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Abstract

An electron source h~ been developed at the Stanford SUNSHINE
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SLAC/SSRL-0078
June 1994
(~SSRL-ACD)

Pulses*

facility which can

produce electron bunches as short as 50 fs(rms) with 2–4.6 , 108 e– per microbunch. This

source consists of a 2.6 MeV rf gun with a thermionic cathode and an alpha magnet for bunch

compression [1]. - Coherent transition radiation emitted at wavelengths equal to the bunch

length and ~onger is used in a Michelson interferometer to determine the bunch length by

optical autocorrelation. The experiment al setup and results of bunchlength measurements

are described.
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Prog~ess in experimental techniques with particle beams depends greatly on the ability

to reduce the particle distribution in ph~e space. In this note we describe the process of

generation and characterization of sub picosecond relativistic electron pulses. Such tight

particle compression and its characterization is expected to be of interest for future linear

colliders, for free electron lasers, and for direct generation of high intensity coherent radiation -

in the far infrared regime. To verify successful bunch compression to sub picosecond pulses

new bunch length measuring methods must be employed. The signals are too short to be

resolved by streak camerm, but optical autocorrelation methods similar to that used to

characterize femtosecond laser pulses [2] have been proposed for bunch length memurement

[3]. Utilizing the coherence property of the radiation emitted by short electron bunches, a far

infrared Michelson interferometer hw been assembled at the Stanford SUNSHINE facility [4]

to me~ure sub picosecond electron pulses. Electron bunches of a few picosecond duration

are generally produced from thermionic electron sources by magnetic bunch compression or

from photocathodes illuminated “with short laser pulses, Both methods are limited due to

a.finite energy spread in the electron beam or by the shortest available l~er pulse powerful

enough to generate an electron beam from a photocathodes. In long linear accelerators several

: compression stations could be employed, and the large energy spread introduced in each

compression station can be reduced by adiabatic damping during subsequent acceleration to

the next compression station. New methods must be applied, however, to reduce the bunch

length to less than 1 ps, specifically at low particle beam energies.

Sub picosecond bunch compression at low beam energies requires special equipment which

allows generation of an electron beam with an extremely small distribution in energy-time

phase space. The combination of an rf gun with a thermionic cathode is such an electron

source. Here, the thermionic cathode is immersed into the oscillating rf field of a resonant

cavity similar to one of many cells comprising a linear accelerator. In this experiment [4] we

use a 6 mmO thermionic cathode in a 1-1/2 cell rf gun operating at S-band or 2856 MHz as
-..

sh~wn in Fig. 1. --
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During thenegative cycle of theelectric field noelectrons canescape the cathode, but

M soon as the field turns positive electrons emerging from the cathode become accelerated.

The field strength in the rf gun is adjusted such that electrons starting at zero field from

the cathode will leave the first 1/2 cell cavity when the accelerating field again approaches

zero after one half period. Any later particle will accumulate less energy, leading to a well -

defined correlation between energy and time. If the accelerating field or rf power to the gun

is chosen too high the first particles leave the half cell before the field completes a hdf cycle,

and subsequent particles can reach about the same energy as the first particles. The unique

correlation between energy and time is thereby destroyed, and the particle bunch cannot

be compressed. In this experiment the rf gun is operated at about 2.0 MW for 1.5

a “repetition rate of 10 Hz. The thermionic cathode is heated to produce an electron

current at the gun exit of 700–900 mA over the duration of a useful macropulse of 1

about 3000 microbunches. The electrons reach a maximum energy of 2.6 MeV in the

ps at

beam

ps or

1-1/2

cell rf gun, and the simulated phme space distribution of particles at the exit of the rf gun is

shown in Fig. 1 for one of about 3000 microbunches separated by 350 ps. Most particles are

concentrated in the first few picosecond of each microbunch, and we may select this highly

: populated part of the whole bunch with an appropriate energy filter. The area occupied

by this bunch in-phase space is very small, and it is this property that can be exploited by -

phase Spwe- manipulation to produce an electron bunch of extremely short duration.

