storage ring 

Figure. 1. Schematic of the generation of the femtu-second 
pulses of synchrotron radiation. 

light pulse, required for a modulation of electron's ener- 
gies with the modulation amplitude p times larger than the 
r.m.s. beam energy spread, can be estimated as follows: 

Here rn and TO are rest m a s  and classical radius of the elec- 
tron, cis the speed of the light, 7 is the Lorentz factor, u, is 
a duration of the light pulse, a, is the r.m.s. relative beam 
energy spread, M is the number of undulator periods and 
A is the energy of the Iight pulse. Notice, that  M in Eq.( 1) 
has an  optimal value. When M 21 2&aTc/X~, where XL 
is the light wavelength, then electrons within a bunch slice 
of length &u,c entering the undulator ahead of the light 
pulse will slip over the entire light pulse during the pas- 
sage of the undulator, thus fully utilizing the light pulse. 
h r t h e r  increase of M can only make the electron bunch 
slice longer, but will not lead to a higher energy modula- 
tion amplitude. Contrary, a reduction of M will have an 
effect of decrwing of the energy modulation amplitude. I t  
is worth mentioning here that in average there is no net 
energy transfer from the light to the electron beam. 

The whole interaction region (In) of electrons with the 
light pulse is placed in one shoulder of the optical cavity. 
This cavity is iiswl in order to enhance the utilization of the 
laser beam. Tlicrefore, it also includes a n  optical amplifier 
and a pulse stretching compensator. 
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?tansverse separation of electron’s orbits naturally oc- 
curs when an energy modulated bunch slice proceeds into 
a region with a non-zero dispersion function induced by the 
bending magnets following the IR. With a large amplitude 
of electron’s energy modulation we can reach a condition 
when a population of electrons at large transverse mor- 
dinates is dominated by the electrons from a bunch slice 
involved into the interaction with the light. 

Synchrotron radiation is emitted in the radiator which 
can be either an undulator or a bending magnet. The ac- 
tual choice depends from the application. (We assume that 
the radiator is optimized to provide the maximum yield of 
the synchrotron radiation in a given spectral range). 

The last element in the scheme is a coIlimator, which is, 
basically, a set of two synchrotron radiation masks. One 
mask is placed in a position nearest to the electron beam 
(preferably inside the vacuum chamber) and one mask is 
placed in front of the experimental area. Both masks block 
synchrotron radiation of the beam core electrons and have 
two narrow windows to allow for synchrotron radiation of 
the off-set electrons to propagate to the experimental area. 
Thus, an observer behind the windows will see pulses of 
synchrotron radiation with a high intensity peak of a du- 
ration a, on a top of a low intensity pedestal of a duration 
a,/c. where a, is the bunchlength. 

11. INTENSITY AND BFUGHTNESS 

The number of electrons per second involved in the in- 
teraction with the light pulses is NbfL orc/uz, where Nb is 
the number of bunch electrons and fL is the freguency of 
interactions with the light pulses. Only a fraction of these 
electrons interacts with the light near the optimal phase of 
the electric field oscillations and gets energy kicks, suitable 
for creating the large transverse off-sets. We will define 
this fraction with a symbol q. (An explicit expression for 
r] will be given in the example.) 

There are two main factors imposing a limit on f~ and, 
accordingly, on the average intensity of femto-second radi- 
ation. One factor is related to the storage ring and one 
factor is related to the laser. 
As for the storage ring, the limitation arises due to the 

growth of the beam energy spread in the following process. 
Each time the electron bunch interacts with the light pulse 
a large fraction of electrons from a bunch slice involved in 
the interaction gets a strong energy kick. i t  is important 
for maintaining the stability of electron motion in a storage 
ring that the next time, when the same electron bunch 
interacts with the light, new electrons are kicked. If  this 
condition is satisfied, then energy kicks can be considered 
as random leading to a diffusion of the beam energy spread 
with a growth time T~ defined as 

where n is the number of bunches. Synchrotron radiation 
damping will regulate energy growth such that the equiiib 
rium energy spread will be settled at the following value: 

where U,O is the beam energy spread in the storage ring 
without beam interaction with light pulses and 7 is the 
damping time. 

How long would it take for a randomization of the elec- 
trons that once appeared all together in one slice? If it 
is less then one period of the same bunch interaction with 
light, then the light pulse can always be applied to the cen- 
tral slice of the bunch. If it is more than one period, then 
we can make the  light pulse to interact with different bunch 
slices. 

