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Abstract

Intense relativistic electron rings can emit a high-intensity
continuum in the vacuum ultraviolet spectral region if the
ring parameter range is moderately extended beyond the values
used at present in electron ring accelerators. Although the
ring dimensions are very much smaller than those of conven-
tional accelerators and storage rings acting as synchrotron
radiation sources, the electron current in the rings can be
made very high, being limited only by collective instability
thresholds and technical constraints, so that electron rings
can afford a relatively cheap source of high-intensity vacuum
ultraviolet radiation with a continuous spectrum. The radiation
is pulsed with a duration of about 100 us, and even with a re-
petition rate of about 10 Hz the time-averaged brightness of
this source could be higher in the VUV region than that of

present storage rings.




1. Introduction

Although synchrotron radiation lp:2 as the main mechanism for
energy loss was originally regarded as an undesirable by-pro-
duct of high-energy particle accelerators, interest in the
application of intense vacuum ultraviolet and soft X-rays
from circular accelerators for atomic, molecular and solid-
state spectroscopy has considerably increased during the last

three decades 3—8.

Charged particles with relativistic velocities in circular
accelerators emit synchrotron radiation with very special pro-
perties. The radiation has a continuous spectrum from the far
infrared into the VUV or even X-ray regions, which, for inco-
herent emission, can be absolutely calculated from the para-
meters of the particle beam. The radiation is emitted into a
very small angular cone around the instantaneous direction of
flight ‘of the particle. The light is“linearly polarized“in ‘the
orbit plane (with the electric vector parallel to it) and el-
liptically polarized outside this plane.

Synchrotron radiation is of great importance for applications
in the vacuum ultraviolet spectral region. In this wavelength
range (below the characteristic wavelength) the radiation in-
tensity predominantly depends on the particle current. Since
the currents applied in electron rings used for the electron
ring accelerator 9410 are very much higher than in present cir-
cular electron and positron accelerators and storage rings,
this paper treats the question whether small electron rings
with high currents might serve as high-brightness synchrotron

radiation sources for the vacuum ultraviolet region.

2. Synchrotron Radiation Properties

The angular distribution and the spectrum of synchrotron  radia-

tion are characterized by the characteristic cut-off energy ¢

(1a) e lev] = 2.218x107*E3 [Mev]/Rlcm] = 6.651x1074B[T]-E? [MeV]




or characteristic wavelength
(1b) AC[R] = 4.189><108R[cm]/Y3 = 124oo/ec[ev].

At the photon energy e = € the angular spread Ay (FWHM) of the
radiation intensity is about 1/y with y = E/moc2 and E the par-
ticle energy. For smaller photon energies (e << ec) the angular

spread is approximated by 8

(1c) Ap;-= (ec/€)1/3.

=N

The spectral distribution PA(A) of synchrotron radiation strong-
ly depends on the electron energy y. Numerically, one has for
one electron

7 oo
Y A
(2) P. (V) [W/R] = 6.83x10°25 — . [Z¢ f K, ,.(z)dz,
A R3[cm] \x) A 23

where the numerical values of the quantity

o

PW = t f K5/3(C)dc with t = AC/X = e/sc

are obtained from, for example, Laslett " or van Steenbergen 27.

K5/3 is a Bessel function of the second kind.

The spectrum of synchrotron radiation can be roughly divided in-
to two regions:

In the high-energy region above the cut-off energy € the inten-
sity sharply drops with €. By increasing the particle energy the
spectrum can hence be extended to higher and higher photon ener-
gies. In the low-energy region (e << Eé) - on which we concen-
trate at first to facilitate comparison with existing publica-
tions - the brightness [photons/(sterados-cmz-eV)] of the syn-

chrotron radiation in the plane of the orbit can be approximated
8
by




(3) B(O,e)[photons/(sterad-s-cmz-ev)] =

19R2/3 -1/3

= 1.57%x10 [cm]l-e [eV]~Ie[A]-A—1[cm2]

The synchrotron radiation intensity in the low-energy spectral
region hence does not depend on the particle energy E, but on
the accelerator radius R, the beam current Ie and the source
area (beam cross-section) A. For present electron and positron
accelerators and storage rings the radii R are in the range of
several to hundreds of meters, while the currents are of the

order of several milliamperes to about a few amperes.

