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Abstract

Some electron accelerstor applications require buists
of shork gzﬁseﬁ at high microscopic repetition rates and
bigh peak brightness A pbotocathode, illuminated by a
mode Jocked laser, is well suited to filling this need The
intringie brightness of & photoemitier beam is high;
experiments are under way at Tos Alamos to study the
brightness of short bunches with kigh sgace charge after
accelerstion A lnser-illuminated Cs,8b photoemitter is
loented in the first 1f cavity of ‘an injectr linac
Disgnostics include a ye%per pot emittance analyzer, a
magnetic speetrometer, and a stresk camers

Introduction

Eleetron accelerator applications that require a beam
of high pesk brightness as well as a high pulse repetition
tate put severe demsnds on the electron source and
injector ‘The conventional golution to this problem is to
use & pulsed thermionic pmitter of low peak brightness
followed by a bunching, or phase compression, gystem that
increases the peak current by a large factor  Ideally, the

ak brightness should inerease in proporton to the
unching factor; in reality, however, the result always
falls short of the ideal  An additional shorteoming in the
conventional buncher i3 that a repetition rate in excess of
2 few tens of meguheriz is beyond the state of the art of
electronically switching s thermionic triode electron gun
There have been several repurts of diode and triode guns
operated in an rf eavity to produce electron pulses ol width
somewhat less than one quarter of the rf peried % The
ultimate upper limit to this technigue for triode guns may
be the power éis&%}gaﬁnn inthe gri

In current applications of #f driven free electron lasers,
trains of over 300 A, 18 ps wide (§ nl} charge} pulses are
being used ¢ Recent success ® with the production of high
peak currents from s laser illuminated photoeatbode
shows that high repetition rates in high %aak brightness
electron beams may be possible AL the Los Alames
National Laboratory, s program is under way to develop s
high peak brightness, high average current photoelectron
ingector

The | os Alames Pholoinjector Program

 In 1988, the achieverment of high peak currents fom a
{5,8h photocathode was reported ® [L has been shown that
the lager driven photocathode produces an intripsically
bright beam® It remains to be demonstrated that short
bunches can he sccelerated to relativistic energies without
loss of brightness  1Lis evident from simulation studiesof
the acceleration of short bunches in an rf cavity thet dense
agawe charge and the sxterns] «f fleld lead to o degradation
of beam gquality and, therefore, 1o a loss of brightness,
Although pulses of only a few picoseconds can be produced
in a photocathode, it now seems advisable lo generate
pulses that initially are about 100 @ long and then, after
acceleration to about 10 MeV, to bunch them
magnetically® Acceleration of the longer bunches is best
done in o low frequency linse at a subharmonic of the
main linae frequency ¥ Nevertheless, there is a strong
incentive to accelerate the hunches as rapidly as possible,
& condition that ean be met only with high frequencey «f
fields.”® A study of the envelope equation in Ref 11
reveals that, for continuous beams, the dominance of space
charge over emittance is adinbaticaily damped asy ¥ A
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gap&r in these procsedings'? shews that for bunched

cams, the é&mpmg éeg«zzzéenm on energy is much
stronger, namely » herefore, the reguirement of
muximum sceelerating pradient thenee o high frequency)
to minfmize the influence of space charge must be
balanced against o conflicting need W secept long pulses
{hente a low freguency to reduce the emitlance growth
associated with rf felds)

‘The coneeptual design of & subharmaonic injector linae
with an rf gun slectron soures has been described earler ¥
The initial rf gun exporiments, however, are being carried
aut ot n high frequency beeause s powerful klystron was
available for use at 1300 MHz & schematic diagram of
the Tos Alamos injector experiment is shown in Fig |
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Fig 1 Planview of the photoinjectorexperiment

Photocathode Iesign

In recent years, photocathodes for polarized elsctron
sources have been made from wafers of Ga&s ¥ Current
densities as high as 180 Asom?® have bheen m’pmrﬁeci i
Photoemitters of Ce,8b are less demanding of system
cleanliness'? than sre thoge of GaAs An additional
advantage of a positive electron affinity semiconductor
like Cs,8b les in the ropid emission of the
photoeledirans,'® By contrast, the intrinsic emission time
uneertainty of UnAsg has been measured in the range from
8 to 71 ps for active layers hetween 50 am and 2 pm in
thivkness ¥

