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Abstract, The desgn and curreol stabis of sapeomems 0 coupls the Topered Hybod Undulator (THUNDER) to the
Lawrence Berkeley National Labotatery (LBNL) laser plasma acselerator (LPA) 0 measuce £lacteon beam ensrgy sprzad
and emittance are presented
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INTRODUCTION

The design and current status of expenments ko couple the Tapeced Hybrid Undulater (THUNDER) [1] undulator to
the Lawrence Berkeley Nauonal Laboratocy {LBMNL} laser plasma aceelerator (LPA) are discussed Currently the LPA
has achieved quasi-moncenergenc electron beams with energes up to | GeV [2] In pnincaple, thess ultra-short, hugh-
pak-currest, electron beams are ideal for driving & compast XUV free electron tager {FEL) [3], [4] Understanding
the eleciron beam praperties such as the energy spread and enuttanes 18 cnizeal for achieving hoph quality heht sources
wath hrgh brightness By wsing an msertion device such as an undolator and observing changes in the spontanecus
emugsion spectrum, the electron beam energy spread and emuttance can be measured with ugh preeison [3]1 A hugh
msolution XUV specirometer allowmng for better than 0 1% (rms) energy spread measurements has been butlt and
charpcterized at the Advanced Light Source{ ALS) [6] and 15 currently beang mstalled on the LOASIS beam line A
paur of quadrupole magnets wath three axis independent ahignment have been installed oo the beam Lne 1m order to
collimate the electron Beam and msert 10mee the undulator [7] The wmibal experiments will use spontanous emigsiog
from | 5 m of undulator Later expersments will use up 1o 5 meof undulator with a5 goal the demonsiration of a high
gain extreme uliraviolet (X1UV) FEL

ELECTRON BEAM ENERGY SPREAD AND EMITTANCE

The wavelength of the optical radiation smulted by a relativistic electron beam on-axis v a lnently polarized

undulater 15
A K z)
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where A, 12 the magnetc undulator period, ¥ 15 the electron beam enetgy in umis of mc?, 6 15 the observauon angle,
&y 15 the harmome number, and & 13 the dimensionless waggler parameter For the THUNDER undulator at munimuom
gap, E=125% DOne can see from Egqn (1) that the wavelength spread of the optical specira 15 directly related o the
electron beam energy spread The optical specira of the undularor radiation have been madeled numenically using the
synehrotron raduation code SPECTRA (8] showinp that the optical harmwame widh of the spontaneous epussion can be
used 1o measure the electron beam eocrgy spread, while the beam contlancs can be measured by the on-axis fux rato
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FAGURE 1. Top: Wavelength spread of the optisal spectra vérus rlative mms clectron beam energy spread for e first three odd
harmonics. Bottony: The flux ratio hetween the second and fcst karmonics and the second and thind harmonics as a function of the
beam emiltance. The lundamental harmonic is 40 eV for both graphs.

of the even optical harmonics o the odd optical harmonics (being ideally zero for a zero emittance eleciron bean).
The dependence of the Tine width on beam energy spread and the harmonic Aux ratio on emitance is shown in Fig. 1.

THUNDER UNDULATOR

The THUMDER undulator is a rare carth permanent magnel undulator, eomprised of 10 sections of 0.5 m cach,
containing magnets mads of SmCed and vanadium permendur peles. Table 1 lists the operating parameters of the
THUNDER wedulator. The undulator sections have been magnetically lwned and characterized at LENL using a
Fanamation Coordinate Measuring Machine {CMM). The probe on the CMM has been fitted with a magnetic Hall
probe, so that mechanical as well as magnatic measurements can be antomated with micron resolution. The undulator
sections are magnetically aligned using a mechanical separation strueturs with differential screws allowing for micron
geale phyzical adjusiments of the undulator sections.

Magnetic Tuning

Magnetic uning was accomplished through magnelic soming and shimming. Course Wning was done by magnetic
sorfing where individual magoets that were producing large errors in the electron trajectory and optical phase are
replaced by more suitable magoets. Fine tuning was done by magnetic shimming where, 100 micron thick st=e] shims



TABLE 1. THIRNDER Undulater Specificatons

| Length | 15m |
| Total Magnetic Penod [28em |
| Mumber of Periods | 4% |
| Wiggler Farameter £ [ 125 |
| Betawon Perrod (500 Ma ¥} [ 37m |

|

| FEL Resonant Wavelength (S0¢ MeV) | 20 nm

were cut by water jet and placed onto the magnets or: both sides of a vanadwm permendur pole In this way the
megnelic Aux from esch indiadusl pole prece could be mduced m order to optimuze the electron trayectory and
optical phase eror The maximom trapectory deviation from the wndulator axiz has been reduced to 8 nucrons and
the maximurn ophcal phase error has been reduced to 35 degress Wath the magnehe tumng completed, gap blocks
were machined to set the final magnetic gap distance, with final alignment being surveyed using the CMM tonch probe
The final alignment of Ihe undulator seenons wall be re-sstabliched and validated 1o mugron pracision in the LOASIS
leboratery using a portablz coordinate measuring machine

