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Solenoid scans: Method
1. Measure beam spot at YAG screen vs. solenoid settings
at low charge (<2 pC)
with short pulses (4.5 ps)
for different gradients and phases

2. Model linear transport in rf gun from cathode to screen

beam size at YAG beam size at cathode
emittance
‘ M ‘ Mlz

Matrix elements from
- integration of trajectories in time (Astra) or
- longitudinal slices (Gulliford/Bazarov, gs tramalargu code)

3. Find best fit of model to measurements to estimate:
peak gradient, rf phase => final beam energy
initial emittance
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Solenoid scans: Data sets

Set gradient Set rf phase Gz
Date Cathode N:GRESPA N:GRESPP (phys.) power  Laser spot Number of Charge/bunch Numer. of
[MV/m] [deg] N:GCVFP h,v[mm] bunches [pC] data points
[MW]
28 Jan 2014 Mo 25 -20 (+59?) 2.840 0.43, 0.58 100 0.10 16
29 Jan 2014 Mo 20 -20 (+59?) 2.217 0.43, 0.58 100 0.12 18
14 Feb 2014 | Mo 25 192 (+65.5) 2.787 0.98, 2.2 100 0.19 10
14 Feb 2014 | Mo 20 192 (+65.5) 2173 0.98,2.2 100 0.17 10
3 Apr2014 | CsoTe 26.6 187 (+60.5) 2.870 0.41, 0.76 100 0.81 32
4 Apr 2014 | CsoTe 23 187 (+60.5) 2.472 0.42, 0.69 20 0.47 26
14 Apr 2014 | CsoTe 45 200 (+61.5) 3.463 0.53, 0.67 250 2.3 23
14 Apr 2014 | CsoTe 37 200 (+61.5) 2.299 0.57, 0.61 250 2.3 25
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Example of phase scan (14 Apr 2014 at 45 MV/m)
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Laser spots at virtual cathode
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Example of electron beam on YAG screen vs. solenoid current

Giulio Stancari [Fermilab]

rms beam size at YAG screen [mm]
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Electron beam measurements
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Rf gun model: field maps
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Two models for particle transport in rf gun (no space charge)

1. Obtain transfer matrix M by tracking principal trajectories using
the Astra code (“time integration” approach)

2. Calculate and multiply transfer matrices of small slices in z
[according to Gulliford and Bazarov, PRSTAB 15, 024002 (2012)]
using new Fortran code (tramalargu) (“space integration” approach)

Why 2 models?
- to evaluate systematic uncertainties
- to set up Astra for later analyses with space charge
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Comparison between models: longitudinal dynamics

Test case ? 0
40 MV/m, 1.3 GHz, 38.5 deg =
0.13 T max. in solenoids g °
0.4 mm initial rms size = -
0.23 eV initial kinetic energy ?é
0.19 um initial normalized rms emittance Tg o
From cathode (z =0 m) to YAG screen (z =1.06 m) 3 ——  Astra
Z o | — tramalargu/Fortran
Accuracy: =
1 ps max. time step (Astra) o |
10" phase tolerance (tramalargu) =
-
= 3
S
S o
:‘2 -]
=
. . ) C\].
Difference in By is less than 10° <]

00 02 04 06 08 1.0

z [m]
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Comparison between models: transverse dynamics

—— Astra
—— tramalargu/Fortran

0.46

rms beam size [mm]
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Fitting model to data

» Use 2 data sets with different gradients, same phase, same laser spot size

» Inputs: initial spot size (measured) and initial kinetic energy (almost
irrelevant)

» Free parameters:
1. Gradient in first data set, E;
2. Gradient in second data set, E>
3. Rf phase of laser pulse, ¢
4. Emittance (normalized rms), &g

»Final kinetic energies T7 and 71> as derived quantities from longitudinal
calculation

p Statistical uncertainties from bootstrap; systematic from different models
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rms beam size [mm)]

rms beam size [mm]