Although in electron ring accelerators the major radii are only
in the range of a few centimeters, the currents Ie can be made

very much higher than in present electron accelerators and sto-
rage rings.

3. Electron Ring Properties for High Brightness Synchrotron
Radiation in the VUV

In electron ring accelerator (ERA) experiments synchrotron radia-
tion has often been observed and applied as a diagnostic method

12-15. Because of the relatively low electron energies (E =~ 15 MeV)
the cut-off energies were small and the characteristic wavelengths

were in the near infrared region (Ac ~ 10 um).

The characteristic wavelength can be shifted to shorter values
(into the VUV region) by an increase of the electron energy
(according to eq.(1b)), which is possible with further electron
ring compression. We then have to ask what beam currents Ie can
be obtained to get high brightness of the synchrotron radiation
(from eq.(3)) in the VUV spectral region.

There are essential limitations on the electron number of an
electron ring circulating in a pulsed axisymmetric high magnetic
field. The most important limit is imposed by the condition for
stability against collective instabilities, predominantly the

negative mass instability, which limits the maximum electron
number in the ring to Leb
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where n = - B 3R IS the magnetic field index, b5 the classical

electron radius, |Zm/(mzo)| the coupling impedance of the m-th
mode related to the impedance of free space e 37808 ~land

AE/E the particle relative energy spread. With 8 = 1, (1-n)—1 >>
Y—2, n = 0.5, and using |Zm/(mZo)|

Faltens and Laslett 17, where AE/E

R

3.18 oa/R according to
2% 36 (1—n)0a/R = 1.18 oa/R,
and o, is the standard deviation of the radial minor ring dimen-

R

sion, this results in

(e}
12.'Y0R[cm] ._a

R

Ne = 1.554x10
with the gyration radius (B = 1)
(4) R[cm] = 0.1704-y/B[T] .
For the electron current

NeeBC

I —
e

2TR

we hence get

3 o’a
Ie[A] = 1-187)(10 O‘Y.

R

7

or with oa/R =041
(5) Ie[A] = 118.7 -y .

From eq.(3) we thus obtain for the brightness of the synchrotron
radiation from these electron rings

(6) B(O,e)[photons/(sterad-s-cm2~eV)] =

= 5.73 -1020Y5/3-B_2/3[T] '8_1/3[eV] 5 [cm2]




If we try to keep the major radius R relatively small in order
to obtain a small, inexpensive device, we are technically limited
to pulsed magnetic field strengths of B = 18 T. (It is, however,
not necessary to go to these high values since, as is obvious
from egs. (1) and (4), the high y values can also be obtained

with larger dimensions at smaller field levels.)

With this value an example of electron rings (with y = 141 and
hence ec = 62 eV, Ac = 200 8, and with a minor cross-section of
A= 0.02, as given by the minor radial and axial dimensions as the
synchrotron and betatron widths) is chosen, and the dependence
of its brightness on the photon energy e is plotted in Fig.1,
together with the values of DESY and DORIS, as given by Kunz 6'8.
For the values near and above € the approximation eq. (3) cannot
be applied since then the exact solution ! (according to eq.(2))

has to be used. However, with the approximations for PW 11

27

(which
is a universal function for the synchrotron radiation

1/3
2\/(t €
I 2F<§><§) for t =7 && 1

)