Optical Spectra with Undulator Field Errors

Magnet sorting and shimmng has significantly reduced the magneus ercors o the undulator To aszes the quality
of the actual held and the mmpact of the ervors on the photon Aux from the undulator, numencal simulations of the
undulator Aux wsing the SPECTEA code have been carned out using the magnetie fisld dala meazured with the Hall
probe From Fig 2t can be seen that reletive to the other harmonaes, the fundsmental harmaonie 2t 40 eV has been
gitenuated the most due to magnetic field ecrors As evidence For ners opamum tuning, the overall attenoation of the
first harmome 15 less than 16% of the fux at O 1% of the bandwadth compared 10 a perfect undulaior Fluxes of this
order are sufficient for our 1nntial expenments In addwon & nucro channel plate hased spectrometer will be used o
measure the specira allowng improved signal (o noise 0 our inihal expenments

XUV GRAZING INCIDENT SPECTROMETER

A ligh reselution XUY spectrometer has been designed and built 1o measure the optical spectra emutted from the
THUNDER undulater The spectremeter uses an abemation-comected concave grating with 1200 1/mm covermg 11-62
nm and & grazing incidense geometry with an angle of 4 7 degrees and a spectral plane of 110 mm The graung angle
12 comtrolled by a motanzed linear actuator and can be posihoned to visw Lhe zeroth order reflechon The detector 13 a
mcrochannel plate with 10 micron channel diameter, a 41 1 length to diameater rato, a bias angle of 12 degrees and a
Czl phetocathede eoating for snhanesd quantum efficieney i the XUV The mucrochannel plate has a 2 T fiber ophe
image reducer and a Aexible fiber opuc cable which relaye the image to 2 OCD The spectrometer 15 equipped with
an entrance shit that 1z composed of four jaws, each controlled by a linsar sctuator with the ability o overlap all the
Jaws closing the shit completely Nomunatly the slit s set with the vertical jaws completely opened to 12 5 mm and the
honzontal jaws set to a width of 100 muerons Calibeabion of (e XU specirometer was doos on the Advanced Light
Source (ALS) of LBNL beamhne & 3 2 From Eqn (1) and assuming a neghpible emittance it can be derived that the
relatrve spectral bandwidih of the fundamental harmome enutted from the undulator 15 proportional to the efsetron
beam energy spread

Al JAE

1= F {2)

In order ro measute the spectrometer resclving power, a 200 pixel Tanmng of the CCTr image over the measured

bearm sz an the non speclrally dispetsive plane was performed A Gaussian chstnbunon was Gt 1o this data and the

square roct of the vanance was used as the munumum resolvable wavelength AL Fig 3 shows the resclvable electron

bear energy spread as a funchon of wavelength of the coutted fundamental rechation The spectrometer can resplve
energy spreads less than 0 1% rms
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FIGURE 2, Photon Aux (per (1% bandwidth) from a pecfect undulator with no magmedic srrors {wop Agured arel from the
THUMDEE undulator with rosasinsd magredic ermors {bottom kgore), Both simulations wers camisd oul using 500 Ma¥ elecirons
with 10 pC of charge, an enesgy spread of 0.25% and a nodmnalized mansverse emittance of 1.0 mm-mrad.

The speotral responsivity of the KUY spectrometer was deteemined through a comparisen of the signal acquiced
by the ALS photodiode. The photodiode signal was converted 1o photon Aux wsing the photodiode response functon
which has been sccuralely measured [9). The respective spectrometer signal for this photodiode signal was found
by exposing the spectrometer to light at each wavelength, for an exposure time of 30 ms, with the aperture jaws
completely opened. The relative calibration For the 1200 Umm grating is shown in Fig. 4.

QUADRUPOLE MAGNETS

A pair of quadrupole magnets 50 mm and 25 mm long have been instalied on the beam line in ocder Lo collimars
the electron bearn and insert it into the undulator [7]. The magnets are each controlled by three motorized stages with
micron rezolution allowing for three axis independent alignment of mach magnet with respect 10 te electron beam. The
magnets arg nominally placed 84 mum from the electron source and 3.9 m awey from the undulator, When placed in
this configacation and assuming a beam divergence of 1 mmad the quadnupoles collimate Ge beam in e center of the
undulator into a 300 micron waist in the wiggle plane and a 2.0 mm waist in the vertical plane. Simulations using the
SPECTEA codo and assurming an ¢lecteon beam cnergy of 500 McV, 1% cnergy sproad and & normalized emitlence of
1 mm murad show that the photoen fAux, o che firse hacmonic, 15 inereased by more than a factor of 53 when collimating
the beam using the quadrupoles,
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FIGURE ¥ The minimum specirally msolvable electoan beam cntrgy spread (assoming neglipible cnﬂl.tancc} as a functon of
wavelength from 8-49 am. The spectrométer Can resolve energy spreads less than 00 1% rms.
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FIGURE 4. The nommatized spectrometer sensitivity in counts per photon as 2 function of wavelenpth from £-49 am.



SUMMARY

In sumimary, the design of an undulator-based elecion beam diapnostic to be used in conjunction with the LOASIS
LPA 300 MeV elecrron beam and a pair of quadrupole magnets has been presenied. Detmils of the THUNDER
undulator and ite magnetic characterizadon and wning have been providad. An XUV spectrometer has been built and
characierized atthe ALS capable of regolving slectron beam energy spreads of less than 0.1% rmis. Tnitial experiments
will use the observed changes in spontanecus emission from 1.5 m of undulator (» measure the enargy spread and the
emitance of the electron beam. Later experiments will use op to 5 m of undulatos with & goal of a compact, high gain,
XUV FEL.
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