Parameter independence and model sensitivity

The first gradient is determined by the

position of the first data set

The second gradient is determined by the
position of the second data set
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Changing the phase affects both data sets,

but by different amounts
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Electron beam measurements

Current in main solenoid [A]

The emittance is determined
by the depth of the dip
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Data and model: solenoid scans of 28-29 Jan 2014

Inputs:
N:GCVFP = 2217 (35 MV/m) e
0 0p = 0.506 mm
=3 To= 0.55eV
o
o Fit parameters:
E;=36.629+1.1 MV/m
E;=42438+12MV/m
<+ G =3M22+32deg
o ] g9 =0.4637+£0.075 wm
g
)
5 «
o o Derived quantities:
2 T = 3.8768 =0.099 MeV
g T)=44833+0.11 MeV
>
=
o N:GCVFP = 2.84 (40 MV/m)
R
g
<
(9]
O
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E 2.
® data
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Astra transport matrix, A = 10 s
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Data and model: solenoid scans of 28-29 Jan 2014

Inputs:
N:GCVFP =2.217 (35 MV/m) uts .
pac Oop= 0. mm
S To= 055eV
O
S Fit parameters:
E1=36.792+ 0MV/m
E,=42875+ 0MV/m
< ¢ =-90.39+ -0 deg
S ] g9=04593+ 0 um
=
)
5§ «
5 <] Derived quantities:
1)
5 T1=3.8926+0MeV
&) Tr= 4.521+0MeV
<
>~
=
0 N:GCVFP = 2.84 (40 MV/m)
R
=
<
8
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® data
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tramalargu transport matrix, A = 1076 rad
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Data and model: solenoid scans of 14 Feb 2014

Inputs:
~ N:GCVFP = 2.173 (35 MV/m) nputs 5
) Op = D/ mm
To= 0.55eV
o
(e}
e Fit parameters:
< E =33.966+0.15 MV/m
E,=38.717+0.21 MV/m
g- § $=52.55=18deg
€0 =2.944 +0.26 um
e
£ 2
5
% a Derived quantities:
2 <@ T)=34745+0.014 MeV
) T, = 40162 +0.024 MeV
<
>
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Current in main solenoid [A]

Electron beam measurements
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Data and model: solenoid scans of 14 Feb 2014

~ N:GCVFP = 2.173 (35 MV/m) Inputs:
o Op= 1.57 mm
To= 055eV
Qo
]
e Fit parameters:
< E1=33.837+ 0MV/m
E,=38556+ 0MV/m
S 1 ¢ = —40.46 + —0 deg
gg=2511= Oum
£ o
E S
g . y
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a < T)=3.5018=0 MeV
&) T, =4.0375+0MeV
<
>~
=
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g
o 2
o ]
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Data and model: solenoid scans of 3-4 Apr 2014

02 03 04 05 06

0.1

T N:GCVFP =2.472 (36 MV/m)

Inputs:
Op = 0.559 mm
To= 055eV

Fit parameters:

E|=36.776 +0.072 MV/m
E»=39511+033 MV/m
¢ = 58.98 0.68 deg
£0=0.5712+0.081 um

Derived quantities:

T, =3.6821+0.0072 MeV
T2 =3.9939 +0.032 MeV

rms beam size at YAG screen [mm]
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® data
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Astra transport matrix, A = 10 s
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Electron beam measurements
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Data and model: solenoid scans of 3-4 Apr 2014

Inputs:
o N:GCVFP = 2472 (36 MV/m) fputs
=) op = 0.559 mm
To= 055eV

e
)
< Fit parameters:
S Ei=36402+ 0MV/m

E,=38849+ 0MV/m
o ¢=-3535+ -0 deg
=3 £0=0.5242+ Oum
N
)
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— ] Tl =3.7223+0 MeV
o Tr= 4.001+0 MeV
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Data and model: solenoid scans of 14 Apr 2014