Bunch compression is accomplished by guiding the electron beam coming from the rf

gun through an alpha magnet [5] in which particles with a higher energy follow a longer

path than particles with a lower energy. Since high-energy particles are emitted from the

rf gun first, followed by lower energy particles, the characteristics of the trajectories in an

alpha magnet are well suited for bunch compression. The effect of this compression process is

shown in Fig. 2 where the strength of the alpha magnet is adjusted so m to overcompress the

microbunch (a) whereby now lower energy particles emerge first and are followed by higher

engrgy

in the

electrons. This distribution together with the slight variation of velocities results

shortest possible bunch (b) at the location where coherent radiation is produced
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downstream from the alpha magnet. We note an instability of the particle distribution

which limits the compression of the bunch at high intensities, and to reach short electron

bunches it is therefore important to avoid excessive particle intensities as long m the beam

is non relativistic.

The radiation spectrum from short electron bunches is the Fourier transform of the -

particle distribution [6], and extends therefore to wavelengths equal to the bunch length

and longer. For the bunches produced in this experiment the wavelength range is in the

far infrared regime. Measurement of this spectrum allows the determination of the particle

bunch length by reverse Fourier transformation. Coherent radiation can be generated from

such bunches, for example, in form of Cherenkov, synchrotron, or transition radiation. In

this experiment the compressed electron bunches are first accelerated to 32 MeV by a 3 m

single linac section downstream of the alpha magnet. After acceleration, coherent transition

radiation is generated while the electron beam passes through a 25.4 pm Al foil as shown

in Fig. 3. The Al foil is rotated by 45° with respect to the particle beam, causing the

backward radiation to be emitted normal to the beam path for emy extraction from the

vacuum chamber through a l-mm-thick high-density polyethylene window of 19 mmO. The

: total collected radiation energy per macro pulse outside the window is about 400 pJ [4]. To

create a small source size the electron beam is focused by quadruple magnets to a focal

point at the Al foil of 1 mmO or less.

The divergent far infrared radiation emerging from the polyethylene window is focused by

a parabolic mirror into a parallel beam and enters a Michelson interferometer, which (Fig. 3)

consists of a 12.7 pm Mylar beam splitter, a fixed and a movable first surface mirror, and

a room temperature pyroelectric bolometer (Molectron Pi-65 with preamplifier). An ideal

beam splitter would provide 50% transmission and reflection, while a suitable beam splitter

in the far infrared used here has a maximum efficiency, defined as the square of the product

of transmission and reflection, of only (R T)2 = 0.17. The efficiency varies from zero at dc to
-..

thg maximum value and drops again to zero at the first singularity at a wavelength of 43 pm

where reflection from both surfaces of the 12.7 pm Mylar foil is eliminated by interference
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effects. Typical bolometer signals of about 300 mV are recorded for the total radiation

entering the Michelson interferometer of which only a small fraction rewhes the bolometer

due to the limited efficiency of the beam splitter. These signals are to be compared with

a noise level of less than 50 ~V. The bunch length information is contained in the spectral

distribution of the radiation and following the technique of Fourier transform spectroscopy -

[7] we measure the signal on the bolometer as a function of the location of the movable

mirror.

For an ideal beam splitter the

monochromatic wave of wavelength ~

field of the incoming radiation is split 50:50, a

would produce a bolometer signal S(Z) = l(k) (1 +

cos kz), where I(k) is the intensity of the incoming radiation at k = 2x/A, and z is the path

difference between both arms of the Michelson interferometer. For a finite spectrum this

is replaced by the signal S(Z) = JO~I(k) (1 + cos kz) dk = SO+ JO@I(k) cos kx dk, where

SO= j I(k) dk is the signal for large path differences x. The function S(x) – So is called

the interferogram. For a short bunch we would expect a constant signal S0 rising to twice

that when the pulses from both arms of the interferometer overlap at x x O. The width

of the main peak in the interferogram at half maximum is equal to the bunch length for a

: rectangular particle distribution. For a gaussian distribution the FWHM of the interferogram

is equal to (2.35/~) o= or the equivalent bunchlength is given by ~OZ = 1.5 FWHM.

from simulation and observations of the radiation spectrum we conclude that the particle

distribution is not gaussian but is deformed toward a rectangular distribution. The actual

equivalent bunch length is therefore between 100 and 150% of the FWHM of the main peak

in the interferogram. Figure 4 shows a typical interferogram exhibiting the sharp rise in

signal when pulses from both arms of the interferometer overlap.