At this point we should mention that the limitation we 
just described is not inevitable and could be overcome in a 
more elaborate scheme. In fact, let us consider two iden- 
tical places in a storage ring (one downstream to snother 
with a radiator in between) where electron beam interacts 
with the light. Providing an isochronous beamline between 
these places and adjusting the relative phase between opti- 
cal cavities to 180” one gets a condition when energy mod- 
ulation of electrons appeared in the first cavity is canceled 
in the second cavity. Since energy losses in the radiator are 
small, the remaining effects associated with them are also 
small. Thus, a growth of the beam energy spread can be 
eliminated. 
Now, assuming that Eq.(3) defines a maximum energy 

spread acceptable for a normal machine operation, we can 
find the maximum acceptable f~ and a flux of photons ra- 
diated by r) N~arc /u ,  electrons in the bending magnet from 
a segment of the circular trajectory with the azimuthal an- 
gle 68 in the bandwidth AX/X fl]: 

Here F is the photon flux (number of photons per second), 
Q is the fine structure constant, I is the average beam cur- 
rent, e is the electron charge, fo is the revolution frequency 
X,  is the critical wavelength of radiation and F is the spec- 
tral function: F(y) = y Jvw K513 (<) 4, where K5/3 is the 
modified Bessel function of the second kind. (For an un- 
dulator radiation one can get very similar expression.) 

Consider now t h e  limit on the average intensity of the 
fembsecond radiation cau.sed by the laser. The available 
output power of the optical amplifier, PL, and the quality 
factor of the optical cavity, Q, define the reactive power 
in the optical cavity. Then, for a given A the maximum 
interaction frequenc.y is f~ = PLQ/A. If this frequency 
is less than f~ defined by the growth of the beam energy 
spread, then 
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and the beam energy spread in the Eq.(3) must be evalu- 
ated with the actual j ~ .  

Brightness of the source of the radiation as i t  is defined 
in (21 can be find as follows: 

111. PULSE DURATION LIMIT 
What is the minimum duration of the synchrotron ra- 

diation pulses that is achievable with the above described 
technique? Of course, it is defined by the light pulse shape 
and by the number of undulator periods M, but on top 
of this there will be stretching of the electron bunch slice 
on the way from the IR to the radiator and in the radia- 
tor. This process is related to the non isochronisity of the 
beamline and can be characterized by the differences of the 
pathlengths of electron trajectories [3]: 

(7) 

where At is the r.m.s. spread of the pathlengths, a, and 
ozn are the horizontal beam size and divergence of the elec- 
tron beam in the IR, IU = $wdt, P IV = I : F d z ,  
I D  = J i v d z ,  U and V are two independent cosine- 
like and sine-like solutions of the homogeneous equation of 
the electron motion, 0, is the dispersion function, p is the 
bending radius and t is the distance from the IR to the 
radiator. 

Although, fD can be zero in a specially designed beam- 
line, a fully isochronous lattice between the IR and the ra- 
diator is impossible. Either Iv or Iv must be non zero as 
a result of a creation of the dispersion function on the way 
from the IR to the radiator [3]. A value A t  associated with 
that can be estimated as follows: 

A t =  -, 
0, 

where E, is the horizontal beam emittance. 
Notice, that the pulse stretching with the vertical dis- 

persion in the radiator will be much smaller than with the 
horizontal dispersion, since it will then be defined by the 
vertical beam emittance, which is much smaller than the 
horizontal emittance in the storage rings. 

IV. SIGNAL AND BACKGROUND 
We define a background as the synchrotron radiation 

propagated to the experimental area through the windows 
of the collimator and emitted by the electrons which do 
no& belong to the. bunch slice involved into the interaction 
with the light. If bunch frequency is larger than the fre- 
quency of the light pulses, then gated input, triggered with 
the light pulse frequency, should be used to keep the back- 
ground low. Then, a signal-to-background ratio, 72, will be 
a ratio of the intensity of the synchrotron radiation inte- 
grated over the ferntc+second pulse to the intensity of the 
synchrotron radiation integrated over the bunchlength ex- 
cept the fernto-second pulse. 

Table I 
Summary of the ALS beam parameters 

Beam energy 
Revolution frequency 
Total beam current 
Number of bunches 
Damping t i  me 
Energy spread 
Bunch length 
Horizontal emittance 
Vertical emittance 

Total horizontal 
beam size 
Dispersion function 
Dispersive beam size 

Horizontal beam size 
Horizontal divergence 
Dispersion function 

1.5 
- .  1.5 

0.4 
40 

10.7 

0.4 
4 
0.1 

:rs in the radiator 

8 x 

0, [mm] 0.13 
02 lml 0.13 

[mm] 0.10 
Beam parameters in the IR 

~ ~ ~ ‘ ~ ~ ~ d ]  1 2 x 10-2 
0, lml 

Electrons contributing to the background radiation are 
the electrons that appeared in the transverse beam tails 
due to the natural distribution of the beam particle density. 
Therefore, better 72 correspond to conditions with larger 
of€-sets of electrons in the bunch slice and, correspondently, 
larger amplitudes of the energy modulation of electrons by 
the light. But, larger modulation amplitudes correspond 
to the lower flux of the femtesecond radiation. (Notice, 
that 3- - l/p2 as follows from Eq.(4) and Eq.(5)). There- 
fore, the actual value of the modulation amplitude must be 
adjusted depending upon the tolerance to the background 
in the experiment utilizing the femto-second synchrotron 
radiation. 

