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ABSTRACT

GCT 2 & 1990

‘The NSLS at Brookhaven National Laboratory is proposing the construction of a UV-
FEL operating in the wavelength range from visible to 1000A. Nano—Coulomb electron pulses
will be generated ‘at a laser phot(?#cathode RF gun at a repetition rate of 10 KHz, The 6 ps
pulses will be accelerat,ed to 250 MeV in a superconducting linac. The FEL consists of an
exponential growth section followed by a tapered section. The amplifier input is a harlmonic
of a tunable visible laser generated either by nonlinear optical material or the non-linearity
of the FEL itself. Thg FEL output in 107 bandwidth is 1 mJ per pulse, resulting in an
average power of 10 watts. The availability of radiation with these characteristics would
open up new opportunities in photochemistry, biology and nonlinear optics, as discussed in

a recent workshop held at BNL.
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Scientific Motivation

.

In this paper, we describe an accelerator based UV/VUV radiation source capable of
providing tunable, coherent radiation from 3000A to 1000A at near gigawatt peak powers.
Unlike FEL's utilizing UV/VUV oscillator cavities, the laser amplifier scheme proposed -
here will provide high peak power VUV radiation with Ll‘l(,‘ mode structure, bandwidth and
frequency stability of an input seed laser. Such a VUV source with peak energies near
1 ‘mJ/pulse is well beyond conventional laser technology and could have an immediate impact
on experimental studies of photo-induced processes in chemistry and physics. In the following
section, we discuss applications of high intensity VUV radiation to photo-chemistry and
photo-ionization for which the proposed source is iceally suited. For specific applications of
FEL’s to biology and physics, particularly surface physics, we refer the reader to previous

VUV/FEL conference proceedings [1].

The study of UV and VUV (40004 ~ll’)(’)‘01r\ ) induced chemistry is largely driven by the
fact that such radiation is sufficiently energetic to break most chemical bonds (> 70 keal /mole).
As a result., molecules photo-excited by UN/VUV light often undergo fragmentation into”
atomic and/or smaller molecular species. The radiation-induced atoms and molecular frag-
ments are rost often radical species with open shells and readily undergo reactions with sur-
rounding molecules and surfaces. Photo-dissociation by energetie solar radiation 1s largely
responsible for initiating the complex chemistry of the atmosphere as well as many nuylurle]‘\'
occurring mutations i biological svstems. Investivations of the photo-dissociation process i
which the initial state of the parent molecule and the final state distribitions of the fracments
are determined provide a detatlea picture of the fragmentation dvnamics at the guantun
state Jevel. Photo-dissociation also provides a probe of the reverse “half-reaction™ in which
two atomic or molecular species interact alone a cortain reaction coordinate and combine 1o
forni a new chemical boud. Ty eeneral. the fate of molecules excited with UN /AT radia
tlon is an area of intense interest since it hears on all aspects of mternal cunerey distribution

within systems with large numbers of electronic and nielear degrees of {reedom.

Forthe most part. such studies have been performed with high peak-power laser svstems,



e. g. Q-switched Nd:YAG or excimer laser ‘pumped systems, which provide inténse, tunable
"radiation from the near IR to the near UV (2000A. ). For VUV radiation below 2000A |
upconversion of visible and near UV laser light is very inefficient (typically < 107%) with
peak energies (< 100 nJ) suitable for spectroscopic a‘pplic'ations only. Consequently, very
few studies with state-selective detection have been performed in the VUV, despite the -
portance of this wavelength I‘Ggioh to atmospheric photochemistry, i‘ﬂl‘()ﬁ(:d plasmia dyuamics

and astrophysics.

Investigations of the primary photochemistry of small molecules generally require radia-
tion with energies greater than 5 eV‘(/\ < 2480A ). In addition, the dissociation laser must be
very intense in order to produce ldrge yields of photo-fragments which can be subsequently

| probed by other spectroscopic techriiques such as laser induced fluorescence (LITY) or resonant
multiphoton ionization (REMPI)‘ A VUV pulse intensity of ~ 1-10 mJ is estimated from
the minimum yield of photo-products needed for LIF or REMPI detection with conventional
UV /VIS probe lasers (~ 10'° per quantum state)[2]. Fixed-frequency excimer or Nd:YAG
lasers producing 10~40 MW of peak power are typically used for such studies, however. only
hwo intense excimer lines al 1930A (ATE) and 1570 (17) lie below the 20004 © Clearly, «
tunable \"UV source with comparable power is needed 1o extend these studies into the VUV

