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PS5 Outline

High Brightness Source for High Brilliance XFEL
- Brilliance / Brightness
- Which Electron sources

General Problematic for photocathodes
- Emittance and QE of metal photocathodes
- Lifetime of photocathodes

Summary & Conclusions

Future...
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(= XFEL performances

SASE FELs have a peak brilliance of a few order

of magnitude above 3" generation light sources
(SLS - Soleil - ALS...)

Scientifically interesting
PSI-XFEL Workshop Crazy Ideas and Challenges ...

d*N
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(-I-{}»» How to obtain the Brilliance

Produce a beam of high Brightness

For particlte distribution wht::rse E _ [A/(m-rad)?
boundary in 4D trace space is ;rlg o
_ dl defined by an hyperellipsoid X7y
dSdQ)
> 21 .
B, = Normalized Brightness
T gm gm A. Cianchi

* |Increase beam peak current

More QE (laser damage, response time) RMS emittance:
e beam compression (magnetic bunch

compressor)

» Decrease the Emittance ¢ S, g _\/ uu >
(mm.mrad)
Find an electron source of a low thermal| &, , ... = ,87/ \/ UU >
emittance.

F. Le Pimpec
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«(I9)~ Electron Sources :

1.Field Emitter
a)Array

e Commercial (metal, CNT...)
e PS| made

b)Single tip FE

2. Photocathode

3. Thermionic

CeBy

il

4. Hybridizing the sources is also possible

F. Le Pimpec 6
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(= Which source and why ?

*FEL theory : high peak I, and low beam & required for high gain FELs
*For a compact XFEL ($$) : compensate beam E with a lower initial €

Ultimate limit in Accelerators: Thermal emittance of the Electron Source

O : Size of the produced Electron Beam

E(C,' — an_| E.... Thermal Agitation of produced electrons
| n,rms 2 3mC2 :
Thermionic Emission Photoemission Field Emission
/’ 3
Eyin,r ~ ngSolid Eki ~ h v—O —|—, eE ‘ Einr ~ EkTSolid
re,
J <10°Am™ J <10° A_m—f\ 7 J<10°Am”
T=1500K T=300K T=300K

If hv ~ ®, E ~ 0 — very cold beam, but QE is bad !

F. Le Pimpec
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- Cheaper Laser system
- follow laser impulse

*Intrinsic emittance
*Low as possible
*Atomically flat: ~few nm p-p, to minimize emittance growth due to surface roughness
and space charge
*Tunable, controllable with photon wavelength
*May need to “chase” the work function: s, . = (o —d4
*Better at cryogenic temperatures?

*Lifetime, survivability, robustness, operational properties
*Require >1 year of operating lifetime
sreasonable vacuum level: 10-1° Torr range
*Easy, reliable cathode cleaning or rejuvenation or re-activation
*Low field emission at high electric fields
*needs to be very flat: ~few nm p-p
*Reliable installation and replacement system (load lock) D. H. Dowell — EuroFEL Workshop

F. Le Pimpec
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Vacuum : Desorption

What is a good vacuum Surface
?

An atomically clean surface !

F. Le Pimpec

(-I7)}-Atomically clean - Atomically flat

Photocathode : Emittance

What is a good Photocathode
Surface ?

An atomically flat surface !

[—]

——
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«|~=J» Cu cathode - The usual choice

Metal photocathode :
- Fast response time to laser impulse
- Rather resilient to adverse vacuum conditions
- In-situ cleaning is not too complicated
- Easy to get and manufacture
- QE is much lower than SC photocathode
- Require UV laser of high power ($, UV cracking, ablation)

Copper cathode is a usual choice as a metal photocathode
(tradition ?) Why not Mg or AlLior Y or ... ?

Grain Size ~ 0.3- 0.5 mm
Roughness: Ra ~3 nm; PV= 15 nm (bfr)
Roughness: Ra ~ 8 nm; PV= 110 nm (aftr)
Diamond Tool Waviness: 0.1 mm
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Simple metals &  True work function ~ Pholoelectric (Quantum vield ~ Photon
their alloys eg # hvg, eV threshold g, nm  {el./phot.) energy, ¢
Mg 37 Ml 5.1% 1077 47
% 107 47
Mg-2.1% Ba 24 jl4 26% 107 49
Mg-5% Ba 29 27 6107107 49
Al 43 208 32x 1077 47
Al-2% Li 29 423 36x 107 49
Al-3% Li 3l 403 1.7x 1073 49
Cu ¥ 5.3 35 22%10°¢ AT
Cu-5% Ba0 30 413 1.2x 1073 47
Cu-80% Ba0 21 445 25x 1073 47

