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INFN Proposal for ELI-NP Compton Gammaray Source
Luca Serafini  INFN Spokeperson for EANIP

A Motivations for our Proposal: Bright Mono -chromatic
Compton Back-Scattering Sources need UltreHigh Phase
Space Density ebeams (INFN-LNF is leading in this field)

A Equivalence Gammaray Spectral Density / Phase Space
Density of electron beam (Analytical Scaling laws)

A Extensive, unprecedented, campaign of Beam Dynamics
Optimization for High Brightness Photo-Injectors
(numerical scaling laws-> C-band reveals as best option)

A Lay-out for Photo-Linac and Laser (including wakefields!)

more details on scheduling, ¢
ELI-NP meeting, Magurele, Aug. 18th 2011






INFN : :
C Brief Review of

Beam Dinamycs in Photelnjectors

A The beam generated at théotocathode surfadsehaves like a
Single Component Relativistic Cold Plasmall the way
up to the injector exit (150 MeV)

A It is aquastlaminar beam both irrransversg€laminar flow) and
longitudinalplane (lack of synchrotron motion)
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s 1 <X2> slice z=z- bt Normalized focusing gradient

(solenoid +RF foc.)
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Lﬂu S.C.R.C.P. or Laminar PlasmaBeam

A Plasmdaunched at relativistic velocities along the propagation axis with
equivalent ionization = @f ; plasma confinement provided by external
focusing (solenoids, ponderomotive RF focusing, acceleration)

A Spread irplasma frequencyalong the bunclY strong timedependent
space charge effec¥ inter-slice dynamics

Projected emittance (shadow)> slice emittance (foil thickness) © M. Serafini

2 2 2 . 2 2 2
&t JONP2)- () > gt ) (BE), - {xm)2

Liouvillian emittance = foil volume
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Cﬁu S.C.R.C.P. or Laminar PlasmaBeam

A Inter-slice dynamic®rings to projected emittance oscillations which
are reversibl&y emittance correction
this can be described by a mtdtivelope code like HOMDYN
the prescription to reach full emittance correction is
to match the beam onto thenvariant envelope(beam equilibr.
mode) VOLUME 5, NUMBER 6

Envelope analysis of intense relativistic quasilaminar beams in rf photoinjectors:

1 2 I ( Z) A theory of emittance compensation

Luca Serafini

I NV = I (]- 4\AF ) Istituto Nazionale di Fisica Nucleare, Milano, Via Celoria 16, 20133 Milano, Italy

James B. Rosenzweig
Departiment of Physics and Astronomy, University of California, Los Angeles, 405 Hilgard Avenue, Los Angeles, California 90095-1547
(Received 11 November 1996)

In this paper we provide an analytical description for the transverse dynamics of relativistic, space-charge-
dominated beams undergoing strong acceleration, such as those typically produced by rf photoinjectors. These
beams are chiefly characterized by a fast transition, due to strong acceleration, from the nonrelativistic to the
relativistic regime in which the initially strong collective plasma effects are greatly diminished. However,
plasma oscillations in the transverse plane are still effective in significantly perturbing the evolution of the
transverse phase space distribution, introducing distortions and longitudinal-transverse correlations that cause
an increase in the rms transverse emittance of the beam as a whole. The beam envelope evolution is dominated
by such effects and not by the thermal emittance, and so the beam flow can be considered quasilaminar. The
model adopted is based on the rms envelope equation, for which we find an exact particular analytical solution
taking into account the effects of linear space-charge forces, external focusing due to applied as well as
ponderomotive RF forces, acceleration, and adiabatic damping, in the limit that the weak nonlaminarity due to
the thermal emittance may be neglected. This solution represents a special mode for beam propagation that
assures a secularly diminishing normalized rms emittance and it represents the fundamental operating condition
of a space-charge-compensated RF photoinjector. The conditions for obtaining emittance compensation in a
long, integrated photoinjector, in which the gun and linac sections are joined, as well as in the case of a short
gun followed by a drift and a booster linac, are examined. [S1063-651X(97)10706-1]