A beam splitter thickness of 12.7 pm has been chosen to include the whole expected

spectrum below the first interference singularity which occurs at a wavelength of 43 pm. The

measurement of the bolometer signal as a function of the position of the movable mirror WN
-..

pe~formed through the LABVIEW control environment implemented on a PC. The total

translation of the mirror was typically 20 mm, resulting in a spectral resolution of 0.5 cm-l.
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Each me&urement point resembles the average reading for several beam pulses containing

3000 microbunches each. To record the distribution of the main peak takes about 30 see,

and the bunch length measurement therefore involves about 106 microbunches.

Typical radiation spectra in this measurement are shown in Fig. 5. Below 10 cm-l the

spectrum is believed to be contaminated by slow drifts of beam parameters during the half -

hour measurement of a 20-mm-wide interferogram causing slight variations in the intensity.

At high frequencies we note a decay of the spectrum which is consistent with an electron

micropulse shape similar to a rectangular particle distribution rather than say a gaussian

distribution. This is also expected from simulation of magnetic bunch compression. The

spike at the first singulmity of the beam splitter in the corrected spectrum indicates a

significant error due to the large correction made at this location. The use of a 12.7 pm

Mylar beam splitter limits the measurement of the spectrum to wavelength down to about

43 ~m. To push the first singularity to shorter wavelength a thinner Mylar foil must be

used with the drawback of further reduced efficiency. For the memurements presented here

we use a 12.7 ~m beam splitter sufficient to cover the required spectrum for an accurate

representation of the bunch length. The multitude of absorption lines in the spectrum in

: Fig. 5 can be identified as water absorption lines [7] since the Michelson interferometer had

not yet been protected from ambient air with finite humidity.

Utilizing- results from interferograms we optimized operating parameters for the rf

gun, alpha magnet, and focusing to reach the shortest bunch length. Figure 6 shows a

measurement of the main peak of the interfero~am for the shortest bunch length obtained

so far averaged over the duration of the measurement. The electron beam intensity has

been recorded with a current transformer to be 2–4.6. 108 electrons depending on operating

conditions. At present the transmission of the electron beam through the linear accelerator

is compromised by the strong vertical focusing in the alpha magnet and lack of focusing

along the accelerator structure.
-..

-In summary, a system to produce and characterize sub-picosecond electron bunches

hm been developed and described. The combination of a thermionic cathode in an rf
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gun and a magnetic compression system can be used to produce sub picosecond electron

bunches, and prosing the compressed electron through a thin Al foil produces coherent

transition radiation in the far infrmed regime. Utilizing the coherence property of the

radiation, a Michelson interferometer, optimized for far infrared radiation, can be employed

to conveniently measure by optical autocorrelation the durations of sub picosecond electron

bunches. Since this method is based on optical rather than electronic processes the resolution

is of optical dimensions and is applicable to any short bunch length one can hope to produce

in the foreseeablefuture. The Michelson interferometer fits on a 20 by 30 cm2 breadboard

and is easily transportable to be used w a diagnostic instrument. The radiation intensity

is proportional to the square of the number of electrons per microbunch and is therefore

sufficiently intense to allow the use of a room-temperature bolometer.

The authors gladly acknowledge the expert technical support by M. Baltay, C. Chavez,

D. Day, J. Hayden, G. Husak and many others during the assembly of the facility. We also

appreciate the useful introduction to techniques of far infrared experimentation received

horn P. Richards. For the use of some critical me~urement equipment we are thankful to

A. Schwettman and T. Smith.
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FIGURES

FIG. 1. 1-1/2 cell rf gun with alpha magnet (schematic) and phase space distribution of

electrons at the exit of the 2.6 MeV rf gun

FIG. 2. Ph=e space distribution of electrons after compression at the exit of the alpha magnet

(left) and at the radiation source (right) downstream from the alpha magnet

FIG. 3. Transition radiation source and Michelson interferometer for bunch length me~urement

FIG. 4. Typical interferogram for radiation from a short electron pulse

FIG. 5. Radiation spectrum derived from an interferogram. Tr~e (a) is the uncorrected

spectrum, and trace (b) shows the spectrum corrected for the beam splitter efficiency.

FIG. 6. Main peak of the interferogram for the shortest electron bunch length obtained so far.

The effective average bunch length in this case is Auz = 36 pm or @ot = 120 fs.
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