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To substitute the laser with a FEL as pump radiation for the

gamma factory iIs a very good idea!!

Wirans  depends only on the transition chosen
This Is the readiation frequency seen by the ion:
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They have to be equal.

With an FEL, the tuning between the transition and the pump radiation frequencies can be
found very easily, without touching the ions.

How?

By simply changing the FEL’s radiation frequency operating on the linac electron energy!




For saying something more about the option of using an FEL for
pumping the gamma-factory, | started from the two examples of
Bessonov’ document (see also his PRL 1996 with Kwang-Je Kim).

ook the red and quantities | took from Iit:

SPS Xenon

Laser wavelength 532 nm

laser photon energy 2.33 eV
Laser beam diameter at IP 3.4 mm
Rayleigh length 68.23 m
Laser beam length 100 cm
Length of laser resonator 272.92 m
Laser beam relative bandwidth 6 10+
Saturation intensity 2.69 106 W

L HC lead

Transition energy gap

Laser wavelength

laser photon energy

Laser beam diameter at IP

Rayleigh length

Laser beam length (power or field?)
Laser beam relative bandwidth
Saturation intensity

Laser energy

Repetition rate

68.57 keV
108 nm

11.45 eV
5103 cm
7.5cm

15 cm

2104

2.24 10"5 W
56 ud

7.4 MHz




| noticed that it is possible to concelve an unique FEL for both
wavelengths. For the gamma-factory examples, from the basic

FEL resonance relation, we can evaluate:

_ ﬂ“w 2 _ ﬂ 2
1_27/92 (1+aw) Ve = 27 (1+aw)
A, =1.5cm A=108nm ==) y,=321 E =164MeV

a, =07 "7 ,-5320m  w=  y. =145 E=74MeV



Many devices exist or existed that operate from the IR-optical to
the near UV range, for instance.....
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DUVEFEL FACILITY AT BNL

50 m
NISUS 10m Coherent IR 1.6 cell gun
undulator diagnostics |[Bunch compressor| it copper
with post accel. cathiods

Bend Undulators
70-200 MeV Triplet  Triplet SMeV
RF zero phase
Dump

screen

Photoinjector: 1.6 cell BNL/SLAC/UCLA with copper cathode
4 SLAC s-band 3 m linac sections
Bunch compressor between L2 and L3

Approximately 60 CCD cameras on YAG screens.
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....out none of them, has the right repetition rate.

Apart from the Duke FEL, that has not enought
flux....

SPARC
Repetition rate 10 Hz LHC lead
Sparc upgrade Repetition rate 7 4 MHz

Repetition rate 100 Hz



... This Iinstead i1s MARIX, the project we are developing in
Milano for the ex-EXPO site, a combined Compton source-X ray

FEL....
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.....and It can be adapted for the gamma-factory !!

Look this scheme:

Superconductive injector with energy recovery.

Warm Repetion rate up to 100 MHz.
: Permanent magnets
Ere\cr))te(?[?;t]h&(:: Final eI‘?ctron energy 200 MeV 10 m undulator with
up to 100 MHz. / BriXS Undulator \X] perIOd L5em
Final electron My, Cavity XFELL ,mmm
energy 2-6 MeV T .\
< upto 200 MeV ot

Cavity XFEL2

o up to 200 MeV :
\< > %m < —

If You have time, give a look to our web site:

http://eng.fisica.unimi.it/ecm/home/research/marix.



http://eng.fisica.unimi.it/ecm/home/research/marix

So, | have simulated a MARIX based FEL for the gamma-factory
with GENESIS 1.3.

These are the growth and the pulse intensity obtained with:
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Saturation is achieved in L=12 m, a quite small dimension.
The saturation energy is E=40 pJ
The total number of photon is Ngg, =2.1 103



There are other interesting gquantities: this Is the spectrum,
with the typical SASE oscillations, the bandwidth, rad size

and divergence:
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Maybe someone will think: ¢Are these SASE fluctuations a mere
theoretical invention?’ No, they are really existing. In fact, this is the

spectrum of the FEL SASE radiation we measured at SPARC_LAB
with a spectrometer constructed indeed here in Padova*.
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At SPARC we did also a comparison between SASE and

seeded spectra.
(A. Petralia et al. PRL 2015)
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Figure 4: Spectral intensity vs wavelength, sequence of shots
without (left) and with (right) seed. Pink lines: average wave-
length (A1 2), pink triangles: peak values of each shot.