Given tunability down to 1000A and pulse energies of ~ T mJ, it will he pogsible 1o inves
tigate the photo-dissociation dynamics of siall molecula lﬁs‘\'slmnﬁ mportant in atmospher
and combustion chiemistry, The tunability of the source will allow selective excitation of Hvd
ere and valence states whereas previous state-resolved studies on svstems such as 1,0 were
performed at fixed-frequencies determined by the laser (1930 and 1570 ) and not by the
spectroscopy of the molecule. By measuring the internal and transiational <*n<rrgiv.§ Cscala
cortelations) and the spatial distributions (vector correlations) of the photo-fragments. i
will he possible 1o determine the dvnamics of the dissociation event and provide new tests
for accurate potential surfaces (3]0 In addition, these measurements can provide quantita-
tive vields of alternative product channels, e. g OC'D.*PYy and OH(N. A, B) from 1,0,

knowledge of whicliis important for modeling nhotochemicallv-driven reactions.



FEL Design

‘

We shall describe two approaches using an FEL amplifier to produce a tunable source
of high mtens1ty radiation in the wavelength range from 1000 to 3000 A. The first scheme
utilizes a UV-seed at the operating wavelength. The second scheme uses a sced (n,.,tlnee
times the operating wavelength [4] The harmonic generation of 1000 A radiation from the
3000 A seed is carried out in the be&mnm of the FEL. The two S(,ll emes are shown in Fig,
1.

For both schemes, we assume an input electron pulse of 256 MeV and length 20=6 ps
from a superconducting linac with a laser driven photocathode RF gun. The electron beam

has a peak current of 100 amp, normalized rms emittance 6 mm-mrad, and energy spread

0.1% FWHM.

_ The calculations reported in this paper have been carried out using the 3D computer code
TDA [5], We have modified [6] this code to enable calculations for the harmonic scheme.
Furthermore. the numerical calculations were checked against a variational calenlation of
the FEL gain in the exponential regime [7] which incorporates the energy spread. emittance,
and focussing of the electron beam. and the diffraction and guiding of the radiation. The
harmonic generation and tapered section numerical calculations were checked against one.

dimensional analyvtical madels,

Letus first consider the case of o UV seed at 10000 A, The FEL wnplifier s comprised ol
C2 o constant period wiggler, The magnetic field 1s constanm over the tirst 11 m and the
amplification i this section is exponential. The magnetic field is tapered qnadratically over

the Tast 10 m,

S 11y
/.)’u' = 1)\1'(,[] i (*T> }

with = 0,018, vielding an approximately quadratic power growth, The peak magnetic ficld
in the exponential section is Byo = L1197, and the wiggler period throughout the FEL is

A = 175 em.

I onr desien considerations. we optimized the position of the heginning of the tapered



section, and the tapering coeflicient 3 by individually varying these quantities to find the

maximum output power.

We envision L-he‘wiggler magnet to be & superconducting device. with provision made
for adjusting the strength of individual poles in the tapered section. The wiggler poles are
shaped to give equal focusing in the horizontal and vertical planes. The input seed pulse
at 1000 A has a pulse length of 26 = ¢ ps and an energy of 4 nJ corresponding 1o a peak
power of 700 watts, in a bandwidth AN/A = 107%. In the exponential section, the power
gain length is 1.1 m, and the amplified power after 11 m has reached 2.5 MW, which is near,
but before sat mahon of the exponential process. Iu the 10 m tapered section, the power is
mcwase(l from the initial value of 2.5 MW to an outpu t value of 160 MW. Given a pulse
length of 6 ps this corresponds to about 1 mJ energy in the pulse. The exponential growth
in. the untapered section and the nedrly quadratic growth in the Lapefed section are shown

mn g, 2,

One advantage of using a superconducting linac is that the energy variation within and
between poaldses can be kept well below 0. P/ FWHNL I instead of usine a superconducting
Haeo we ised a conventional Tinac with an energy stability of 0050 FAVEHN, then the ontpu
cuergy - ca pulse would fluctuate with an average value of about 0.3 . since on average
only about 1/3 of the electron pulse will be within the gain bandwidth. Fienre 3 shows the

calenlated dependence of the autput power on detuning.,

Lot s disenss o Btde Turther the coneept of Tocad enerey <pread winet determines tic vain

o calenlations, During the passage llrn\luh the whole wiecier v 000 wigeler periods .
the shppage distancee s only 000 s as compared with the bunel fenetn of 2 o, We call
the cnergy spread within this slippage distance the local enerey sprewd. Sinee the energy
spread of the electron gun s about 20 KeV, and we do not expect this to he significantly
mercased e the linacswe believe U015 B o conseryative extimate for the local energy spread
vt 250 MeN 20 ke energy spread gives the fractional enerpy spread 1LOOSYL),

