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1 Introduction

Extranuclear research here means studies of atoms, molecules, bulk matenaIs, etc.
A great majority of experiments for these investigations employ the “beam
technique; 'inwhich abeam ofpanicles isshotat the sample target. Thescattenng
or other reactions of the beam particles then gives information on thestructure, the
interaction, and, in some cases, the reaction dynamics of the sample material. The
desirable characteristics of the beam used for these studies are:
1.

2.

3.

4.

The beam particles should preferably be electric-charge neutral so as not to be
affected by Coulomb barriers. This states that the desired beam particles are
neutrons and photons.
The momentum of the particles should be close to that of the structural

electrons of the sample. Thenonrelativistic kinetic ener~%’is %=(pc)2/2mc2.
Typically the binding energies of the structural electrons are of the order of eV,

which gives pcz~mzkeV. For photons this means keV x-rays,

and for neutrons this gives ‘%s (keV)2/GeV = meV, namely thermal neutrons.
High beam brightness is desired. Here brightness (or brilliance) is defined as
B = Particle no./time/momentum(frequency) spreadlsource areakolid angle.
Conventionally the unit used is bu = (see)-l (10_3~1(mm)-2(mrad)-2.
To study reaction dynamics and to perform other time-resolved experiments
one would like to have short and clean-beam pulses.
One gets thermal neutron beams from nuclear reactors or as energy-moderated

spallation neutrons, the latter being capable of shorter and cleaner pulses. The high-
brightness x-ray photon beams are typically produced from synchrotrons radiation
and free-electron laser facilities.
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2 The Spallation Neutron Source (SNS) Project

Although not a main topic of this tallq the ongoing .!31.4billion SNS project in the
United States may be of sufficient general interest to deserve a brief description.
The SNS is organized as a joint project of six U.S. Department of Energy national
laboratories: Argome, Brookhaven, Jefferson, Lawrence Berkeley, Los Alamos,
and Oak Ridge. Their respective areas of responsibility are shown on the artist’s
aerial drawing of Fig. 1. The important parameters of SNS are given in Table 1.

Table L SNS Parameters.

Proton Beam on Target
Beam energy
Average beam current
Average beam power

Linac (accelerating H-)
DTL (402.5 MHz) output energy
CCL (805 MHz) output energy
SRFL (805 MHz, 97 cavities) output energy
Total length (with 5 empty cryomodule slots)
Beam duty factor (1 ms pulse at 60 Hz)

Accumulator Ring
Circumference
Revolution time
Charge exchange injection time
Beam gap for extraction kicker
Beam pulse length
Protons per pulse

Neutron Target and Beams
Target material
Number of neutron beam shutters
Initial number of instruments

I GeV
2mA
2 MW

87 MeV
185 h4eV
1 GeV
331 m
6%

248.0 m
945 ns
1 ms (1058 turns)
250 ns
695 ns
2.08 X IOIJ

Hg
18
10

Prototype studies of various Iinac sections are proceeding, as are components of
the accumulator ring. The site work has started. When completed in 2005, the SNS
is expected to be a unique facility for extranuclear research.

3 Synchrotrons Radiation Sources

“Synchrotrons radiation” is the historical, albeit not very descriptive, name for all
radiations emitted by accelerated flee (unbound) electrons in vacuum. It was first
observed in 1945 by J. Blewett in a General Electric Company 70-MeV electron
synchrotrons (hence the name) and was first used systematically for research in 1968
in Tantalus, the 240-MeV electron synchrotrons in Stoughton, Wisconsin.
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Figure 1. Mist’s aerial drawing of the SNS.

Before synchrotrons radiation, keV x-rays were generated when cathode-ray
electrons struck a tungsten target and were accelerated in the Coulomb field of the
nuclei. This brernsstrahlung radiation was uncollimated, broadband and
incoherent. It had a brightness only in the 108 bu range. For com anson we might

r
mention that the filament of a 100-W incandescent light bulb is -10 bu.