et us summarize the comparison between laser and FEL.
In general:

|_aser radiation Versus

FEL radiation

Lasers exist only at 800 nm,
1030 nm... and harmonics

Low tunability

High spatial coherence

High longitudinal coherence

A unigue FEL covers a wide range
of frequencies

High tunability changing the

e-beam energy

Spatial coherence given by propagation
Low longitudinal coherence

Spectral and temporal oscillations

_




And for the gamma factory:

L_aser radiation  versus FEL radiation
LHC lead LHC lead
Transition energy gap 68.57 keV Transition energy gap 68.57 keV
Laser wavelength 108 nm FEL wavelength 108 nm
Laser photon energy 11.45eV FEL photon energy 11.45eV
Laser beam diameter at IP 5103 cm Laser beam diameter at IP 5103 cm
Rayleigh length 7.5cm Rayleigh length 2.32 m
Laser beam length (power or field?) 15cm FEL beam length 3 mm
Laser beam relative bandwidth 2 104 Laser beam relative bandwidth 103
Laser energy 56 ud FEL energy 40 pd

Repetition rate 7.4 MHz Repetition rate 7.4 MHz



This iIs the FEL in the laboratory system....

But, what does the electron of the lead PSI see?
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So | wondered:’ How the FEL characteristics can affect the rate
of event?’ How to study this problem?

These are the Einstein equation in the electron
reference frame:

dn
d—2 =n,B,0(®) —n, Ay, —n,B, p(w) . -
t p(w) Is the energy density
N+, =1 per frequency units
spont
dnp% = ANy,
dt

This Is very important: Only the spontaneous radiation has to be considered
because the stimulated emission has the same direction of the laser and when Lorentz
tranformed does not experience the frequency upshift.



Since | needed to revise my atomic physics memories,

| began from zero.

In the Bohr model:

T | PaDe , For the Lyman-alpha is

| = | D= /p 1
[ TST——"s AE=10.2 eV v,,=2.466 10 sec

2 P., P.,
- \ Sy, ot For Lead ions:

S P Pia nsf\m- _ —72 15 -1
L 2 466 THz o AE:68-5 keV V21_Z 2-466 10 SeC
=1.658 10%° sec'?

®,,=1.041 109 sec™!

Bohr Dillzlc QED HFS )
),,;=1.809 101 m



Fabrizio remembered to us the existence of the spin-orbit effect
and calculated the correction due also to relativistics effect and

ZItterbewegung to the energy gap.

For the n=1, 1=0 (1s) state the energy shift is, AEy1/2m,0=—1Z%"Ry. 2states
'j'-'EE.III"E.IHJ.l = —"I—'lE"n"’ “"Iu 3 states
while for the n=2, 1=1 (2p) states, we have: AE;3/2.m;1 = _ﬁzinz Ry,  3states
For Lead ions, for j=1/2: Or for_|=3/2
AE=68.5 keVV+5.63keVV=74.13 keV AE=68.5 keVV+7.67keVV=76.17 keV
v, =1.79 10 sect v, =1.83 107 sect
®,,=1.127 109 sec™! ®,,=1.155 10%%sec!

Ay =1.675 101 m hpy=1.64 10°1L m



Furthermore we revised those cumbersome calculations for

arriving to the event rate...

The transition probability can be obtained by means of the time-dependent perturbation theory
of atwo level system under an electromagnetic wave (see for instance Cohen-Tannoudji, pg

1304): )

Hy= 22—+ Va(r), H = Hy+ H,(t), Agecos(k-r — wt),

- 2m.

. Ag e
ng_EAP=—E 1= lexp(ik-r — iwt) + exp(—ik-r + iwt)] .

m. D

a ﬂ-EE p(wfl) . .
Pt () = TP (fle-p expliler))|



Remember the time-dependent perturbation theory?