Let us now consider the case of using an initial seed pulse of 3000 A wavelengohis Third

'

harmonic generation of 1000 radiation takes place in the FEL as we shall now deseribe

Fhe PR comsaa of anminal 220 i lone wieeter resonant 1o 30000\ - dispersion section



of length 20 ¢cm and 1 KG magnetic ﬁcld,‘ and a second wiggler of length 20 m resonant Lo
1000 A . The interaction of the 3000 A seed pulse with the electron beam produces an energy
modulation at 3000 A . This energy modulation is converted into a spatial bunching with a
strohg third harmonic component at 1000 A in the dispersion section. When this coherently
bunched beam enters the second wiggler magnet, there is a rapid coherent generation of
1000 A radiation within the first meter. This radiation process has a characteristic quadratic
dependence on distance traversed in the wiggler. There is then a transition Lo exponential

growth which continues until 8 m into the wiggler, where tapering begins,

The first wiggler magnet has a period length Ay, = 2.8 cm, and a peak magnetic field
of By, = 1.13T. The second wiggler has a period Awq = 1.75cm. lts field is By, = 1.197
over the first & meters and ‘

_ /= 8\*
By = 1.191 ~ 0.016 <T> ]
over the last 12 m. This quadratic taper vields an approximately quadratic power growth.

The initial seed pulse at 3000 A has a power of 1.5 MW,

The peak to peak energy medulation of the electron heam exiting the first wiggler is
A~ = 0.9. In the dispersion section. this energv modulation produces a spatial bunching,
Optimization has shown that one should take du/d~ =~ 1. where = (h, — hyz — byl
i the phase of the ponderomotive potential relative 1o the secona wigeler with a resonant
wavelength 1000 AL This correspends 1o 1 NG Held i the 20 on, dispersion section,

At uptimization has been carried out by varving the power of the input seed, the disper-
ston strength du/d o the starting position of the tapered seetion and the tapering coelficiont

e

;7. The generation and growth of the radiation in the second wizgler are also shown i Fig
2o The output power of 100 MW corresponds to about 600 1) for a pulse of length 6 ps.
Alter the initial fast power crowth the harmonic generation seheme srowth rate is smaller

than the UV seed scheme due to the energy spread introduced by the pre-hunching.

We have also calculated the output power for a local energy spread of 0.05% FWHAL 1o
Table 1 we present the performance of the UNFEL for varions choices of parameters, T

cach case we optimize free pocameters such as the tapering profile.




|

The laser driven photocathode RF gun being developed for the Accelerator Test Facility

at BNI, has a design current of 160 amp with a normalized emittance of 7 mrm mrad.
Assuming these values for the current and emittance and the conservative estimate 0.1%

FWHM for the local energy spread, the optimized output power is found to be 300 MW, as

given in Table 1. . ~

The Linac and Seed Laser

At the energies required for a UV-FEL, the best combination of peak current, stability,
energy spread and time structure is available from a superconducting linac at a low frequency,
say about 500 MHz, With such a machine it is possible to run either short, sub-picosecond
bunches or long, a few tens of picosecond bunches with little degradation of energy spread due
to wake fields or fundamental mode curvature, At about 500 MHz it is possible to operate at
LAK, simplifying the cryogenic system. Superconducting linacs are available commercially
from a number of manufacturers and the cost (with a few recirculations) is competitive with

room temperature linacs.

The low emittance electron beam needed for the UNV-FEL will be generated by a laser-
photocathode RIF gun of the type which is being developed at BNL [8]. Simulations of
the RE gun show that for a 6 ps bunch with a charge of 1 nano-Coulomb the normaiized
cmittance at the exit of the gun is 7« 107" m-rad and the enerey spread 7. /4 is 4 = 107
Reocent work at BNL [9] has shown that the emittance of such @ gun can be improved by
more than a factor of 2 by providing a particular intensity profile of the laser pulse. \We
assume a normalized emittance of 6 107% m-rad and 100 A current, To attain 1000A the

optimized linac energy is found to be 250 MeV.