Survey of cathode testing : QE

Wavelength& | Qnantum | Vacunm for Work Thermal
Efficiency 1000Hr | Function,
Operation
Metal Energy: (elecirons per (Torr) g iel) Emittance
Cathodes Photon)
Aspe (mn), {microns/mmrms))
hieael)
Theory Expt.
Bare Metal
Cu 250,496 14x10° 107 46[34] 05 |1.0=0.1[39]
1.2:0.2 [40]
09+005[3]
Mg 266,4.66 64x10 101 3641 08 |04=01[41]
Po| 250,496 6.9x10 107 40[34] 08 ?
Nb| 250,496 ~210° 1040 438[34] 0.6 ?
Coated Metal ‘
CsBr:Cu| 250,496 X107 107 ~2.5 ? ?
CsBr:Nb|  250,4.96 7x10° 107 ~25 ? ?

V. G. Tkachenko, A. |. Kondrashev

and |. N. Maksimchuk
Applied Physics B - 98 (4), 2010

D. H. Dowell, . Bazarov, B. Dunham, K. Harkay, C. Hernandez-Garcia, R. Legg, H. Padmore, T. Rao, J. Smedley
and W. Wan, NIM A622 (2010) 685-697.

The same article survey other cathodes including SC
photocathodes.

QE are not comparable easily - Cathode preparation

RF gun, Diode gun (Field presence on the surface)

Simple laser expgri_rgsirrﬁp-ecuv lamp experiment

11
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(]S QE : to plot or not to plot ?

number of extracted electrons zso—=*-rnstareq 1212009 fu.3 Instarled 01/ 2001

w
(4]

e ]
= | . 8Feb2011(Cu_3) '-I-' o ]
number of incident Photons  zeof -+ mwevacn - s QB4 10°]
r o QE~910° - 1
- i ‘_-' ﬁ -
— I~ = n
g 150 |- e
== - I:rl -
& ]
g 100 ,"5_', . =1
(3] : x ]
: som T ]
50 I-)I-!z,x Beam charge (WCM) versus laser energy (joulemeter) —|
X _:;E 8 Feb 2011: dQ/dE = 15.1 pC/uJ, QE = 8.9 x 10°° ]
-,.‘ﬁw i 11 May 2010: dQ/dE = 7.4 pC/uJ, QE = 4.1 x10° E
o_f"..lll.1.|.1..|1...1..,.|.,..|1..._
0 5 10 15 20 25 30
ener J
gy [l T. Schietinger
Le Pimpec et al, JVSTA, 28( 5) 2010
x10°
2.1 .
500 2 ' * 1
19} A =262nm -
0 > 1.8f 1
500 g .
230 o) 1.7¢ *
. . . . T 400 4 =) é 1.6}
IS as Intrinsic as the : ZiEwe B, g 6, ST
E - £ £
S 300 5 |
boiling point ... A T B *
i pressure 80 €] 1.2¢
100 - | 30 117 o ¥
EH%IHEEHH toolbox.com]]] o
0 il U g 0.9 . s . . ‘ . . ;
01 1(0.07) 10(0.7) 100(7) 1000 (70} 0 10 20 30 40 50 60 70 80 90

Laser Intensity (uJ)
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One can use QE, and QE ¢¢.ctive 2
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=

C.P. Hauri et al, PRL 104, 234802, 2010

Thermal € (1); QE(1); QE(£)

Photon Wavelength (nm) PolyC P, (eV) ®,(eV) | A(nm)
10, 285 280 275 270" 265 260 255 metal Literature Expt it
o) ' Cu 4.65 4.3 267

09+ o ) 1 4.53-5.1
= 038 § Mo 4.6 4.4 270
£
S 07 Nb 4.3 4.1 260
@ Nb(110) 4.77
€ 06
£ . Mg 3.66 3.7-39| 339
£ o5 Mg
o Al 4.28 3.9 290
© 04

i ) ~0.19
03l 44 Schottky
43 44 45 46 AT 48 49
Photon Energy (eV)
1/2
3/2 elf . . - - .
hv—®, +e (ze)? Difference in WF input is dominated by
& wrinsicsimple = O x Jaser 3mc? Chemistry (O,) not by topology nor Stress

F. Le Pimpec
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o=

1

C.P. Hauri et al, PRL 104, 234802, 2010
Photon Wavelength (nm)
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| | B
0.9 - 5
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= 08 {1 5
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=~ 07 3
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- o
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~. 05 Mo
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" 04
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03} 44 o
" 1 1 " 1 " 1 " 1 1
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Photon Energy (eV)
1/2
hv—®, +e>* —L
0 (47zs,)"?
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F. Le Pimg

Thermal € (1); QE(1); QE(£)