For the absorption the transition rate iIs (1:n=1,1=0,f: n=2,1=1, m=-1,0,1):

abs __ dﬂﬂaf . Wﬂzﬁ(wﬁ)

W._ . = =
i—f Lif € ﬁzmzwz

p(wg) IS the energy density of the em field
¢ 1S the polarization vector of the em field

First and second Hydrogen-like Lead orbital functions



... and the dipole approximation? |(fle-p exp(ik-r)|i)|’

exp(ikr)=1+ikor+ -, (fle-p exp(ik-r)|z) ~ e-(f|p]:).
Is it here still valid? ~ A=121 nm
o e 1A < 5.19 10’'m-1
or Fogen . —Aa=
7 i " kr=51910%
-
A=108/6000 nm
o — 11
o for tenq | Tma= LZA { k=3.510'm-1
=1.210%%m kr= 041



The dipole approximation is not fully valid, and the

probability rate is lower, but luckily only by 229%!

The numerical calculation shows that the decrement is only 22%.

—— ‘ Dipole approx. for lead
— ) - 2.309 107-25

2,0x10 - III-'

1561071 \ With corrections

d?/e? We are here, about 22% 1.78 10"-25

I below the dipole value

5,0x10™° -
0,0 |
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So, we have controlled some of the effects of the High Z,

that are summarized here:

Corrections of 10% to the transition energy gap due to relativistic, spin-orbit and
zitterbewegung effects (they scale as Z4).

Corresponding change in the factors g1 and g2 due to the solution of the degeneration.

Corrections of 22% to the transition rate due to the break down of the dipole
approximation



There are also other practical considerations, for instance

the impact of the radiation on the undulator....

& ®1,=0rg V'pg (1+C0S )

O =20pg (v'ps))*(1+C0S )

Lot of gamma rays on the magnets iIs not so safe.....



....maybe It Is necessary an off-axis collision. Since the
resonant frequency Is fixed by the transition, Is the pump

that has to be tuned, remembering that, said o the collision
angle, the frequency seen by the PSI’s electron Is:

® 1, =0rg V'pg(1+C0S 1)




Stimulated absorption and emission are modeled by:
http://www.tcm.phy.cam.ac.uk/~bds10/agp/handout_atomic.pdf

d Pbs 7 e’ p(wy;)
abs __ i—f Pl §; . w12
wi—hf - dt — €0 EE mf Ld;;?] |<f|Ep exp(lk-r)h)l
rid
wf‘i‘f - €g K’ |E‘dﬁ|zﬂ(wﬁ)=
= 1.45 10 p(w)
w
Wy = -3 le-dif|? plwis),
€0
dis = (fler|i)

These are just the B,, and B, coefficients (a part from g1 and g2)!



And, for the spontaneous emission by lead , the

Einstein model foresees:

w* d?

Wap18 = 2 e F3]
0

=2.17 1016 sec-1

Very close to Bessonov’s value.

This is just the Einstein coefficient A,,



Furthermore, | found this book (maybe quite old, but very

Interesting with the details of a huge number of transitions):

Atomic Transition Probe. it For Hydrogen the Lyman-alpha is
tomiC 1ransition rrob. lities A21:4699 108 SeC_]_

Volume I Hydrogen Through Neon _
For Lead ions:

A Critical Data Compilation A21:Z4 4699 108 SeC-l
= 124 1016 sec!

Corresponds
W. L. Wiese, M. W. Smith, and B. M. Glennon to the_ Value found Wlth . ]
Institute for Basic Standards the d|p0|e Correctlon WhICh means.

National Bureau of Standards
Washington, D.C.
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The FEL spectrum, with the SASE spikes, worried me a lot!

p(w) =

For Laser with bandwidth 210

h V12

2 [S@y@do 3= [S(@)Ly(@)do @)= 2%

(- a)21)2 + (Az1/2)2

0/
~ For FEL:  {9=3.59 108
I=1.310Y
3,0x10™" 1 3.0x10™7
2,5x1 0'17—- 2 5X10_17-
. = Ly(o)
2,0x10™"" Ly(a)) 2,OX10_17-
> 1,5x10"" - E 1,5X10_17_'
1,0x10™" a7
’ S|as (a)) 1,0x10™ | ,
500" 5,0x10"° 1 FEL (w)
oo . _
1,038x10° o4 040x10 °1,042x10%°1 044x10 oy O46x10 0,04

(s-1))

1,038x10%° 1,040x10% 1,042x10%° 1,044x10%° 1,046x10%°

w(s-1)

At the end, It leads to a factor 30 less then the Bessonov’s case.



| thought that 3= [ S(@)Ly(w)de was larger!