V. EXAMPLE 
For illustration of the above described technique, con- 

sider the application to the generation of femtesecond x- 
ray pulses at the Advance Light Source of Lawrence Berke- 
ley National Laboratory 141. Beam parameters for this stor- 
age ring are listed in the Table 1. 

As a source of the radiation consider a superconducting 
bending magnet with 5T magnetic field currently under 
development for the  ALS [SI. The critical wavelength of 
the synchrotron radiation in this magnet at 1.5 GeV is 1.6 A 
and we assume that x-rays of this wavelength will be used 
in the experiments 

Assume that undulator WIG which will soon be installed 
in the  ALS will be used to provide interactions of electrons 
with the light. This iindulator has 19 periods, period length 
A, = 1Gcm and acI.jiistabIe undulator parameter K in the 
range of K = 1 -+ 30 161. (We need K 11 5 for a first 
harmonic radiation in  the undulator at X L  = 0 Gpm; AL = 
A, (1 + K 2 / 2 )  /272 pi). 
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For a duration of the light pulses assume the FWHM 
duration of 5Ofs. It is approximately two and a half times 
longer than the optimal duration related to the number of 
periods in the undulator. 

Suppose that the amplitude of electron's energy mod- 
ulation produced in the interaction with the light is four 
8nd a half times bigger than equilibrium energyspread, i.e. 
p = 4.5. 

spread being ae/ad = 1.5. 
Consider the upper limit for a growth of the beam energy 

Then we calculate: 
A =  180pJ 
fr. = 135kHz 

For collimators we assume setting, that leaves open the 
window for synchrotron radiation originated in the arc with 
a sagitta equal to a,. Then we calculate: 

be= e= 30mrad, (9) 

( p  is the bending radius of the superconducting magnet) 

and signal-tebackground ratio 

where Q, is the error function and the Gaussian particle 
density distribution is implied. 

Finally, with all the above defined parameters we find: 
7 = 2 x lO"A,X/X x-rays/sec 
B = 3.5 x 1013 mm-2mrad-2sec-' in 0.1 % bandwidth. 

For a pulse duration calculation we must know Iv,lv 
and ID. In the ALS they are -0.012, -0.39m and - 
0.0045 m correspondently. Therefore, stretching of the elec- 
tron bunch slice, occurred on the way from the IR to the 
radiator is At N 10pm. Thus, the r.m.s. duration of the 
x-ray pulses is 

= 4- = 40 fk (12) 

VI. HIGH FREQUENCY CHOPPER 
It turns out that the above described method is also suie  

able for an extraction of electrons from a storage ring in 
ultra-short series of microbunches with a well defined pe- 
riod. In fact, assume', that there is a septum magnet in- 
stead of the radiator in a region of a high dispersion func- 
tion. Then, electrons with a large energy deviation (p 2: 10) 
from the equilibrium energy can be shifted into the septum. 
Of course, only electrons which were grouped around the 
optimal phase of the electric field in the IR will get substan- 
tial energy kicks to be shifted into the septum. (We will call 
such groups of electrons as microbunches because they are 
much shorter than the light wavelength). Other electrons 
will stay inside the main storage ring vacuum chamber or 

* 

will fall onto the septum knife. AS we know, electrons that 
were within one microbunch in the IR do not remain there 
when they appear in the septum (due to  non iso&ronisity 
of the lattice between the IR and septum). But, temporal 
structure of microbunches can be restored after the ~ e p  
tum in the extraction beamline. Since only microbunches 
are extracted, then a t  the end of the extraction beamline 
we can get a train of microbunches of electrons separated 
on XL. The overall duration of the electron macropulse will 
be the same short as the duration of the light pulse. 

VII. CONCLUSION 
We have shown the method to generate fernbsecond 

pulses of the synchrotron radiation. The method involves 
the interaction of the electron beam with fernto-second 
light pulses and substantially based on the availability of 
lasers capable to the high energy light pulses. The method 
fully utilizes a progress in the femto-second technique, cur- 
rently achieved in the visible light spectrum, and allows its 
extension to a much broader spectral range accessible with 
the synchrotron radiation. 

In the example we considered the generation of the 
femtusecond x-ray pulses at the Advance Light Source. 
We have shown that the brightness of the source of the 
radiation in 0.1 % bandwidth in this storage ring can be 
3.5 x l O I 3  mm-2mrad-2sec-' and that the r.m.s. duration 
of x-ray pulses can be 40 fs. 

We also suggested that the same method can be USBd for 
an extraction of electrons from a storage ring in ultra-short 
series of microbunches spaced by the periodicity of a light 
wavelength. 
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