Synchrotrons radiation is strongest when the electron is accelerated in a
direction transverse to the motion. Two modes of transverse acceleration are
commonly used:
1. For an electron in a circular orbit (planar and constant transverse acceleration)

the radiation is broadband but tightly collimated in the dimension perpendicular
to the orbit plane with an opening angle of-l/y (y= relativistic energy factor).
The 1-D collimation increases the brightness to -1 OIZ bu. This so-called
bending magnet radiation is used principally in the first and second generations
of synchrotrons radiation facilities.

2. One can get an undulatory orbit by sending the electron beam through an array
of short dipoles with alternating polarities (undulatory). If the undulation
amplitude is small, the radiation is collimated also in the undulation plane to an
opening angle of-l/y, and fin-ther by a factor of UN with N = total number of
undulations. In addition, with the presence of the undulation frequency, the
radiation now has a line spectrum with line width -l/N. Altogether these
factors further increase the brightness to -1019 bu. This extremely bright x-ray
is produced in third-generation facilities in which the electron storage rings are
designed with large numbers of long straight sections to accommodate
undulatory.
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The radiation frequency or the photon energy can be tuned by varying the
energy of the electron beam. However, the radiation power is also dependent
sensitively on the beam energy, so that, in a given ring and within a reasonable
power range, the frequency tuning range is limited. Thus, to cover a wide
frequency range within acceptable power limits one needs two rings at different
energies. Existing third-generation synchrotrons radiation storage rings have
energies clustered around 2 GeV and 7 GeV, as given in Table 2. In Fig. 2 we show
the arrangement of photon beamlines and the research disciplines of experiment
groups (Collaborative Access Teams) on the 7-GeV Advanced Photon Source
(APS) at Argonne National Laboratory.

Table 2. Third-Generation Synchrotcorr Radiation Facilities.

Electron Beam Radiation
Name (city) Energy (GeV) Current (mA) Spectrum (keV)

SRRC (Hsinchu) 1.5 240 < ].5
ALS (Berkeley) 1.9 400 < 3.(I
BESSY-11 (Berlin) 1.9 200 <3.0
ELETTIL4 (Tneste) 2.0 300 < 3.()
PLS (Pohang) 2.0 300 < 2.()

ESRF (Grenoble) 6 200 2-45
APS (Argonne) 7 180 3-60
SPring-8 (Hanma) 8 100 5-75

UMt.CA,.2 (M k ‘-w

D—’-”- 11 la

Figure 2. The arrangement of photon beamlines for experiment groups (Collaborative Access Teams) at
the Argonne APS. Color coding gives the research disciplines of the CATS.
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4 Coherent Synchrotrons Radiation Sources

The spontaneous synchrotrons radiation discussed so far is incoherent, i.e., the
phases of the radiation from individual electrons are uniformly distributed over 2n.
This implies

<field> = () and <power> a ne2,
where n = totaI number of radiating electrons. If all electrons are bunched at the

same phase (modulo 27r), their radiation will be coherent, for which
<field> cc ne and <power> = n2e2.

This indicates a potential gain in brightness of a large factor n - 10s-l O’O.There are
two ways to obtain coherence.

4.1 Stimulated emiwion free-electron laser)

The typical lasing material in a laser has an emission coellicient of the Einstein
form A+Bp, where p is the power density of the coherent external radiation and A
and B are property constants of the lasing material. The stimulated radiation
corresponding to the term Bp is coherent with the external stimulating radiation.

For an undulated electron beam we also have:
1. Spontaneous emission - already discusse~ and
2. Stimulated emission - energy exchange between the electron beam and a

coherent external radiation field.
Thus, an undulated electron beam can be used as the Iasing material in a laser—the
free-electron laser” (FEL).