I

PW = t | K (n)dn = c
5/3 fr ) €
= t exp(=-t)for t = — >> 1
t 2 x €
and for the angular width e (see eq. (1c))
% £7V3 for ¢ << 1
Ay = _
%(3t)—1/2 for t >> 1
the brightness can be approximated by
[ photons ]
(7) B(OIE)L 2 J =
sterades-.cm” *eV
t2/3 for t << 1

= 5.75X1O16~€_1[eV]~E2[MeV]-Ie[A]-A—1[cmz]- ‘
1.01 t exp(-t)

for t >> 1.
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We conclude from Fig.1 that high-energy electron and positron
accelerators and storage rings (such as DESY and DORIS) are
very intense continuous light sources, especially in the high
photon energy region (soft and hard X-rays). With a moderate
extension of the present electron ring accelerator parameter
range, however, it is possible to reach brightness values
several orders of magnitude higher in the vacuum ultraviolet
region by intense small electron rings. The brightness of the
black-body radiation of some temperatures is included in Fig.1
for comparison, and it turns out that the synchrotron radiation
intensity of an electron ring is higher than the 105K black-
body emission in the VUV. The angular widths (perpendicular to
the orbit plane) of the electron rings, as plotted in Fig.2,

are about one order of magnitude larger than for the large acce-
lerators.

The high brightness of compact intense electron rings in the

VUV spectral region is obtained by the high currents that are
close to the collective instability thresholds. For applications
the compactness of the rings is even more advantageous since the
spectrometers or targets can be brought very much closer to the
source than for conventional accelerators. The ratio of the VUV
intensities of compact intense electron rings to those of con-
ventional accelerators for a certain aperture - as is often
plotted O 165 10, is thus even very much higher than the bright-
ness ratio. At a distance of 2 m from the y = 141 electron ring
(of Fig.1), for example, the synchrotron radiation intensity in-
to a 2 cm X 2 cm wide aperture will be I = 1.5x1019 photons/ (s+eV)
at € = 10 eV and I = 2.4x1018 photons/(s-evV) at € = 100 eV and
hence will be by nearly five orders of magnitude above the DORIS
intensities (at a current of 500 mA and a distance of 40 m) 6,
or about four orders of magnitude for the 6 A DORIS rings. The
synchrotron radiation intensities of the electron rings into

a given aperture can be ihcreased even more by reducing the dis-

tance below 2 m since the compressed electron .rings can be
shifrednamiinai 29,30

The synchrotron radiation intensity of the rings is not constant

in time since the rings lose radiation energy. The total synchro-
tron radiation power emitted is
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Plw] = 8.85><1o'6E4[MeV]-Ie[A]/R[cm] ,

which gives about P = 3 MW for the stated example of y = 141

electron rings in a 18 T magnetic field with an index of n = 0.5.

The characteristic time

Tsyn = E/ (dE/dt)

or, numerically,

T ynls] = 23.7-R*[cm]/E°> [MeV]

is about Tsyn = 120 pys for the y = 141 rings. Owing to the strong
radiation the energy of the electrons changes relatively fast. In
the spectral region below the characteristic energy €t however,
the synchrotron radiation intensity remains constant for an
appreciable fraction of this time since for ¢ << ecthe brightness
does not depend on the electron energy, which is obvious from

eq. (3) (see also Kunz 6). Because of its quadratic dependence on
the electron energy E the characteristic energy € drops fast.

As soon as it becomes smaller than e, the intensity of the syn-
chrotron radiation drops appreciably. Figure 3 illustrates this
time behaviour for the electron ring parameters of Fig.1. The
electron energy E and, even more, the characteristic energy e

o
drop fast as functions of time. However, the brightness for the

photon energy € = 10 eV, which is much smaller than the initial
critical photon energy sy 62 eV, stays about constant for as
much as nearly 150 us. The brightness for higher photon energies,
as in the example of € = 50 eV, decreases rapidly with time.
During this time, however, the radius changes appreciably, which
is neglected here, as is' the damping of the momentum spread 28.
This momentum spread, which is necessary‘for collective instabi-
lity suppression, results in a brightness reauction 15 only if