I ts:
N:GCVFP = 2.299 (37 MV/m) fputs
op = 0.589 mm
< To= 055eV
3
o Fit parameters:
< E| = 35425 +0.046 MV/m
E,=43216+0.032 MV/m
¢ =53.46+0.67 deg
o g0 = 0.5978 £0.0091 um
'g‘ )
£
5
o ; ] Derived quantities:
b T, =3.6295=0.0061 MeV
g T,=4511920011 MeV
>
=
Q N:GCVFP =3.463 (45 MV/m)
s .
E S
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® data
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Giulio Stancari [Fermilab] Electron beam measurements ASTA Users Meeting : 9 June 2014 20)



Data and model: solenoid scans of 14 Apr 2014

Inputs:
N:GCVFP = 2.299 (37 MV/m) fputs
op = 0.589 mm
< | To= 0.55eV
(]
o Fit parameters:
= E;=35343+ 0MV/m
E;=43262+ 0MV/m
¢ =-38.63+ -0 deg
€0=0.5899+ 0 um
— N
E o
E
=
) . ..
(5 Derived quantities:
o
» s T,=3.6507+0 MeV
O T, =4.5448 +0 MeV
=
=
Q N:GCVFP =3.463 (45 MV/m)
> .
E S
1)
O
w2
E
—
«
(]
® data
O model
N
(]
—
< : 6.5
tramalargu transport matrix, A = 107~ rad

220 240 260 280 300

Current in main solenoid [A]
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Summary of results

Data-set Gun power1 Gun power 2 Model Gradient 1 Gradient 2 Phase Emittance Energy 1 Energy 2
pair [MW] MW] [MV/m] [MV/m] [deg] [um] [MeV] [MeV]
28-29 Jan 2.217 2.840 Astra  |36.6+1.1 424+1.2 31.2+32 (0464+0.075 |3.877+0.099 [4.48+0.11
tramalarqu | 36.79 42.87 29.6 0.459 3.89 4.52
14 Feb 2.173 2.787 Astra |33.97+0.15 [38.72+0.21 |[52.6+1.8 [2.94+0.26 3.474+0.014 |4.016 +0.024
tramalargu | 33.84 38.56 49.5 2.51 3.502 4.037
3-4 Apr 2.472 2.870 Astra  |36.776 £0.072 [39.51 £0.33 |58.98 +0.68 [0.571 £ 0.081 |3.6821 + 0.0072 3.994 + 0.032
tramalarqu | 36.402 38.85 54.7 0.524 3.7223 4.001
14 Apr 2.299 3.463 Astra |35.425 +0.046 (43.216 £ 0.032 | 53.46 + 0.67 [0.5978 +0.0091 | 3.6295 + 0.0061 4.512 £ 0.011
tramalarqu | 35.343 43.262 51.37 0.5899 3.6507 4.545

Uncertainties are statistical

\

First beam-based measurements of

gradient, phase, and emittance at ASTA

Estimate of systematic errors from difference between models

Giulio Stancari [Fermilab]
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Giulio Stancari [Fermilab]

Results: calibration of rf gun gradient

Peak gradient [MV/m]

42

40

38

36

34

Solenoid—scan analysis

e Astra model
o tramalargu model

of |

i To be compared with

18

)

4

(0]

23.25+0.021

(MV/m)
AMW

“nominal” 23.6

22 24 26

2.8

3.0

3.2

34

Rf gun power N:GCVFP [MW]

Electron beam measurements
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Results: final electron beam energy

<
3 | e Solenoid scan (Astra model)
o Solenoid scan (tramalargu mode]) o0
vy | © Horizontal deflection (H100) P~
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Rf gun power, N:GCVFP [MW]
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Electron beam measurements

Deflection with trim dipoles
» direct measurement
»depends on final beam energy
and fields in trim dipoles

[see D. Crawford’s note]

Solenoid scan depends on
dynamics in rf gun

» Independent measurements
» Systematic difference due in part to rf phase
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Results: Emittance vs. laser spot size

Solenoid—scan analysis
o ] e Astra model y )
-
o tramalargu model
S n ]
— O
5 ®
=
g 3. 1
=
o
7]
N
E o]
")
O
= o
g -
o . . . .
Z Expected intrinsic emittance
-
(1.23¢eV)
- ogf|—
S 3m,c?