PACS number(s): 41.75.—i, 41.85.—p, 29.17.+w, 29.25Bx

A Intra-slice dynamicis affected by space charge field Horearitiesthe
prescription to avoid irreversible slice emittance growth is to use
uniform cylindrical charge density distribution (flat top laser pulses,
spatially uniform)
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Emittance measurements
with the selected solenoid current I=198 A
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PRL 99, 234801 (2007) PHYSICAL REVIEW LETTERS 7 DECEMBER 2007

Direct Measurement of the Double Emittance Minimum in the Beam Dynamics
of the Sparc High-Brightness Photoinjector

M. Ferrario,! D. Alesini,! A. Bacci,® M. Be-lla\e'eglia,:l R. Boni,! M. Boscolo,! M. Castellano,! L. Catani,? E. Chiadroni,!
S. Cialdi,® A. Cianchi,? A. Clozza,' L. Cultrera,’ G. Di Pirro,' A. Drago,! A. Esposito,' L. Ficcadenti,” D. Filippetto,’
V. Fusco,' A. Gallo,' G. Gatti," A. Ghigo,' L. Giannessi,* C. Ligi,' M. Mattioli,” M. Migliorati,” A. Mostacci,’

P. Musumeci,® E. Pace,! L. Palumbo,” L. Pr':-lle,g,rrino,:l M. Petrarca,” M. Ql.lattromini,4 R. Ricci,! C. Ronsivalle,*

J. Rc:se-nzwe-ig,6 A R. Rossi,3 C. Sanelli,1 L. Seraﬁni,3 M. Serio,1 E Sgarm‘na,1 B. Spataro,1 F. Tazzioli,l S. Tomassini,]

C. \a’accarezza,1 M. Vvascrcwi,1 and C. Vicario

YUNFN-LNF, Via E. Fermi, 40-00044 Frascati, Rome, Italy

2INFN-Roma “Tor Vergata”, Via della Ricerca Scientifica, 1-00133 Rome, Italy
3INFN-Milano, Via Celoria 16, 20133 Milan, Italy
YENEA, Via E. Fermi, 00044 Frascati, Rome, Italy
SUniversita’ di Roma “La Sapienza”, Dip. Energetica, Via A. Scarpa, 14-00161, Rome, Italy
Department of Physics and Astronomy, UCLA, 405 Hilgard Avenue, Los Angeles, California 90095, USA

TINFN-Roma I, p.le A. Moro 5, 00185 Roma, Italy

(Received 1 August 2007; published 6 December 2007)

In this Letter we report the first experimental observation of the double emittance minimum effect in the
beam dynamics of high-brightness electron beam generation by photoinjectors: this effect, as predicted by
the theory, is crucial in achieving minimum emittance in photoinjectors aiming at producing electron
beams for short wavelength single-pass free electron lasers. The experiment described in this Letter was
performed at the SPARC photoinjector site. during the first stage of commissioning of the SPARC project.
The experiment was made possible by a newly conceived device, called an emittance meter, which allows
a detailed and unprecedented study of the emittance compensation process as the beam propagates along
the beam pipe.

DOI: 10.1103/PhysRevLett.99.234801 PACS numbers: 29.27.Bd, 07.77.Ka, 41.75.Ht
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PRL 104, 054801 (2010) PHYSICAL REVIEW LETTERS 5 FEBRUARY 2010

Experimental Demonstration of Emittance Compensation with Velocity Bunching

M. Ferrario.! D. Alesini.' A. Bacci.,® M. Bellaveglia.' R. Boni.' M. Boscolo,! M. Castellano,” E. Chiadroni.' A. Cianchi.’
L. Cultrera,' G. Di Pirro," L. Ficcadenti,' D. Filippetto,' V. Fusco.' A. Gallo,! G. Gaui,' L. Giannessi,* M. Labat,
B. Marchetti,” C. Marrelli,' M T\'Ii_:flia)l':lli_l A. Mostacci,' E. Pace,’ L. Palumbo," M Quattromini,” C. Ronsivalle,”

A.R. Rossi.” J. Rosenzweig,” L. Serafini.” M. Serluca.® B. Spataro,’ C. Vaccarezza,' and C. Vicario'
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asmpression Fac

Phase (deg)