Why is so low?

Simply because,

~ =17
if the bandwidth is << transition width < ~——=2.910

if the bandwidth is >> transition width 3 = — 410718

0/

Furthermore, there is also the energy spread of the PSIsso < Is
more complicated, something like:




et us come back to the Einstein equation in the PSI’s electron

reference frame:

dn n,
d—'[2 =nB,p(®w)—n,A, —n,B, p(w) ~—
n,+n,=1 p(m) Is the energy density n,
dnson per frequency units
2= Angn hv. N
dt Lo — V12 ph R
p(w) Y

We have evaluated all the terms , in particular :

A,,=2.17 106, B,,=1.4510", B,, =qg,/g, 1.451017



Now, let us do a simple analysis of these equations:

dn '
d_t2 =n,B, p(w) -N,B,,0(®) n,+n,=1
dnspont
(;): — A21non2
First, let us suppose that p(w) Is very large
P Y
dn
d—'[2 =n,B,p(w) —n,B, p(w) n,+n,=1
dnlsapl?]ont

= AN N
dt A2102



and let us look for the stationary condition:




And now, let us suppose now that p(w) Is very little and, again,

let us look for the stationary solution:

0~(1-n,)Byp(@)—n,Ay—n,Bp(w) n+n,=1

>
>



Continuing with this simple analysis:

B,o(w) Mpn psi _ Bppo(®) |, La
ph 120 ph _ By

~ AN —— =B, p(w)At = At
dt A21 0 A21 no 12 FEL 9 N FEL

spont
~ thZNph,FEL N

h_ xR 27/PSIthh,FEL
2 PSi =~y 2 ,LAB
270 rg CALLg Ny 270 cgy Apg,




We arrive to two approximate expressions. The first, in the limit

of low pump Intensity, Is:

LAB
2¥ps NV N oh, FEL

h_ - 3B, :
2ot C
nO FEL

While for an intense pump :

spont LAB
n 0, Atim




The Einstein equations for the lead Bessonov’s case give:
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while for the FEL in the PSI’s frame (for one ion) In the

case of the FEL radiation shown above:
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This is the dependence of the emission rate on the LAB FEL

Intensity at fixed bandwidth
In blu: the stimulated radiation. In red: the spontaneous emission.
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And for different FEL time durations, same number of FEL
photons:

10° 10° 10* 10° 10° 10" 10® 10°
E-2%/S(J/m”)

FEL



Using the FEL scaling laws for energy and spectrum:

2
by (Jgiif ) E%(3) = 7.2107 pQ(pC)y bw ~ o
<~ 1
Wy, PN 2T
n;[;]ont ~ 3B 27/PSIEIF_QE N B,, 7'210_77/PSI Q(pC)y
~ > ~

no CS a)12 \V 272. CZEGIEEL (/um_z)



Final considerations:

spont LAB
n 9, Alpm

High FEL energy flux 1
Ny 0, +0, 27p

Low FEL ”E‘ﬁom ~ 5B 2V ps) EFLQE ~ By, 7'210_77/PSI Q(pCly
energy flux n, ® S w27  C2roty (um™?)

Q(PC) —— Limited by the injector

~ COSt —; ~ o _
Ore (uM™) —— Limited by the divergence




| have disregarded:

The hyperfine structure of the transition

All the transverse dynamics of ions and radiation

he ionization due to double absorption

Other million effects



A FEL is, In principle, able to solve some of the difficulties

of the gamma-factory.....

...in particular those connected with the tuning of the pump frequency
with the resonance.

Furthermore, one single device could serve both working points.

But, due to the limited length of the pulse, the efficiency does not seem

particularly striking (two or three order of magnitude less than the laser
case)!!

Remember these are only preliminary considerations!!!

Thank You and good by.




Relativistic corrections — 0. b
. il i
3 -~ S T > ~S..
for n=1, 1=0 there is only this correction 2 \P-‘” > b
S, P t F=0
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For lead: Bohr Dirac QED HES

N=1,1=0 () =~ (J) (+55-1) =-8.19keV  Quite large!!
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Spin-orbit correction (thanks to Fabrizio Castellr)
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Zitterbewegung (Darwin) correction ¢
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