A cesium antimonide ({5,8b) photocathode was chosen
for its ease of preparation wiébix; the vacuum environment
of the linse and for its relntive tolerance of vacuum
eonditions in the injector linse ¥ A photoinjector linae
must be bakeable in Hs entirely to about 200°C and be
capable of maintaining o pressure below 109 torr

referably 10 “tore 10a Cs,Sb ghgmmﬁhaﬁﬁ is damaged
1 use, the damage can be erased by heating to 400°C, then
& new one prepared in situ

The spectral response'’ of (5,8b extends from a
guantum energy of 18 eV (A = 590 nm) to energies
greater than 88eV (3 < 820 nm)  Therelore, a O5,8b
?hawe&ximﬁa can be used with a NEYAG laser with
w&uen doubled (3 = 532 nm) or tripled (4 = 355 nm)
A N&:YAG laser can readily be mode locked to deliver
traing of 60 ps pulses at o microscopic repetition 1ate in o
range from 50 to 120 MHz

Rf tiun {avity Design

The highest go&sihie acceleration rate in the rf gun
eavity is Hnited by the sparking breakdown characleristic
of the cavity A typical of cavily, oplimized for maximum
effective shunt impedance Z7%, will have a8 ratio of peak
surface electric field to average aceeleration gradient'® of
about & A lower ratio, hence s larger maximum



aceelersting feld, is oblained by dewraasing the survature
of the bearn hole nese, Such a eavity is lesy efficient, but
one gains 2 high asceloration rate with s use

Jones snd Petar® have shown that Hoear radial eleetrie
fields in an aceclersting eavity lead to a lower emiltance
growth for heams of uniform space charge density  An of
gun cavity designed for lnear radisl elsetric Helds
automsatieslly has ¢ low ratio of pesk suwrinee feld @
average seeslerating feld,  Therefore, the of gun cavily
was designed to produce lnear glectrie felds, at least in
the region traversed by the beam  In the design pro
sudure, the besm hole nose is made an equipstential
gurface satiafying theeguation

st AHI 22t gl
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where w is & chogen potential, { = 24, g is & foensing
porameter, and %y I8 o scaling perameter  An equi
potential is chosen so that o mintmum of g colneides with
the specified beam hole apertmre and the sealing
parameter 7, is equal to haif the gag fength in the covity
At radi larger than twice the beam hole radiug, the cavity
is shaped iteratively using the codes VURMEL® wr
SUPERFISH' to maximize the effective shuntimpedance
A& ratlo of pesk surface fleld to average accelerating
gradient a5 low 83 4 can be achigved while refaining the
teature of linesrity of the radial slectric fleld.

In the Tos Alamos photoinjector, the 1800 MHz cavity
design adopted had an effective shunt bopedance 2T =
36 MOAn  With g pealk surfuce feld of 60 MV/m (twies the
nominal Kilpatrick breakdows feld)™ the average
aecelerating gradient iz 159 MeVim, aratiocof 38  The
envity power ciiszégamm under maximum surface fleld
conditions is 0 6 MW »

The of gun cavity is, of necessity, an ssymmaetric cavity
with the photecathede locatad on g solid end wall(¥Fig, 21
The shape of the beam hole pose s identieal to that of the
nocelerating vell described above, and the end wall
opposite is 8 member of the same family of eguipotential

arfaces The sealing parameter was %, = 8 0 om and the
focusing parameter wasp = 0 15

ke

Fig 2 The rf guncavity

As deseribed below, the photoenthode iz prepared on a
rebractabie holder  When in the operational position in
the rf gun cavity, an effeciive 1f contnet must be made
between the photocathode holder and the cavity wall
Beveral experimental models were tested, all inem
porating a siiver plated spring ring contaet  "The chosen
design reduced the measured Q of a copper test model by
iesy than 2%

Preparation Chamber Design

Initial experiments were carvied out with a émy
aration chamber assembled from cnmuerclally availabie

srosses, tees, ond nipples (Fig 13 The pumplog condust
anes of this systers was Hmited but adeguate fit proofof
prineiple tests )