200 fs electron bunch with low emittance demonstrated at SPAI
ELI-NP meeting, Magurele, Aug. 18th 2011
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The optimal conditions to achieve maximum phase space density in a photo-LINAC are set by the
invariant envelope theory (see ref. '°), describing the electron beam as a single component relativistic
(plasma propagating paraxially from the photo-cathode placed inside the RF gun up to the LINAC exit,
under the effect of its own space charge field, the RF focusing of accelerating sections and the
acceleration damping due to the strong field gradient applied. The main parameter of interest is the

J 0
Cauchy invariant A, defined as A = 7 % =5 3 , Where J is the beam current density
V" EatOuO;

launched at the photocathode, ¥/ El the accelerating gradient. In more practical quantities, the

-

Cauchy invariant is expressed vs. the bunch charge Q , the peak electric RF field applied at the
photocathode surface E cat » the cathode emitting spot size O_,; and the length of the laser pulse

O': illuminating the photocathode for electron bunch production.

The parameter /\ is useful when we want to transform a specific configuration of photo-LINAC, found
by numerical studies and optimized for a certain RF frequency, bunch charge and RF cathode field,
into another one, working at different frequency, bunch charge, etc. The simple criterion is: keeping

invariant the selected value of A , While transforming individual quantities, allows to find an
equivalent beam which still preserves an optimized behavior, i.e. minimum emittance and maximum

phase space density. As an example, if w i @ -, we will have

to scale all beam dime of
beam with the RF efivironment), i.e. O,,; & O, X l/(!)RF , scale bunch charge like Q oC 1/(0RF

, and RF peak field li

s with /?“RF oC 1/(URF (in order to respect the geometrical s

E . o€ @, (as already discussed in ref. *®).
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This example of ideal scaling with RF frequency implies a very tight requirement on the scaling of RF
field vs. frequency: a RF gun operated at 120 MV/m peak field on the cathode at S-band (3 GHz)
would have to be scaled to 240 MV/m for operation at C-band (6 GHz). But at a premium of a beam

emittance scaling like &, C I/CURF I In fact, in a well optimized photo-LINAC (the one whose lay-

out is according to the so-called M. Ferrario working point [“7], which tunes the beam propagation
according to an invariant envelope of minimum emittance at the LINAC exit, see ref. 18), the final

emittance is very close tothethermal one at theeathode, which scales like the cathode emissive spot

size¢ O, ;. Hence,/ ¢, X O _,, X 1/ @, . Applying this scaling, we would find a quality factor 77

for spectral densky scaling like 77 9¢ (J/ & o€ @, /implying that the spectral density of the

But unfortunately pure RF scaling is
technologically impossible

ELI-NP meeting, Magurele, Aug. 18th 2011



Scattered photons in collision

N =Ls s = 8—'0rj Thomson
A Scattered flux g~ o7 3 X-section

A Luminosity as in HEP collisions sy =0.6700*cn? =067 bam
I~ Many photons, electrons | _ N, N,
i~ Focus tightly 4ps?

i~ Short laser pulse; <few psec (depth of focus)
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Energy- angular Spectral distribution

For a bunch the energy spread of the collected photons depends on

. : ~Pre' 2

.|. Collecting angleg, DE, @gg_l_ @, 2+ de 82 N a, :
I Bunch energy sprea Ex g ZagesA =~ 1+ a;
I Transverse emittan

Y =g @p. /mg @eg,/s.)
Optimized Bandwidth@(e. /s.)

Optimized Spectral Density’
Luminosity(e, /s.)? " Ql/é&
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INFN Including thermal emittance
C 0.6 mmmrad per mm of cathode spsize (Cu cathode)
Table 5: S-band photo-LINAC at 120 MV/m peak field on photocathode

QE,’ ,

Q[pC]  €,lum] ,.  NKA]  By[A/m] ([A]) Gy [mm] Tiaser [PS]
[PC/um’]

1000 0.76 1731 18.1 21e14 (56) 0.385 20.33

750 0.63 1889 16.0 22e14 (43) 0.355 20.26

575 0.55 1901 19.4 23e14 (35) 0.291 19.07

500 0.537 1734 20.1 26e14 (38) 0.309 14.20

425 0.468 1935 17.9 23e14 (25) 0.253 20.25

350 0.426 1929 18.67 25e14 (26) 0.238 18.05

250 0.361 1918 2299 2.7e14 (17) 0.192 16.09
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Table 7: C-band photo-LINAC at 200 MV/m peak field on photocathode