Tiza; 4 ps g 5 MeY, OnCrest 10 deg; 300kY; € mim
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10-1 [ T T T T ™ T
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—o— U
—s— Mo
Al
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— i
i
| -
e, -_\_\____.I -
1 T
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) N
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5 107¢ St. St.
&= A Ti 1
- an —— ,T —49 w— Mo
E e p——" —a—Nb
€ : Al
S 10°F o - T = Bronze
o [ U —— A TiVAI
L 1 1 1 1 * |Yttrium-
24 26 28 30 32 34 36
Surface Gradient (MV/m)
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Metallic photocathode: lifetime

6.0x10%

50107 +

4.0010% +

2.omi0”

QE from Phase Scan

2.0x10%

1.0010™

— Baking of the gun
| and laser cleaning

w/o RF ~
with BF ~

Backgronnd Pressures

5=10r1? mbar
2=10% mbar

Despite
| contamination sensitivity even in
UHV (10° mbar range) low work
| function metals as Mg, Y but also
1 the most inert Cu may suffer from
| the contamination due to chemical
species present in residual gases

their lower claimed

L (H,, CO, CO,, H,0).

5.0x10™

4.0x107

3.oxin”

Average QE

2.0x10™

1.0410™

F
il
(41 ]
L]

Days
I T T I I T 25!.”}\]-
= After 2™ cleaning
»  After 3" cleaning 2 w07
P.,=8.0x10 "mbar
E._,= 1.7 MVim ,
w 1,5%10
o
= 4 m
=11
g 3
g 1.010
<
i i 5,010
0.0
1 1 1 1

Time (hour)

F. Le Pimpec

1

After about 2 hours from the laser
activation QE reaches the maximum 9

value of about 2.1x107

e Imitial QE after 12 hours from
the last laser activation ~9x10™

Laser activation. During this time

emitted charge measurement was
b= gtnyppeed, 50 QE results ~0
i | e 1 i [ 1 i -

]

1 2 3 4 5
Time (hour)

L. Cultrera

15
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! Metallic photocathode: lifetime

6omt0* ———— 77— Despite  their lower claimed
- [ Backgronnd Pressures ] . . She =
5.010° | w0 RE ~ 5x10"0 mbas 1 contamination sensitivity even iIn
with BF ~ 2=10% mbar
- UHV (10° mbar range) low work
B aoxin® - i .
M ) | function metals as Mg, Y but also
Cu 8 ] i
g sono’ .' 1 the most inert Cu may suffer from
3 2000 | Bak g Leserchanno r | the contamination due to chemical
& 20x10” |- Baking of the gun 4 | . ) ] .
 an laser cleaning \ * | species present in residual gases
1.0x10° ! S
S (H,, CO, CO,, H,0).
Days
QE20120127T 142159 : BPM-QE Map for Cu 8 o 2,5%10% — . | — — ,
A= : . — \ penp Vot A TEe A
05 o 2,0@.;19“1'— """ e A
0351 | 156107 = -
'g % After about 2 hours from the laser Mg
i 4 o activation QE reaches the maximum
g g @ " value of about 2.1x107
£ ] g 107 ; i .
T los < f————__ Initial QE after 12 hours from
wl the last laser activation ~9x10™
5,m10" F : . -
oEs L i Laser activation. During this ime
i emitted charge measurement was
. 0,0k == stopped, 5o QF results =0 .
L=, ekl S R S e —
-1.04 078 054 028 -0.040 0.21 046 0,59
X Position {mm) Time (hour) L. Cultrera

F. Le Pimpec 16
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«(J=)» Mg Laser Cleaning and lifetime

NO E Field
1.E-02 ——MgZ (rough) - June2010 =
7777777777777777777777 ' T Mg2 (rough) -

L _ _ — o ____o__ —_ _

Jan2011

Laser Laser
Blocked Bl ocked

Mg7 (Polish) - Feb2011

1.E-03 1t |
I Reflection cathode
(9~3cm)

Duetto not available. Mg 7
stayed under vacuum for
11 days at P<8e-7 Torr

QE differs between a rough
surface and a polished one

QE Mg (polished) is from

\ Mg7 (Polish) - Jan2011

. UHV chamber
Laser location changed start > QE Cu (polished) window reflct
A E-05 e
0 250 500 750 1000 1250 1500 1750 2000 2250 2500 2750 3000
Laser size on sample : @=8 mm Time (min)  Duetto laser, 355 nm; 10 ps, 115
Fluence ~ 1.2 pJ/cm? mW to 150 mW , 200 kHz rep rate

F. Le Pimpec et al, arXiv:1202.0152, (2012) 17
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«(J=)» Mg Laser Cleaning and lifetime