© esiun and antimony evaporators are placed behind 2
mask with o 1 <m® aperinre exposing the phetocathode
surface,  The photosathode iz cleaned by heating it
400°C for one howr  After conling o 150°C, the alter
nnting deposition of antimony and cesiome proceeds
White lght iz directed ento the photocathnde surface with
amirror The photovathode Is Insulated from ground by a
ceramic support rod so that the photoemission current
eould be monitored,  Aller maximizing the photoemission,
the }gxhamm‘zthaéa is conled to room temperature, and 2
final layer of cesfum iz deposited  In the present prep
aravion chamber, quantum efficlencies of 1 2% are rou
tinely achieved

The Mode Locked Laser

The quantum snergy of the freguency doubled laser
outputat 532 nmis 2 3¢V The incident peak loger gower
requized to generate & photocurrentof 1 amperes is

P = 2 31 fiquantumefficiency)

For & nominal quantum efficiency of 0.01, a current of
200 A requires a peak power of 4.6 X 104 W incident on
the photoesthode,

The souree of light pulses in the present experiment
is o ew Ne:YAG laser with o 10 W gverage power output
at 10684 am (Fig 3} A cavity mode locker driven ap
84,168 MHz produces a miieropuise frain at 108 33 MHz A
Pockels cell gates the ?aige train, producing & macropulse
burstof up to 20 gein lengthat o 1 Harepetitionrate The
mimm%i{i% i amplified by two cascaded amplifiers by o
variable factor up to 1000, giving & peak output power of
wp b L MW in the misropulses.

Al

Fig 3 Block diagram of the mode locked laser system

The 1064 nm macropulze beam Is focused suto 2 KTP
srystal that halves the wavelenpth with an efficiensy of
5%  The emerging green lght beam {3 = 532 sm) is
then passed through a filter separsting the 532 am
radintion from the 1084 nm radintion

The green light beam passes through a beam splitter, a
9% fraction being used as 2 reference for comparison of the
temporal gmﬁ%&s of the laser heam and of the rf gun beam
in astreak camera (Fig 4)

Finally, an slectrically operated shutter, interlocked
with a protestive gate controiling access to the srog,
perraits  transmission of the laser beam into  the
aecelerator enclosure ouly when the gale is closed and the
interiocks cleared

IHagnosties

After leaving the #f gun cavity, the electron heam
passes through two iron shielded solenoid lenses as shown
in Figs | and 2 Between the twe sclencids is a wall
purrent moniter (WOM) of the type used in the SLO
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Fig. 4 Teraporal profiles of the laser beam and phato
slectron beam are messured on a single sweep in the
strenk camers

injector ¥ The WM is loaded with four 51 Q resistorsand
2 50.0 enble lending to an oscilloseope, The monitor was
calibrated in a tapered, conxial, 50 { fixture connected to
a submanosecond pulse gensrater. The centeal conduetor
of the Bztars is terminated [n o 50 O resistor Therelative
pulise ampiitudes observed on the WOM snipit and on the
mréa‘ixzéﬁmg resistor yielded an effective impedance of 80
Akti”ma%k the freguencies generated by the beam pulses
and the pulser are beyond the band pass of the WOM with
it asancisted extetnal cireuit, the integral of the voltoge
trace observed on the oseilloscupe, divided by the WO
impedanee, i 2 vaild measure of the Waneh {or pulser)

pharge.  This conclusion was verified i:gf measuring the
sharge in the pulser output with five different detector

bundwidths, mtxgﬁng from 200MHz o 10GHz  The
:rz:egafug?ﬁ pulser charge wes 130 pC with au rms deviation
af 1o pt:

The transverse emittance of the i1f gun beam is
measured by the pepper pob method **  In the prasent
exporiments, beamlel nole dismeters of 127 pm oand 1 mm
areused The whale beam radius is measured on a quatta
plate in the plane of the pepper pot piate When the
envelope of ihe phase space ares of 3 beamlet at the
conter of the whele beamn is giut&ed on an xg' grid, it
intervepts the %’ axis at x' = 1 ¥ine. Lising the value of
the whole beam's maximum radiug %Xy, the heom
emittanee is given by E = 11 X % i and the normaiized
emittance by Bp = Do, ¥ g,