0.0 0.1 0.2 0.3 04 0.5 0.6
rms laser spot size, 0y [mm)]

» Measurements close to expected
» Wider range of spot sizes will be explored
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Beam-based alignment of laser, gun, and solenoids

A. Observe centroid motion vs. rf phase (solenoids off, low gradient):
Relative alighment of cathode yield (laser, quantum efficiency) with

gun fields

RMS Hor. Beam Size / Sol on (40 MV/m) and Sol off (25 MV/m)

25
——8ol on
— Sol off
o0k APERTURE i
_ \ » Transmission to YAG with solenoids off
£
<15 U 1 should be good
€ » Need to boost ratio of signal (number of
@ 10- 7 .
2 o bunches) to dark current (low gradient)
Astra simulation .
5 | for experiments
O0 0.‘5 ‘; 1.5

Distance from cathode [m]

B. Observe centroid motion vs. solenoid current
Relative alignment of solenoid fields with gun axis

].-P. Carneiro
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Expected effect of phase scan on centroid with 0.5-mm x/y initial offset

Solenoids on

Beam Centroid at 1.06 meter Versus RF Gun Phase / 10 pC 40 MV/m Solenoids On

Solenoids off 6 ‘ ‘ ‘ ‘ ‘ ‘ ‘

B1e8m Centroid at 1.06 meter Versus RF Gun Phase / 10 pC 25 MV/m Solenoids Off

‘€ 5- 1 E o ]

E E 2 .

> > J

§ .// & \ /

3 of \ STARTING PHASE 1 F ok ¢ i
(@]

o a STARTING PHASE .

S he] e

o o ) %, © °

€ (] = °e °

o) c L i ° J

8 -5+ ENDING PHASE \ 18 -2 oo @

Astra simulation

10 ! ! ‘ ‘ ‘ ‘ —4r ENDING PHASE 1
-10 -8 -6 -4 -2 0 2 4 6 8 10
Centroid Position X [mm]

Astra simulation

53 -6 -4 -2 0 2 4 6 8
Centroid Position X [mm]

].-P. Carneiro
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Measured beam centroid motion vs. solenoid current
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At YAG with 36 MV/m 04-Apr-2014

N
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»
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. »
» ’: *
» '.
D.. »
',. A Xc =0.46 mm
»
. AY =0.68 mm
221 A ¢
2 2.2 2.4 2.6

Horizontal Position [mm)]
At YAG with 37 MV/m 14-Apr-2014

3.4
= | » *e" .
£ 32 . 255 A
— ’n'
S 3 ot
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—_— 28' » ¢
© »
O »
= » AY =0.71mm
g 2.6t . ¢
* 227 A
2.5 26 2.7 2.8

Horizontal Position [mm)]

» Not bad (e.g., 0.2 mm at PITZ), but can be improved
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Electron beam measurements

29

].-P. Carneiro
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Conclusions

» Solenoid scans at low charge and short pulse length provide tests of single-
particle dynamics in rf gun
» Main purpose of this work was to get first estimates, set up procedure, and
get input for machine commissioning
» Obtained first beam-based measurements of

prf gun gradient

»rf phase of laser pulse

pelectron beam emittance
» Final electron beam energy from independent measurements:

» deflections with trim dipoles

»solenoid scans
» Started beam-based alignment of electron emission, rf fields, and solenoids

A

(measurements and simulations)

dfention”