NO E Field
1.E-02 —Mg2 (rough) - June2010 =
- - Mg2 (rough) -

L _ _ — o ____o__ —_ _

Jan2011

Laser Laser
Blocked Bl ocked

1.E-03 1§ Mg7 (Polish) - Feb2011

Duetto not available. Mg 7
stayed under vacuum for
11 days at P<8e-7 Torr

QE differs between a rough
surface and a polished one

QE Mg (polished) is from
start > QE Cu (polished)

1E05

0 250 500 750 1000 1250 1500 1750 2000 2250 25
Laser size on sample : @=8 mm Time (min)  Duetto laser, 355 nm; 10 ps, 115
Fluence ~ 1.2 pJ/cm? mW to 150 mW , 200 kHz rep rate

F. Le Pimpec 18
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«(-Iq )= Lifetime in absence of RF field

200 T — T 1.E-01
| AI Li e ‘t - o ]
2000 ---semmreeneeeneesneeaneay D T S ]
i B s oLt S SRkl i DR S 1102
w gl ]
i S e ]
< 1500 —:----:gé‘-fﬁ R A - e 1
E L e AlLi-174 | 1.E-03 g
3 1000 | L i oses
—-=—- AlLi - 65h stop
| —=— QE AlLi- 174’ + 1.E-04
500 - — a QE AlLi- 1120' E
---z-- QE AlLi - 2564 |
. —-a—- QE AlLi - 65h stop |
0 l . i i i i i i i i 1.E-05
0 1 2 3 4 5 6 7 8 9 10
Faraday Cup (V)
=Sl T T T T T T T T
[ . P | Unbaked Vacuum : P~10°% Torr
400} _/’ o | Cu (OFE) -
I 4 1 . .
aso} ? 4 { Main peak: H,O at first, then H2
= 12h Mo laser 14h Mo laser | 1
BDD-I P-7 107° Tarr P~4.107% Torr | 7
< |
2 250y .
5 | /"4 | e - :
£ 200 < : QE degradation on Al, AlLi,

14h Mo laser

150 p~3_10—6‘|'0r5/.r”_‘ ] Cu or Mg cathodes. On the

100 —— CuRZ2 FC off J H
Mol New leser 1 contrary increase of thg
>0 Duetto laser, 266 nm; 10 ps, 200 kHz rep rate eXtraCted Cu rrent Wlth tl me.
DD 5(1)0 1 DIDD 1 5IDD EDIDD 25IDD BDIDD 35IDD 4DIDD 4500

Time {min) F. Le Pimpec et al, arXiv:1202.0152, (2012) 19
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P

— Summary & Conclusions

Compact ($3) High Brilliance XFEL requires a high Brightness
electron beam - Need for low thermal emittance electron
source.

RF Photogun technology has matured. Not quite off the
shelves yet.

Cathodes are easily available (SC too) - They provide the
charge, lifetime is sufficiently long. This is what is often
requested.

Metal photocathodes in XFEL RF guns do suffer from QE
degradation over the months. Not acceptable !

Laser (Ozone) Cleaning on Mg is very efficient: low rep rate
high laser E density and high rep rate low laser E are both
very efficient in improving QE. For how long ?

In the community this degradation is attributed to vacuum
effect (photocracking on the surface ?). We showed that this is
not the case. Is the native oxide presence beneficial ?

The presence of the RF field is important !!!

F. Le Pimpec 20
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ol = Future...

The XFEL community wants an cathode :
QE ~ %%, P.~0, fast response time, long life time,
resilient to adverse vacuum conditions.

Constructing such lattice will require a much better
theoretical understanding of the electron transport-
emission, more R&D in material scince... TIME !l

|
LA

W —
]R L AW s Photocat1hode Physics
s e ’ v T for Phetolnjectors

Aimed at bringing the photocathode community together to discuss and
explore the current state of the art in accelerator photocathodes, from
both a theoretical and a materials science perspective.

All types of photocathode materials were discussed, including metals, NEA
and PEA semiconductors, and ‘designer’ photocathodes with bespoke
properties.

Share documentation

Learn from our predecessors

s “ @ :
|http://www.bnl.gOV/pppworkshop/ | ' %
Fay Hannon g =
http://photocathodes2011.eurofel.eu/talks/
F. Le Pimpec

ional Laboratory
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(-]} Emittance (¢) , what is that ?

¢ describes the phase space Ellipse equation
area/volume occupied by the
beam y-U+2-a-u-u+p-u"=U
* ¢gisa measure for the Area of the ellipse = t. €=U
“parallelism” of the beam (size x N
divergence). N < 0-8
 £is a measure of the beam iy
quality (¢ : mm.mrad) / —M-;
>U
RMS emittance:
X rms _\/ uu >
_,37/ \/ The normalized emittance is
Eninm a quantity which is invariant
F. Lo Pimpec UPON acceleration 03
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