€ < ¢ and hence gives rise to a further small narrowing of the

light pulse length in the high € case, which is not included in
the figure either.
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The synchrotron radiation source in the VUV spectral region
hence will be a pulsed source with a pulse length of the order
of 50 to 100 us. In order to approximate a quasi-continuous
light source, one should aim at a relatively high repetition
rate. With a repetition rate of 10 to 20 Hz the duty cycle of
this quasi-continuous light source would be about 10_3, so that
the time-averaged radiation brightness still would be up to one

order of magnitude above the values of present storage rings.

4. Generation of Intense Electron Rings

Since the characteristic time of the electron rings is relatively
small and' we do not provide for electric acceleration (with cavi-
ties) to compensate the radiation loss, the ring generation (at
least the last part of the ring compression) has to be performed
on a time scale of a few microseconds. This fast pulsed techno-

logy for production and compression of electron rings was applied

in the Garching ERA experiments 13’20. Since the device is limited

in space, the costs are relatively low, as for the electron gun
(particleenergy of about 2 MeV and current of a few kA) with its
high efficiency. In the example mentioned we would start with an
electron beam with an energy of about 2 MeV and a current of se-
veral kA in a magnetic field of about 10 mT to form rings of
about 0.5 to 1 m in radius. In successively pulsed field coils
the rings would be compressed down to a radius of about 1.3 cm.
According to eqg. (4) the electron ring compression to increase
the electron energy can, however, also be performed at larger
radii and hence smaller‘magnetic field values.

The electron beams with

the necessary instantaneous energy spread
21

can be generated . At the end of compression the reguirements

of a medium field index (n = 0.5) and low coupling impedance can

be met by means of conducting axisymmetric structures ("n-spoi-

lers") on the axis 20. It might, however, be impossible to ful-

fil the conditions for collective instability suppression during
all the compression for the high electron ring currents. If a

ring current one order of magnitude lower could be accepted, the
obtainable brightness in the VUV region or the intengity in a

certain aperture would still be about two or four orders of

magnitude, respectively, above those of conventional accelera-
tors.




5. Possibilities for Intensity Increase

Up to now we have only treated incoherent emission of synchro-
tron radiation, this assumption seemingly being confirmed by

the experiments 12’13. At higher electron densities the inten-
sity might, however, be dramatically increased by coherent
emission proportional to the square of the density. Such cohe-
rent emission - at very low frequencies - was observed with
electron rings and is apparently due to collective instabilities
22. If at maximum compression of the electron rings we had, for
instance, resonance behavior of the coupling impedance, strong

coherent radiation would occur.

Another possibility to increase the synchrotron radiation inten-
sity, especially in the VUV region, is by magnetic wavelength
shifting 23 (undulators =5 or wigglers 25). This could be rea-
lized in pulsed electron ring devices by conducting structures
on the axis with azimuthally periodic radius variations, as
schematically shown in Fig.4. At the end of compression the
electron ring is in a region axially bounded by two periodically
slotted disks that - owing to the image currents - contribute to
the formation of periodic magnetic field variations at the elec-
tron ring location. In order to avoid high coupling impedances,
the ring is kept relatively close to a conducting rod on the
axis, the axial shape of which, moreover, serves for obtaining
the desired high magnetic field index. On the other hand, the
rod on the axis might carry an axial current such as to produce
an azimuthal magnetic field Bw which proves advantageous for
collective instability suppression 26. Nnmerical calculations

to optimize the structures and the related ring compression
cycle have yet to be performed.

Moreover, the synchrotron radiation intensity throuch a certain

aperture can be enhanced by a large factor using suitable mirror
31,32 .
systems™ '“%. In this case there is no limitation with respect to

time distortion as in the "magic mirror" arrangement8’32.
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Fig.4 Schematic of a passive undulator for pulsed electron rings
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