The repetition rate of such a gun is determined mainly by the performance of the laser
driving the photocathode, 1f the rate was not laser limited then the of power dissipation

would become a limiting factor, It is expected that such a eun could he operated at 10 K11z,

The linac structure wonld be siilar to the HERA or ARES strue ares These 500 N,



four cell niobium structures have 2/Q = 4700 at the TMpyp mode. These structures have
‘demonstrated performance well over 5 MV/m at Qlarger than 2 x 10%, We shall assume
conservatively a gradient of G=5 MV /m. At this gradient a bunch of charge q will change the
voltage of the cavity by AV/V = qwi/Q/(2V). The voltage change for the 1.2 m structure
at 5 MV/m beam loaded by a 1 nC bunch will be a negligible 107, Thus beam loading is
not expected to contribute to the buneh to bunch energy spr(,‘n(}l. The accelerating field and
phase stabilizations in a cw operated superconducting linac are excellent and can reach the

10~ level.

The wake field induced energy spread can be estimated by 2qky where by of a single cavity
cell is given by ky(Volt/pC) = 5.9 x 10_:‘\/9/—0/a where g}, @ are the cell length and aperture
radius in meters and o is the bunch length in meters, Since the superconducting cavity has
four cells we divide ky by V4 to get an effective wake loss factor per cell. We use ¢ = 0,32
m, a = 0.085 m, 0 = 107° m and get k) = 0.62 V/pC. For a 1 nC bunch this would lead

1o an energy spread Av/4 = 2k /g = T 107" This energy spread can be corrected by a
proper choice of the stable phase to about one tenth of this value to better then 107" The
energy spread produced by the curvature of the = waveform is less than 5 = 107" due to the

iow frequency of the linac,

To reduce the cost of the linac a recirculation scheme with about three passes throngh
the linae will be used. This arrangement has additional advantaees, such as the possibilite of
extracting bunches ar various energies, destined for o number of FEL: operatine al various

wavelengths as well as the option to do bunch compression al an intermediate energy,

The acceelerator and wigeler set-up are shown schematically in Fia.o 4 The laser photo:
cathode rf gun will provide an energy of 5 to 10 Me\ The superconducting linac, comprised
ol about 11 sections. will provide an eneregy gain of about 30 Me\ per pass, T the linal pass
the energy will be modudated ara sliehtly lower frequency ca harmonie of the gnn repetition
rate) to enable beam switching bhetween a number of independent FELs, Only two wigglors

are shown for simplicity,

The seed Jaser system mst perform within the Timits delined by a eritical st of inpat

criterias these include high veperition-rate (kv hieh peak enerey o Uhpd L picosecond



pulse duration and tunability from 0.3 to 1.0 wm. Solid state 1‘(;!&;(»:11(—11‘&0\’(: amplifiers are
capable of producing high peak powers while meeting the goals of kilohertz operation [10),
The heart of our seed laser system will be based on this technology operating on both Nd:YLF
and Ti:Sapphire. Our approach for generating high repetitioh»rat,e; high power laser pulses
s to inject a small fraction of energy from a mode-locked Nd:Y'LTF or dve oscillator into a
multi-pass cw-pumped regenerative amplifier, Such an amplifier can produce 109 gain or
pulse énerg‘ies in the mJ level. The wavelength generated {rom the primary amplifier stages
will extend from 0.6 to 1.0 pm. Application of standard nonlinear techniques will provide
tunability down to 0.3 pm with efficiencies from 25 to 40 % . Production of VUV seed
radiation down to 0.1 um will be accomplished by third-harmonic generation in inert gases.
Although such techniques are inherently inefficient, we estimate that our systerm will produce

-pulse energies in the nJ range.
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Table 1. FEL Parameters at 1000 A

[0AY% Harmonic | Harmonic | Harmonic

Seed | Generation | Generation | Generation
Current (Amp.) 100 100 100 60 |
Input wavelength (A ) 1000 3000 3000 3000
Input power (MW) 0.0007 Lo 0.5 (0.0
FWHM local energy spread (%) 0.1 0.1 0.05 0.1
Dispersion dy'/dy - ] 5 2
Length of untapered section (m) 11 8 6 8
Length of tapered section (m) 10 12 14 12
Tapering (%) 1.8 1.6 3.0 2.6
Output power (MW) 160 100 220 300
Output energy in a 6 ps pulse (mJ) 1.0 0.6 1.3 1.8

Figure Captions

cSchematic diazram of the two configurations of the UV FEL amplifier,

2. Radiation power vs. position alone the wiggler for the two sehiemes of U\ FEL,

Ao Final radiation power ves clectron eneray detanine mothe

coachematie diaeram of the UNDFEL facthioe and s recireudating viectron linae,

OO0\ seed scheme UN EL,
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