The beam-radiation energy exchange mechanism can be understood from
Fig. 3. One cycle of the transverse electric field ~ of the external radiation is
shown. An undulated el~ctron has a small transverse velocity component that gives:
Energy exchange cc t. E # O. Assuming that the electron gains energy from the
field over the first half-cycle, it will lose energy to the field over the second half-
cycle. For a beam of electrons at the resonant energy %rsuch that its spontaneous
radiation has exactly the frequency of the external radiation, the net energy
exchange between the beam and the radiation is zero. However, if the beam energy
is slightly higher than $,, there is a net transfer of energy from the beam to the
radiation and vice versa. In this way an undulated electron beam acts exactly like a
lasing material and can be placed inside an optical cavity composed of two
opposing mirrors to form an FEL (see Fig. 4).

“ LASER is the acronym for light amplification by stimulated emission radiation
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Figure 3. Diagram showing the effeet of energy exchange on the motion of the beans electrons relative
to the radiation field.
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Figure 4. Schematic diagram showing the principal components of an FEL.

The coherent radiation buildup in the cavily can reach a brightness of > 10x bu.
In addition, compared to a material laser, the free-electron laser has the following
advantages: (1) there can be no electric breakdown in the lasing material, and (2) it
is continuously tunable by varying the electron beam energy and the mirror
separation. The highest average power FEL is the 2-kW intlared FEL at Thomas
Jefferson Laboratory. Unfortunately, the development of the FEL is limited to
lower frequencies. Above the vacuum ultraviolet frequency, there is no good
reflecting material to use in constructing the optical cavity mirrors.

4.2 Beam microbunching (self-ampIIJied spontaneous emission)

It can also be seen in Fig. 3 that radiation interaction acts to bunch the beam
electrons at the zero-phase modulo 2x. This increases the coherence and the power
of the spontaneous radiation by a large factor. This self-amplified spontaneous
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emission (SASE) process operates regeneratively in a manner similar to that of the
longitudinal coherent beam instability. The coherent spontaneous radiation from a
partially bunched beam adding to and traveling with the existing radiation interacts
with the beam and bunches it fi.u-ther, leading to an exponential growth of bunching
and radiation intensity until saturation sets in. At saturation bunching is maximum
and fin-ther interaction leads to debunching. With demanding yet attainable beam
characteristics (peak current, energy sprearL emittance, etc.) the exponentiating
length (gain length) can be made reasonably short (- meter) and saturation can be
reached in a reasonable length (<100 m). The peak power and brightness of the
coherent radiation can be as high as 1010times that of the incoherent spontaneous
radiation from third-generation synchrotrons radiation facilities.

Figure 5 gives the resu[ts of a numerical simulation showing the microbunching
action. Table 3 gives the recent proof-of-principle experiments carried out at
various laboratories. Figures 6 and 7 show the undulator array and the gain curve of
the APS-LEUTL experiment at Argonne.
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Figure 5. Computer simtdation of a SASE system showing the longitudinal(z) bunching of a beam
uniformly distributed between phase angles -x and +x at z==.
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Table 3. Reeent SASE Experiment.

UCLA-LANL
Facility DESY-TTF APS-LEUTL ATF-HGHG SSRL-MOSCOW
(Location) (Hamburg) (Argome) (Brookhaven) (Los Alamos)

Date of first 22 Feb 2000 22 Dec 1999 15 July 1999 28 Apri] 1998
observation

Electron 233 MeV 217 MeV 40 MeV 18 MeV
beam energy

Radiation 109 nm 530 run 5.3 urn 12.0 pm
wavelength

Gain* 3000 2X105 2X107 >105

(Gain length) (0.8 m)

*Defined with noise power as initial value.

Figure 6. The undulator army of the APS-LEUTL SASE experiment at Argonne.
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Figure 7. The gain curve of a recent run of the APS-LEUTL SASE experiment.

Present experiments are performed at rather long wavelengths (-I 00 run or
-10 ev). Planned future experiments such as the Linac Coherent Light Source
(LCLS) at Stanford Linear Accelerator Center will pursue the operation at
wavelengths down to -0.1 nm (-IO kev). Nevertheless, the successful outcome of
the present experiments already indicate strongly that a SASE system has the
potential of being developed into a fourth-generation synchrotrons radiation facilify
with peak brightness >1030bu. This, coupled with photon energies of 10 keV and
above, will open up a whole new realm for extranuclear research.
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