A3 the beam emerges from the 1f gun eavity, it may be
focused by one i both of the solenoid lenses  'The second
solenoid can produce a waist at the pepper pot plate for
heam currents up to 200 A When only the first lens is
used, space charge force forms 8 walst before the besm
seaches the pepper pot This condition, which was verified
by integration of the envelope equation for typieal beams
of 100 to 200 A, is advantageous for the pepper pot method
heenuse it ensures that the beamlet propagation Gom the
sepper pot plate to the sereen is governed predeminantly
w emittances, rather than bitha upstresm focusing foree

The temporal profile of the bunches is measyured with »
streak camera using the Corenltov radiation from a pure
quartz plate (Fig 4) The Cerenkov Jight is epllected by a3
planoconvex, {1 lens placed in contast with a guariz
viewnett  The collimated lght is transported to the
streak camers and fooused onto the entrance slit with an
averall magnifieation of 110 aﬁampkggf the iaser pulse
light is merged with the electron beam's terenkeoy light by
a 45° internaily reflecting prism in the middle of the

ferenkov lght bemm, therehy eliminating the tigger
fittar in the streak camera  The shesk camers swoep
speed was calibrated using » varisble path leagth for the
jaser light ereated by & movable tebroreflachsr an an
gptical heneh

A deuhle focusing magnetic spectrimeter is installed
on the beamline The dispersion on the detecior plane ig
B em%, and the mapgnification is unity  With the aid of
the two solenoid lenses, o 20% mowentum band can be
analyzed  Alternstively, a 127 ym diax hole can be
scanned acrose o beam diameter st the objeet position (the
pepper pot plate} wdo s differentinl momeniom analysis
‘o1 this zsmms«:, an intensified vidicon con view the
detectur plane through one of two viewpurts avaitable.

Experimental Resulls

Initial ohservation of the sccelmaled eleetron beam
from the 1 gun was obtained with the WOM Fig 8} Witk
4 fast oseilloscope, the jnrgest pulse traing repealedly
sbserved had peak amplitudes of 44 V with 4048 of
attenustion in place The measured bunch charge,
ahtained from the inteprated pulse profiles, was 27 n(l,
givirsg an 8‘?&3&%% current in the pulse tiain of 2¢ A

ssuming that the temporal profile was Gaussian {see
below), the peak current was 380 A The prebable exyorin
these mengurementsis 1 20%

Fig 5. Wall current monitor traces of pulse trains at
18 3 MHz, (o) 2t 5 ne/div and{b)2psidiv

The minimum laser pulse width ohserved was 83 &
fps FWHM; on the same strenk camers sweep, the
electron bupch widths were the same to within the
experimental error (Fig ) when allowance is made for the
observed 6% energy spread  We conclude, therefore, that
for the present experimental conditions, the pulse
hroadening intraduced by the CgSb photoemission s Jess
than 10 ps

The emittance of space charge dominated heams was
measured with peak eurrents ranging from 100 to 150 A
Fig 7shows a pepper pot patiern on  auariz screen 92 em
from o tantalum plate drilled with 197 pm dinm holeson
2 mm centers Figuie 7b) is a eut through one line of
spols The equivalent spacing between giid lines is
7 Bun The megsured gnmz spreading from the Cerenkov
cone angle is 0 7 oun  Four messurement sels were made
under various combinations of peak current and focusing
strength in the first solenoid {TableD), 'The average
aormalized  emittance fmr the  fonr  sets 18
26umm mrad  The cmz&sgmmiizxg mormalized peak
brightness is 4 9 % 1010 Afm?21ad%) and the average
macropulse current is 10 A The estimaled probable
grror on all these messwrements is L 20%, No
correctinng bave been made for space chage effects  In
the fourth set in Tablel, the ghsﬁmmitw current density
is estimated to be 600 Alom™ from messurements of the
laser benm ares and the pesk enrrent  The beam energy
mesmued on the double focusing spectrometer agreed
within 10¥% of the predicted value, 11 MeV fhe
measured energy spread was § 3%
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Discussion

H, Henke, CERN

wha! are time of flight, pulse length and eneygy spr ead?

Reply

Many more details are given in the paper he overall pulse length is 1D ps, during
which electirons are provided in 60 ps bunches at 108 MHz, the 12th subharmonic of the +f
tavity frequemty Ihe quoted energy spread is £3%; this is within 0% of ithe expeiled
valune for the 1 MeV guipul beam.