2
Q [pC] Enlum] ;/;;szj AIKA]  By[A/m?] (I [A]) ox [mm]  Tiaser [PS]

500 0.433 2667 18.1 5.2e14 (49) 0.208 12.58

350 0.355 2777 175 6.2e14 (39) 0.191 10.74

250 0.29 2972 18.7 6.7e14 (28) 0.156 10.80 ref. bean
100 0.18 3086 33.1 9.7e14 (16) 0.092 7.0

50 0.126 3149 323 1.1e15 (8) 0.066 6.67

Table 9: X-band photo-LINAC at 200 MV/m peak field on photocathode

2
Q [pC] Enlum] ;f/numzj AKA]  BoA/m] (I[A]) o [mm] Tiaser [PS]
500 0.578 1497 51.4 4.8e14 (81) 0.185 5.58
350 0.41 2082 49.5 7.7e14 (64) 0.163 5.22
250 0.317 2488 56.7 9.2e14 (46) 0.131 5.04
100 0.19 2770 62.0 1.4e15 (25) 0.095 3:51

20 0.085 2768 929 2.4e15 (8.6) 0.050 1.69
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Figure 13: Longitudinal and transverse phase space distributions




Table 10: 250 pC reference beam (C-band, 200 MV/m) with different aspect ratios at the cathode

Q/E,’ Ayly ;
Q[PC]  Taser[ps]  ox[mm]  €,[um] " A[KA]  Ba[A/m] (1 [A])
[PCuM] (%)
250 10.8 0.156 0.29 2972 0.49 18.7 6.7e14 (28)
250 7.2 0.179 0.32 2441 0.3 21.3 7.3e14 (38)
250 3.6 0.213 0.47 1132 0.14 30.1 4.7e14 (52.4)

uncompensated rms energy spread is 15 keV at 550 MeV, implying A}//}/:2.7- 102 (nicely

confirming something well known: photo-LINACs for high brightness beams deliver very small
uncorrelated energy spreads, usually quite lower than 10, which is the usual target for slice energy

spread in FEL drivers).

At the very last minute (just this night, thanks to A. Bacci) we obtain
blending vel. Bunch. with »and RF curvature correction (:band)

e =0.33mm T,..~5ps 5,=0.27mmOr=557keVfor T=585MeV

aser

L iy e oS o |

—0.qa
4% 0015 -0.0010 -0.0005 0.0000 0.0005 0.0010 0.0015
z[m]
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Using the code TS2 (described in [13, 15]) we scan over the parameter space of the laser and
electron beam focusing. Using a 1 J laser pulse 10 ps long (gaussian time and transverse profile) at
500 nm wavelength, colliding with the electron beam described above, focused down to

O, = 30 Hm , we find the spectrum intensity distribution shown in Figure 17.

Spectrum with nommalized acceptance ¥=y-5=0.05
300D T ; ; ! ) !

T /Ex =36-3

dN/dE, [1/KeV]

a i ; i . i
P 1085 1.09 1.095 1.1 1.105 1.11 1:115 142
Energy E, [KeV] % 10"

Figure 17: Spectrum intensity distribution vs electron energy
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Table 11: Case Psi=3.5e-2, bunch spot size 30 micron (initial point)
WO [micron]  Ngamma dE/E FWHM  Sigma_E/E i’é’&"a—E a0
15 7.0e4 5.5e-3 2.5e-3 27.8 0.0737764
20 6.7e4 5.5e-3 2.5e-3 28.3 0.0553323
25 6.4e4 5.4e-3 2.7e-3 29.9 0.0442658
Table 12: Case Psi=5e-2, bunch spot size 25 micron (maximizing flux)
WO [micron]  Ngamma dE/E FWHM  Sigma_E/E i’f"/"a—E a0
15 19.5e4 6.3e-3 3.0e-3 33.6 0.0737764
20 18.5e4 6.8e-3 3.3e-3 36.5 0.0553323
25 17.4e4 7.2e-3 3.7e-3 41.4 0.0442658

Pushing the correction of correlated energy spread we can go do
Dr/T=210% , therefore achievingg < 10keV
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